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Abstract
This chapter presents the activity conducted by the ITPA topical group (TG) on Diagnostics
over about the last 15 years. Following a general introduction of the ITER Diagnostics led by
their measurement roles, the document is organized in several subchapters detailing the design
support, research and development activity conducted by each of the specialist working groups
(WGs) of the TG. Please note that the magnetic diagnostics were supported at the TG without a
specific WG. Their status is included in the general introduction. In the following some
highlights of the subchapter’s contents are provided. Recent advances in ITER first wall (FW)
diagnostics for the measurements of plasma-metallic wall interaction in support of the ITER
research plan are reported. An InfraRed imaging Video Bolometer for ITER has been developed
and tested on several tokamaks to measure the radiated power loss. A laser-induced breakdown
spectroscopy (LIBS) technique which utilizes a pulsed laser beam to ablate locally by
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forming a crater, will measure local tritium inventory in the FW material. Real-time Residual
Gas Analyzers will measure the neutral gas composition in a divertor port and an equatorial port
during plasma operation. Due to the full metallic FW environment, the plasma-wall interaction
in ITER will face several challenges such as the compromised radiated power and divertor heat
flux measurements by reflection. Ray tracing and analysis codes have been developed to
eliminate and correct the effects of reflection in the measurements. The characteristics of the
reflecting surfaces depending on the roughness and angle of the incidence have been measured
by dedicated experiments, and the results were applied to the reflection elimination. For the
measurement of the metallic impurity radiation induced by eroded metallic atoms, a vacuum
ultraviolet spectrometer has been developed and tested. An extensive thermonuclear diagnostic
suite will be required to support the operation of ITER and the planned experimental program
for future burning plasma experiments. Due to the harsh environmental conditions, the
implementation of diagnostic systems in ITER is a major challenge. These conditions include
high levels of neutron and gamma fluxes, neutron heating, particle bombardment. Therefore, the
selection and design of diagnostic systems must take into account a number of phenomena
previously unseen in diagnostic design. For this reason, the measurement of neutrons and
confined or lost fast ions, with particular emphasis on alpha particles, is critical to ITER. The
diagnostics associated with these measurements will be important for future plasma-burning
experiments at ITER. The high neutron emission and very large plasma size in ITER make
neutron diagnostics the main diagnostic method used to measure plasma parameters such as
fusion power, fusion power density, ion temperature, energy of fast ions and their spatial
distributions in the plasma core. Active spectroscopy techniques are methods where a neutral
particle beam is injected into the plasma and information on plasma parameters is extracted
from the measurement of line emission resulting from the beam-plasma interaction, either by
plasma ions or by beam atoms. Spatial localization is achieved by crossing the beamline and
multiple observation lines. The ITER plasma will be a high temperature, moderately dense,
fully ionized collisional plasma. The plasma facing surfaces are principally metallic being
fashioned from beryllium or tungsten but many other elements, arising from either structural or
from operational needs, may enter this plasma. The energy range of the emitted photons range
from meV (infra-red) to multi keV (x-rays) and originate from all areas of the plasma volume.
The primary role of passive emission diagnostics is to identify what is in the plasma from
spectral signatures. Extracting quantitative information from these measurements such as
impurity content, ion temperature, rotation, degree of detachment and radiated power depends
on calibrated instruments, a physics model of the atomic and molecular processes and plasma
transport and an analysis workflow that takes into account environmental effects such as
reflections. The particular needs for ITER have prompted a multi-machine, many-year effort to
address all these aspects and this chapter reviews the work on diagnostic design, experiments
and new analysis techniques. An overview of the laser diagnostics to be implemented on ITER
is also provided in this paper. This includes descriptions of the Thomson scattering in the core,
edge and divertor regions, polarimetry and interferometry diagnostics used for measuring
plasma density and also measurements of helium density in the divertor using Laser Induced
Flourescence. Techniques which can allow improvements on current measurements are also
addressed in particular expanding poloidal polarimetry measurements to measure field
fluctuations and proposed use of dispersion interferometery which has a number of advantages
over existing methods. This paper identifies particular areas where further research and testing
on existing tokamaks is useful even at this advanced stage to inform the design of diagnostics
for ITER. Outstanding areas of concern for the implementation of laser diagnostics, in particular
with a view to reliable operation are identified. An overview of the latest developments of
microwave diagnostic systems and techniques is given. The primary focus is the contributions
for ITER—the next step burning plasma experiment—which is supplemented by describing
recent progress of techniques applicable for fusion experiments beyond ITER. The contributions
are intentionally kept concise, and are being supplemented by a rich list of references for further
studies. Radiation induced effects are receiving continuous and well-deserved attention of the
ITER diagnostic community and they are in many cases one of the primary design drivers of the
ITER diagnostic systems. The paper summarizes recent progress in this area focusing primarily
on the ITER diagnostics but in some cases provides also outlook for the possible solutions for
even more demanding radiation environment of fusion reactors beyond ITER. Despite
advancements in the area of modeling and simulation of various radiation induced effects,
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experimental testing in a nuclear environment as close as possible to the target one is still seen
as unavoidable for proper qualification of particular diagnostic functional elements. Recent
advancement within three diagnostic areas: optical diagnostics, magnetics and bolometers is
covered. Encouraging results on qualification of silica glass vacuum window assemblies are
presented. In the area of magnetic sensors, progress of irradiation tests performed on ITER
in-vessel LTCC inductive sensors is presented with outlook for novel technological approaches
to inductive sensors utilizing thick printing and photolithography technologies being
highlighted. Summary of advancements in the area of steady state magnetic field sensors based
on Hall effect is given. New results of neutron irradiation test of the ITER borosilicate glass
inserts for vacuum electrical feedthroughs are summarized finding negligible swelling at target
level of neutron fluence. Off-line irradiation tests of fiber optic current sensors for plasma
current measurement demonstrated that both for gamma doses up to 5 MGy and a total neutron
fluence up to 10'> cm~2, radiation induced changes are still compatible with required
measurement accuracy on ITER. The ITER bolometers are given as an example how
considering radiation effects may influence the diagnostic design. Finally, outlook for future
main R&D directions is outlined. All optical and laser-based diagnostics in ITER will be using
mirrors to guide plasma radiation toward detectors, cameras and sensors. In the hostile plasma,
radiation and particle environment the optical characteristics of diagnostic mirrors will degrade
directly affecting the entire performance of involved diagnostic systems. An assessment of
factors affecting mirror performance is provided. Among the prime adverse factors are
deposition of plasma impurities, sputtering of mirror surface and steam ingress in the vicinity of
mirrors. Within the International Tokamak Physics Activity with active support by ITER central
team and domestic agencies, the structured research and development (R&D) program on
mitigation of risks for diagnostic mirrors is underway. Within this program the mirror material
development, the passive mitigation of mirror degradation by using diagnostic ducts and
shutters along with an active mirror recovery program comprising the in-situ mirror cleaning
and calibration is underway. Recent developments in diagnostic mirror R&D are described in
this Chapter along with an example of their implementation of R&D solutions in ITER Infrared
Thermography diagnostic. An assessment of still open engineering and physics questions,
considerations on mirror risks during an early phase of ITER operation are given along with an
overview of diagnostic mirror evolution in the late ITER operation stage toward the
demonstration fusion power plant. Several crucial areas of diagnostic R&D outlined in ITER
Research Plan are addressed. The basic control groups in a fusion reactor can be broken-down
in five categories: (1) plasma position, magnetic configuration, and plasma current control, (2)
profile control and confinement optimization, (3) MHD control and suppression, (4) edge
dissipation control, radiation and plasma exhaust control and (5) break-down optimization.
These categories are coupled via the physics (a control action in one domain will affect the other
domains) and via shared actuators (e.g. ECRH for impurity accumulation avoidance, current
density distribution control and MHD suppression). Consequently, a supervisory control system
should determine the priority of the various control tasks, their couplings, and the interfaces
with the safety and interlock system. For the systematic development of the various controllers
taking the complexity of the plasma and the control system into account, a model-based
approach is required. A short historical overview is given of the developments in systems and
control theory and control engineering with special emphasis on those developments that are
most relevant for Nuclear Fusion research and operation. An overview is given of the state of
the field of fusion plasma control for the control categories. It will be shown how synthetic
diagnostics are being developed in ITER and how they are used in diagnostic design and design
validation and how they can be in model-based controller synthesis using relatively simple
models. In modern control methods, multiple diagnostics are used to constrain relatively simple
models. The constrained models provide an estimate for the state. This opens the route to state
controllers, such as model predictive control. A major challenge in nuclear fusion research is the
coherent combination of data from heterogeneous diagnostics and modeling codes for machine
control and safety as well as physics studies. Measured data from different diagnostics often
provide information about the same subset of physical parameters. Additionally, information
provided by some diagnostics might be needed for the analysis of other diagnostics. A joint
analysis of complementary and redundant data allows, e.g. to improve the reliability of
parameter estimation, to increase the spatial and temporal resolution of profiles, to obtain
synergistic effects, to consider diagnostics interdependencies and to find and resolve data
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inconsistencies. Physics-based modeling and parameter relationships provide additional
information improving the treatment of ill-posed inversion problems. A coherent combination
of all kind of available information within a probabilistic framework allows for improved data
analysis results. The concept of integrated data analysis (IDA) in the framework of Bayesian
probability theory is outlined and contrasted with conventional data analysis. Components of
the probabilistic approach are summarized and specific ingredients beneficial for data analysis
at fusion devices are discussed.

This paper is part of the Special Issue: On the Path to Tokamak Burning Plasma Operation: A
collection of papers prepared by the ITPA Topical Physics Groups reviewing progress in the
development of the physics basis for burning plasma operation.

Keywords: diagnostics, ITER, radiated power loss, neutron irradiation, diagnostic mirrors,
real-time, plasma control, integrated data analysis
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1. Introduction to diagnostic measurement in ITER

Didier Mazon’, George Vayakis2, Michael Walsh?
and Gunsu Yun®

1.1. Introduction

This summary of the state of burning plasma diagnostics by the
International Tokamak Physics Activity (ITPA) Diagnostics
topic group (TG) finds ITER and its diagnostics mid-
construction. This is a marked change from previous records
of the state of ITER and burning plasma measurements and
diagnostics. The 1995 Varenna conference saw the first airing
of the ITER diagnostic set and its requirements in an integrated
form [1]. By the end of the first ITER Engineering Design
Activity phase [2, 3] these were consolidated and are vis-
ibly correlated with the present designs and requirements. The
‘Progress in the ITER Physics Basis’, in 2007, summarized
the ITER diagnostic design as adopted for construction [4].
Since then, diagnostic design and R&D has continued within
the ITER design teams with the support of the ITPA, to the
point where the details of the design solution and the expected
performance are mostly clear. The ITPA diagnostic TG initi-
ated, coordinated and reviewed extensive R&D efforts to sup-
port this, through high priority items (HP), Joint Experiments
(JEX) and Actions that are summarized in this introduct-
ory subchapter and with results elaborated in the subchapters
that follow. The adoption of the phased approach to ITER
operation [5] resulted in the phasing of diagnostic installation,
nevertheless work is ongoing across all systems. In parallel,
R&D is still ongoing, as part of the diagnostic supply and as a
voluntary effort to support the identified needs in diagnostics.

This subchapter introduces updated roles and requirements
for ITER measurements and a summary of the design and
R&D basis for these with reference to the subchapters that
follow. For magnetics-related measurements, it contains an
extensive section on the related diagnostic progress as this
topic is not covered elsewhere. Overall, this subchapter sum-
marizes the progress of the key issues identified from the per-
spective of the ITPA Diagnostics TG, but including progress
achieved as part of the ITER construction programme where
appropriate.

1.2. Requirements for plasma measurements

Plasma measurement in ITER is organized in measurement
groups, evolved from the original groupings of [1] to reflect
partly a functional (e.g. divertor operation), partly a technique
(e.g. passive spectroscopy) and partly a physical process (e.g.
halo current) taxonomy. In tracking progress and coverage
of the measurement needs, the specific measurement para-
meters (MPs) of table 10 have proven more useful than the
groups. This table lays out for each parameter the key condi-
tions and performance expected. It is not exhaustive: meas-
urement group 2, plasma position and shape, for example,
could list many more parameters and more sophisticated ver-
sions of the ones shown. The spirit of this specification is
that a state-of-the-art diagnostic set designed to meet it should

ensure adequate performance for machine operation paramet-
ers related to the one shown.

This table has evolved over time. A full comparison of
table 10 to the version used in [4] would show numer-
ous detailed changes in parameter specifications. No ‘To be
determined’ (TBD) values remain in the table. Resolutions are
now mostly adapted to the final ITER plasma size. In addition,
there are some new groups and requirements on dust, tritium
and stray electron cyclotron heating (ECH) monitoring as well
as the first safety related plasma measurement requirements,
on fusion power and total toroidal current.

12.1. MP roles in ITER.  Table 10 defines the specification
for the ITER diagnostics. ITER diagnostics designs aim to
meet it, sometimes individually, sometimes in combination. In
parallel, they target many other requirements including safety,
maintainability, reliability and availability. The ITER environ-
ment strongly influences the last two, both close to the plasma
(particle and radiation emission) and further away (nuclear
effects due to neutrons and gammas, access limitations, etc)
[6]. The work of the ITPA for radiation effects (section 3.7)
and first mirror selection (section 3.8) directly supports the res-
olution of these reliability and availability issues.

Engineering constraints aside, the measurement role drives
the specifications and design of the diagnostic equipment.
ITER classifies the measurement roles with respect to the
importance of each parameter to plasma control in four groups:
machine protection (MP), basic control (BC), advanced con-
trol (AC) and physics operation (PHY). At the same time,
working to meet the measurement specification for each para-
meter, diagnostic contributions can be:

e Primary: the contribution (range, resolution accuracy etc) of
the diagnostic meets the parameter specification.

e Backup: the contribution of the diagnostic is a good match
to the parameter but there is a limitation (for example, the
diagnostic has to be reconfigured to be a good match com-
promising some other function, or the range of the parameter
is not fully covered) which means it is not intended to be
routinely used this way.

o Supplementary: the contribution of the diagnostic appears
a poor match to the parameter but none the less essential.
Examples include calibration of a diagnostic that is primary
contributor or having excellent accuracy over a small part of
the range.

ITER diagnostic design has, in this context, tried to achieve at
least one primary contributor to each parameter, ideally two
(to ease availability needs). The tables of section 3, below,
summarize the primary contributors for each parameter and
for each of the measurement areas.

1.3. Progress in the basis for plasma measurements

Work in the ITPA diagnostics topic group has been organ-
ized around specialist working groups (WGs) that have looked
after, in the first instance, functional groups of diagnostics with
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similar techniques and/or plasma parameters. Progress relev-
ant to ITER research and constructions is summarized for each
group in sections 3.1-3.6 below with more details in corres-
ponding subchapters.

In addition to these groups experts are working on
issues across multiple systems: radiation effects, first mir-
rors, real-time diagnostics, and integrated data analysis (IDA).
Sections 3.7-3.10 summarize their progress.

Together these groups, comprising several hundred parti-
cipants, have worked directly on most of the ITER systems
and MPs. An exception is the set of magnetic diagnostics
that, because of its tight integration both with the core of
ITER and plasma control, has been directly managed by the
ITER Organization and the EU Domestic Agency, nonethe-
less strongly benefitting from ITPA support from the works of
the cross-functional groups, in particular the radiation effects
group. Section 3.11 summarizes recent progress in this area.

1.3.1. First wall (FW) measurements.  The ITER FW is
metallic and subject to intense fluxes of all kinds. Its sur-
face will evolve during operation, eroding, accruing depos-
its, absorbing particles and consequently changing its optical,
mechanical and thermal properties. The erosion products in
turn become a source of deposits to the wall, but also to first
mirrors and to dust accumulating on the floor of the machine
together with co-deposited tritium. The ITER design includes
anumber of diagnostics aimed at the related parameters, either
of the FW itself or the plasma areas and fluxes directly affect-
ing it (table 1).

The dedicated subchapter 2 reports on recent advances
in ITER FW diagnostics for the measurements of plasma-
metallic wall interaction in support of the ITER research plan.
An InfraRed imaging Video Bolometer (IRVB) for ITER has
been developed and tested on several tokamaks to measure the
radiated power loss. A laser-induced breakdown spectroscopy
(LIBS) technique that utilizes a pulsed laser beam to ablate
locally forming a crater, will measure local tritium inventory in
the FW material. Real-time residual gas Analyzers (DRGAs)
will measure the neutral gas composition in a divertor port
and an equatorial port during plasma operation. For the meas-
urement of the metallic impurity radiation induced by eroded
metallic atoms, a vacuum ultraviolet (VUV) spectrometer has
been developed and tested.

Due to the full metallic FW environment, the plasma-wall
interaction in ITER will face several challenges disentangling
reflections from radiated power and divertor heat flux meas-
urements. Ray tracing and analysis codes have been developed
to eliminate and correct the effects of reflection in the measure-
ments. The characteristics of the reflecting surfaces depending
on the roughness and angle of the incidence have been meas-
ured by dedicated experiments, and the results were applied to
the reflection elimination.

1.3.2. Fusion product (FP) measurements.  For ITER, FP
diagnostics contribute to a large number of parameters in a
primary role, with the fusion power and fluence being key

indicators of performance. Table 2 shows the primary contri-
butions. Key backup and supplementary (supporting) contri-
butions are detailed in the dedicated subchapter 3.

In the 2007 summary [4], the performance against para-
meter 014 (n- and oc-source profile) was listed as not yet known
and the progenitor of parameters 071 & 072 (alpha particle
loss) was listed as expected not to be met. In the interven-
ing years, much progress has been made on neutron calib-
ration with dedicated workshops. Better design definition of
the calibration and neutron activation systems (NASs) means
the measurement performance for the neutron source profile is
now known. Gamma ray spectroscopy is also being developed
to track the spatial profile of the fast ions directly. As regards
alpha particle loss, a dedicated fast ion loss detector is now
under detailed design, supported by studies reported in the
subchapter 3, but additional work is needed to assess the radi-
ation effects on its scintillator and develop alternatives if it
turns out that the lifetime is insufficient.

Additional progress reported in the subchapter includes an
integrated design for a high-resolution neutron spectrometer
(HRNS) addressing parameter 020 (ny/np in the core) with
simultaneous capability for 7; measurements.

1.3.3. Active spectroscopy. ITER uses several diagnostics
that rely on beams injected into the plasma interacting with
it and emitting light (by plasma ions or beam atoms), from
which plasma parameters are extracted from the line emission.
Using the charge exchange (CX), beam-emission (BES) and
motional Stark effect (MSE) spectroscopic techniques they
can extract Z.g for BC, plasma flow and impurity profiles,
including He ash for AC as well as information on Z,s, g and T;
profiles for physics. For ITER, active spectroscopy diagnostics
use both the heating beams and a dedicated diagnostic neutral
beam (DNB), but have to operate in a different environment to
present machines due to the large size and high density of the
ITER plasma. The dedicated subchapter 4 presents the details
of their planned implementation and performance. In addi-
tion to the primary contributions of these systems (table 3),
the subchapter presents opportunities for additional measure-
ments of fast-ion CX for confined and escaping alphas as well
as 3He-minority heating and slowing down beam ions. It also
includes a detailed assessment, including synthetic diagnostic
simulation of BES, of the measurement possibilities for edge
fluctuation measurement. Finally, it summarizes the state of
development of the dedicated 100 keV DNB.

1.3.4. Passive spectroscopy. The primary role of passive
emission diagnostics is to identify what is in the plasma from
spectral signatures. Extracting quantitative information from
these measurements such as impurity content, ion temperature,
rotation, degree of detachment and radiated power depends
on calibrated instruments, a physics model of the atomic and
molecular processes and plasma transport and an analysis
workflow that takes into account environmental effects such
as reflections. The list of instruments and their primary contri-
butions to the ITER parameter set are listed in table 4.
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Table 1. Primary contributions of the first wall related diagnostics by operational role and parameter.

System Role  Parameter
D1: Bolometers MP 009a: P;,q total
BC 007a: Pyyq total, divertor
008a: Pr,q total, main plasma
083a: Pyyq profile, main plasma + upper X-point
AC 008b. P4, top region (upper X-point)
082a. Divertor Prad Profile
PHY  007b: P,y total (transient), divertor
008c: Pryq total (transient), main plasma + upper X-point
009b: P;,q (transient) total
082b: Divertor Py (transient) Profile
083b: P, profile (transient), main plasma + upper X-point
083c: Py,q vertical line integrals (transient) main plasma + upper X-point
G1: IR cameras, vis/IR TV (Midplane) MP 039: Max. surface temperature, divertor
042: Surface luminance, FW
BC 043: Surface temperature, FW
079: I'y, I'y
AC 085: Power load
086: Surface temperature
PHY  034: Epax runaway
035: I runaway
044: Surface temperature during ELMs, FW
G3: Pressure gauges BC 038: Gas pressure, divertor (Pgiy)
046: Gas pressure, main (Pmain)
048: Gas pressure, duct (Pgyct)
G4: Residual gas analyzers BC 037: Gas composition (Fuel, He, impurities) (Pgiy)
045: Gas composition (Fuel, He, impurities), main (Pain)
047: Gas composition (Fuel, He, impurities), duct (Pgyct)
PHY  099a. Divertor Surface H, D, T Concentration (Inner baffle)
G6: IR thermography (divertor) AC 085: Power load
086: Surface temperature
G7: Langmuir probes AC 080b: Divertor Target Parallel Ion Flux
PHY  080a: ne, divertor target
081: T, divertor target
G8: Erosion monitor PHY  040a. Fine surface metrology—Divertor
G9: Dust monitor PHY  097a: Surface concentration of mobilizable dust (divertor cassette body under the dome
and VV floor)
097b: Dust size distribution
097 c: Viewing of dust area on and under the divertor
GA: IR cameras: vis/IR TV (Upper) MP 039: Max. surface temperature, divertor
042: Surface luminance, FW
BC 043: Surface temperature, FW
079: 'y, I't
AC 085: Power load
086: Surface temperature
PHY  044: Surface temperature during ELMs, FW
GC: Tritium monitor PHY  099a. Divertor surface H, D, T Concentration (Inner baffle)
GD: FW samples PHY  040b. Fine net erosion and re-deposition—first wall

099b. First wall surface H, D, T Concentration
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Table 2. Primary contributions of the fusion product diagnostics by operational role and parameter.

System Role Parameter

B1: Radial neutron camera AC 014: Neutron- and a-source profile
PHY 013: Fusion power density

B2: Vertical neutron camera AC 014: Neutron- and a-source profile
PHY 013: Fusion power density

B4.A0: Neutron flux monitor (NFM) DT Eq#08 BC 012: Fusion power

B4.B0: NFM DT Eq#17 BC 012: Fusion power

B4.C0: NFM DD Eq#01 BC 012: Fusion power

B7: Radial gamma ray spectrometers PHY 034: Emax runaway

035: I runaway
068: Alpha density profile

B8: neutron activation system BC 077: First wall neutron fluence
B9: Lost alpha monitor AC 072: Fast particle loss flux

PHY 071 Fast particle loss distribution
BB: High resolution neutron spectrometer BC 020. nt/np core (Integral)
BC: Divertor neutron flux monitors MP 015: Total neutron flux

BC 012: Fusion power
BD: Vertical gamma ray spectrometers PHY 034: Enax runaway

035: I runaway
068: Alpha density profile

ES8: Neutral particle analyzer BC 020. nt/np Core (Integral)
076: nt/np, edge
PHY 075: nu/np, edge

094: ny/np, core

Table 3. Primary contributions of the active spectroscopy diagnostics by operational role and parameter.

System Role Parameter
E1l: CXRS based on DNB (Core) BC 029: <Zeg>
AC 019: VTOR

064: Core T; profile

066: npe/ne profile, core

067: *He concentration profile

074: Fractional content profile, Z < 10

PHY 059: Zg profile
EB: MSE based on heating beam AC 057:r(g=1.5,2)/a
058: r (gmin)/a
PHY 056: g profile
EC: CXRS based on DNB (Edge) BC 029: <Zesr>
AC 018: VPOL
019: VTOR

067: *He concentration profile

074: Fractional content profile, Z < 10
PHY 059: Zg profile

065: Edge T; profile

EF: Beam emission spectroscopy PHY 065: Edge T; profile
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Table 4. Primary contributions of the passive spectroscopy diagnostics by operational role and parameter.

System Role

Parameter

E3: VUV survey BC

022:
024-:
026:
028:

Be, C, O rel. conc.

Cu rel. conc.

Extrinsic (Ne, Ar, Kr) rel. conc.
W rel. conc.

MP
BC

E4: Impurity influx monitor (Div. Vis/UV)

PHY

078:
041:
079:
092:

FBe, Fc, 1—‘w

Position of the ionization front, divertor
Ly, Iy

T; profile, divertor

ES: Core imaging x-ray spectrometer (CIXS)

018:
019:
064:
073:

VPOL

VTOR

Core T; profile

Fractional content profile, Z > 10

MP
PHY

E7: Radial x-ray camera

017:
032:

Biheta(complex, at wall)/<Bp>

ELM temperature transient

034: Emax runaway

035: I runaway

083b: Paq profile (transient), main plasma + upper X-point

ED: X-ray crystal spec survey MP

BC

021a: C,0O influx

021b: Be influx

023: Cu Influx

027: W influx

022: Be, C, O rel. conc.

024: Cu rel. conc.

025: Extrinsic (Ne, Ar, Kr) influx
026: Extrinsic (Ne, Ar, Kr) rel. conc.
028: W rel. conc.

EE: Hard x-ray monitor (H-phase) PHY

034:
035:

Emax runaway
I runaway

EG: Divertor VUV spectroscopy MP

078: I'e, I'c, I'w

EH: VUV edge imaging AC

073: Fractional content profile, Z > 10
074: Fractional content profile, Z < 10

AC
PHY

EI: X-ray crystal spectroscopy edge imaging

018: VPOL
065: Edge T; profile

The ITER plasma will be a high temperature, moderately
dense, fully ionized collisional plasma. The plasma facing sur-
faces are principally metallic being fashioned from beryllium
or tungsten but many other elements, arising from either struc-
tural or from operational needs, may enter this plasma. The
energy range of the emitted photons range from meV (infra-
red) to multi keV (x-rays) and originate from all areas of the
plasma volume. The particular needs for ITER have prompted
a multi-machine, many-year effort to address all these aspects
and the dedicated subchapter 5 reviews the work on diagnostic
design, experiments and new analysis techniques.

1.3.5. Laser-aided measurements.  This group of measure-
ments has a wide number of primary roles, in BC of the
main plasma density and divertor He concentration, AC of

temperature, density and q profile parameters in the core and
edge as well as physics information on divertor density and
temperature (table 5).

The specific subchapter 6 provides an overview of these
laser-aided diagnostics. The subchapter notes significant
progress across these systems, from new components (such
as lasers, spectrometers) to new techniques (e.g. LIQ) and
methods to work at high temperature (polarimetry corrections,
polarization TS). It also addresses techniques that can allow
improvements on current measurements, in particular expand-
ing poloidal polarimetry measurements to measure field fluc-
tuations and the proposed use of DI, which has a number of
advantages over existing methods. This paper identifies par-
ticular areas where further research and testing on existing
tokamaks is useful, even at this advanced stage, to inform the
design of diagnostics for ITER. It also identifies outstanding
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Table 5. Primary contributions of the laser-aided diagnostics by operational role and parameter.

System Role Parameter
C1: Core plasma Thomson scattering AC 052: Core T profile
AC 054: Core n. profile
C2: Thomson scattering—edge AC 055: Edge n. profile
PHY 053: Edge T. profile
C4: Thomson scattering (Divertor, Outer) PHY 090. ne Divertor
PHY 091: T, divertor
C5: Toroidal interferometer/ Polarimeter BC 011: [n di/[dl
PHY 063: TAE 0N/n, 6T/T
C6:Polarimeter poloidal AC 057:r(g=1.52)/a
AC 058: 7 (gmin)/a
PHY 056: g profile
EA: Laser-induced fluorescence BC 087: nye, divertor
FA: Density interferometer polarimeter (DIP) BC 011: [ne di/[dl
PHY 090: nc profile, divertor

areas of concern for the implementation of laser diagnostics,
in particular with a view to reliable operation.

1.3.6. Microwave measurements.  Microwave diagnostics
are routinely used for core and edge density and temperature
profile measurements and on ITER they certainly aim to fulfill
that role. In comparing table 6 with the state of this part of the
ITER measurement suite in 2007 [4] some key differences are
apparent. The plasma position reflectometer (PPR) is absent.
It proved impossible to integrate the number of sightlines suf-
ficient to correct the full separatrix (around nine are needed)
and, at the same time, progress in magnetics R&D described
in section 1.3.11 was sufficient to enable hour-long pulses. A
new system, the in-vessel ECH detectors, essentially bolomet-
ers for the mm-wave range, measures stray ECH using hun-
dreds of distributed sensors. The dedicated subchapter 7 lays
out the design progress with this and all key microwave sys-
tems: There have been advances in microwave systems which
all lead to more accurate and reliable measurements of key
plasma parameters. Refinements in theory, techniques, and
hardware bring the diagnostics to full readiness for burning
plasma conditions. The systems have been hardened against
damage due to intense stray ECH and all the long transmis-
sion lines have been optimized for transmission, including the
effects of atmospheric humidity. Bursting emission from low-
collisionality plasmas remains an operational risk, however.

1.3.7 Radiation effects.  The specialized WG on radiation
effects has been working on radiation related issues affecting
multiple groups of diagnostics, steadily since the inception of
the ITPA. In the ITER case, radiation affects primarily ceram-
ics and glasses to the boundary of the vacuum vessel (VV) and
all manner of composite materials outside it. Since the previ-
ous update, the work of the group has shifted from reporting
on basic single material studies and mineral insulated cable

assemblies [4] to composite devices functionally similar to
those used in ITER and exposed to radiation. These include
windows (diffusion-bonded silica metal assemblies), bolomet-
ers, coils and hall probes (multi-metal and glass/ceramic lay-
ers), optical fibers (concentric glasses and metal or polymer
sheath construction) and feedthroughs (metal and glass com-
posite assemblies). The dedicated subchapter 8 summarizes
the progress in this area.

1.3.8. First mirror selection.  This topic has generated its own
specialized WG, as the material aspects affecting the first mir-
rors exposed to plasma and radiation are similar across mul-
tiple systems. The group strived to produce a guide to the dia-
gnostics designer in the optical domain to allow mirror selec-
tion taking into account plasma impurities, sputtering of the
mirror surface and, more recently, steam ingress from coolant
leaks inside the device. The recipe to maintain good reflectiv-
ity includes good placement and surround design, material
selection for endurance of the conditions and active recovery
features including in situ cleaning. This last topic is particu-
larly active.

The dedicated subchapter 9 gives a concise overview of the
main results of the structured and coordinated international
R&D in the field of diagnostic mirrors and outlines remain-
ing work to resolve open issues for ITER and to prepare the
work for DEMO.

1.3.9. Real time operation of diagnostics. =~ ITER has long
prioritized diagnostic measurements with respect to control,
and table 10: Specification for plasma measurements on ITER,
reflects this philosophy. The implementation of the relevant
controllers is within the plasma control system (PCS) and
indeed plasma control has its own dedicated topic group and
Subchapter 10. However, the preparation of models relies
on good models of the diagnostics and the preparation of
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Table 6. Primary contributions of the microwave diagnostics by operational role and parameter.

System Role Parameter
C7: Collective Thomson scattering PHY 068: Alpha density profile
069: Alpha energy spectrum
070: p, D, T, *He energy spectrum
F1 ECE AC 052: Core T profile
061: NTM 6T/Te. (complex; 100 ms integration time)
F2: Reflectometer (Main Plasma, LFS) AC 055: Edge ne profile
PHY 031: ELM density transient
063: TAE én/n, TIT
F9: Reflectometer (Main Plasma, HFS) AC 054: Core ne profile
PHY 031: ELM density transient
063: TAE én/n, TIT
GB: In-vessel ECH detectors BC 103: In-vessel ECH stray radiation intensity

such models relies on, amongst other things a good idea of
the use case and combination to which the data will be put.
Furthermore, the controllers need real-time data of sufficient
quality and the definition of sufficient and the optimal way to
derive it from the diagnostics again relies on the use case and
the overall control implementation.

A dedicated WG is now working towards the systematic
development of the controllers and underlying synthetic sys-
tems and the corresponding subchapter 10 lays out the pro-
gress in this area.

1.3.10. IDA. ITER measurements for control and physics
understanding have formal availability targets to ensure high
efficiency operation of the physics program in the ITER
research plan (IRP [5]). To meet the availability, redundancy
is inbuilt to the design of individual systems and, for many
measurements, more than one diagnostic has a primary con-
tribution, e.g. TS and ECE to core electron temperature. In
turn, both depend on the equilibrium reconstruction. In this
situation, analysis of the errors and biases of a particular dia-
gnostic can be difficult. For a particular output, such as T,
IDA based on a Bayesian probabilistic approach can be used
to combine the information in a rigorous way, improve the
reliability of parameter estimation and find inconsistencies.
The corresponding work of the recently formed IDA WG, see
subchapter 11, shows ITER and other examples of synergy
between two diagnostics, three-way profile information com-
bination, improved magnetic equilibrium reconstruction and
velocity-space tomography. This work and its benchmarking
on running devices will enable to get the most out of ITER
operation.

1.3.11. Magnetic measurements.  Magnetic diagnostics in
ITER interact strongly with the details of internal component
engineering for the ITER load assembly. Their design is now
almost complete and although it has evolved since the physics
basis was last revised [4], the system is recognizably similar
[7]. Sensors contribute to multiple measurements, sometimes

Modules /
algorithm groups
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Figure 1. Main contributions of the magnetics sensor groups (Al ...
A9 and AA ... AO, explained in table 7 with the exception of
AS5/A6, the steady state sensors, A8, the fiber optic current sensor,
AN, the divertor Rogowskis and AO and AC, the toroidal coil sets)
to the software modules in preparation. Each module is configurable
to accept inputs from most sensors, including backup groups (not
shown). Dashed lines indicate expected information flow for long
pulse correction.

via multiple software modules, in a manner similar to that
described in [8, 9]. Specific modules include real-time equi-
librium reconstruction, plasma current, vertical speed, loop
voltage, energy, instability measurements, toroidal field vari-
ation and halo reconstruction (figure 1). The modules are con-
figurable and this makes mapping all the potential uses of the
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Table 7. Primary contributions of the magnetics by operational role and parameter.

Sub-System Role Parameter
Al: Continuous external Rogowskis MP 001b:Itor
A9: Diamagnetic compensation coils (Outer) BC 051. Toroidal Magnetic Field BT
AA: Tangential coils (Inner) MP 001a: Ip
003: DZ/dt of current centroid
BC 004: Main plasma gaps, Dsep
AB: Normal coils (Inner) BC 004: Main plasma gaps, Dsep
AD: Partial flux loops MP 003: DZ/dt of current centroid
BC 004: Main plasma gaps, Dsep
AE: Continuous flux loops (Inner) BC 005: V loop
AF: Diamagnetic main loop MP 006: Bp
AG: Diamagnetic compensation coils (Inner) MP 006: Bp
Al: Magneto hydro dynamic saddles MP 016a: Br/<Bp> RWM
016b: Br/<Bp> Error Field
AlJ: High frequency sensors MP 017: Biheta(complex, at wall)/<Bp>
PHY 060: Fishbone Binera(mode)/<Bp>
062: TAE Biheta(complex)/<Bp>
AL: Divertor equilibrium coils BC 002: Channel location, divertor (r dir.)
AP: Rogowskis (Blanket) MP 050a Poloidal current in one sector

groups of sensors very complex, but the primary contributions
are listed in table 7, after [7] and are discussed below grouped
by software module.

The modules reside in a plant system controller origin-
ally conceived to run in the diagnostic hall but recently relo-
cated to the main server room, with the exception of the inter-
lock systems running directly in the acquisition aggregator
boards [10]. Multiple instances of the modules can be running.
The system feeds multiple clients; the data flows are sum-
marized in figure 2. Specially developed integrators are used
to accommodate all inductive signals, based on the concept
developed for W7X [11], but redesigned ab initio to accom-
modate voltages up to 1 kV and parallel streaming of up to
30 modules into a single high bandwidth aggregator board
[12]. Presently, an end-to-end prototype system is under test
on WEST.

1.3.11.1. Plasma current and related parameters.  Plasma
current (I,) measurements for plasma control and investment
protection are derived by the in-vessel pickup coils (IVCs).
Six sets of equilibrium IVCs (Tangential coils AA) provide
independent estimates from as many sectors with a basic
bandwidth in the kHz range and an overall error below 1%.
An FPGA-based high reliability system [12] provides a real-
time ‘Best-Ip’ estimate to the investment protection (‘inter-
lock’, CIS) system; simultaneously real-time feedback within
the PCS ensures the plasma stays within Central Interlock
System (CIS) limits. Fiber-optic current sensors (FOCS, A8)

Figure 2. Context data flow diagram of the magnetics diagnostic.
The system interfaces to all the central 1&C networks, feeding the
acquired data to algorithms. Reprinted from [10], Copyright (2015),
with permission from Elsevier.

can restrict, on a slower timescale, the total toroidal cur-
rent (/). Together with the Continuous External Rogowskis
(CER, A1) embedded in the Toroidal Field Coils (TFCs), they
can be absolutely calibrated on demand using the ITER in-
vessel radial field coils and can correct other sensors for integ-
ration drift.

IVCs (AA, but also normal coils, AB, and toroidal coils,
AC, of similar construction) are in manufacture, following
a development path to mitigate radiation effects, in partic-
ular radiation-induced currents [13]. After numerous engin-
eering studies [14-17], optimized platforms are in produc-
tion, using extensively optimized low temperature co-fired
ceramic (LTCC) coils with a silver winding in a glass-ceramic
matrix (figures 3 and 4). Two variants are included in the
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Figure 3. X-ray of an ITER LTCC sensor showing layers from the
side (a) and from the top (b). The size is approx. 40 x 30 x 8 mm.
Reprinted from [18], Copyright (2022), with permission from
Elsevier.
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(d) Complete platform assembly

Figure 4. Construction of a remote handling-compatible ITER
in-vessel pick-up coil incorporating an LTCC coil (blue), placed on
a CuCrZr base plate with an Inconel shield designed to allow a
DC-15 kHz pass band. In the production run, the shield is
copper-coated to reflect electron cyclotron frequencies. Reprinted
from [16], Copyright (2019), with permission from Elsevier.

manufacturing run designed to null radiation induced currents
in different ways. A specially designed calibration rig and pro-
cess records the effective axis (orientation) of each sensor to
~0.1 mrad. Calibration of the effective area with frequency is
in the preparation stage.

Production of CERs is nearing completion. They are based
on a composite design using a two-layer helically wound
cable with fiberglass and polyimide insulation. The main TFC
impregnation process also impregnates the CER and sets it in
its channels within the structure. The performance of these
coils has been analyzed [19, 20] and verified experimentally
[19, 21]. All coils (three for use and one in the spare TFC) are
already installed in their respective TFCs [22]; only on-site
connection activities remain.

The FOCS is conceptually like the CER with the strong
advantage of immunity from drift and electromagnetic
interference [22-24]. Materials selection and interface design
is complete and manufacturing of components trapped within
the cryostat and building is proceeding [25, 26].

1.3.11.2. Plasma shape and speed. By the definition of
ITER, plasma vertical speed, z, a diagnostic performance para-
meter (table 10, parameter 003) is linked both to the plasma
current and the absolute position of the current centroid, as
the in vessel coils measure directly the rate of change of the z/,
product and /, so that z/, = (z]p) - zfp. The estimate of z, the
plasma centroid height, in turn requires time-integrated meas-
urements, not just of field tangential to the vessel but also of
the normal components. For this reason, the sensors that enter
the of plasma shape and speed algorithms include both pol-
oidal field axes. The speed measurement employs optimized
summation of the signals for the coils and saddle loops and is
available in real-time for plasma control.

The tangential (AA), normal (AB) and divertor (AL) coils,
together with the saddle loops (AD) provide data to derive
equilibria [7] using the P-EFIT code [27, 28]. The P-EFIT code
is also used to derive estimates of other quantities (e.g. Beq, q)
as well as to broadcast an equilibrium grid for other users and
estimates of the plasma wall gaps.

Shunts (AM, not shown in figure 1) are also included in
the divertor measurements. They use the cassette body (CB)
as the shunt element, to resolve cassette currents similarly to
the Halo Rogowskis described in a later section. If sufficiently
large, these currents can influence the shape reconstruction.
They can also be used for detachment identification [29].

The construction of the in-vessel coils has been discussed in
the preceding section, with the exception of the divertor coils
(AL) that operate in a special high temperature and high neut-
ron flux environment but with lower frequency requirements.
A special CuCrZr monoblock heatsink houses pairs of these
coils set at 90° to measure both poloidal field components in
the poloidal plane (figure 5).

In ITER, flux loops are being installed both inside and out-
side the VV, with different design constraints and measure-
ment requirements. They are mounted on the inner and outer
walls of the vessel, in all nine sectors. In total, there are 237
flux loops of varying sizes, which represents ~1/5th of all
magnetic diagnostic sensors.

The flux loops on the inner skin include partial flux loops
(AD) that are of relatively modest size. In addition, there
are the rather larger magneto-hydrodynamic (MHD, AI) flux
loops. Finally, there are the full poloidal diamagnetic loops
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Figure 5. A two-axis coil prototype (55.AL) about to undergo
thermal and vibration tests. Bolts through the LTCC sensors, in
combination with copper foam ensure the in-vacuo heat transfer to
the main block representing the ITER divertor. Frequency response
is a few tens of Hz.

(AF) and the full toroidal voltage loops (AE). On the outer skin
there exist only the full toroidal voltage loops (A7). Due to the
high radiation dose rates and temperatures inside the VV, the
flux loops are made from Mineral Insulated (MI) cables. These
cables comprise a stainless-steel outer sheath, of order 0.3 mm
thick, encasing aluminum oxide (alumina, Al,O3) insulation
which surrounds a single, central oxygen free copper (OFC)
or copper alloy (CuNi2Si, UNS C70260) conductor. The dia-
meter is adjusted to the expected voltage and the terminations
are tested for the expected pressure conditions (UHV to 100 Pa
up to 1 kV) [30].

Special clips and terminations are developed. The clips are
designed for short cycle stud welding onto any metal surface;
the loops are then formed (including intentional undulations
to relieve relative thermal strain and resultant fatigue) and the
clips resistance-welded shut (figure 6). The process is suitable
for the industrial assembly process of the several tens of thou-
sands of clips necessary.

For long pulses, drift arising in the shape measurements
can be compensated in principle by measurements of the field
components on the external V'V skin, either inductively (Outer
vessel tangential and normal coils, A3 and A4) or using steady
state sensors (tangential, A5 and normal A6, respectively. This
correction can be applied in real time if needed [31, 32].

The outer vessel coil design takes advantage of the substan-
tially lower dB/d¢ outside the ITER VV to implement a large
effective area coil of O(2m?) with modest output voltage and
high immunity to parasitic pickup areas and, to some extent,
radiation-induced currents [33]. It uses polyimide insulated
winding packs (figure 7) and is attached to the ITER VV in a
permanent fashion, using a high-strength sprung support sys-
tem and internal strain relief, designed to cope with rapid cool-
ing to 70 K (from potential He cooling leaks) and baking to
200 °C (figure 8).

Figure 6. Trial assembly of a saddle loop showing the main
features: Clips (numbered 1-30); junction box (lower center); cable
relief (top; actual installed loops use smaller relief areas). Inset: Clip
#13 (top left of main picture) welded shut.

The steady state sensors are much smaller but present
unique challenges. Early work [34, 35] focused on strongly-
doped InSb sensors, the idea being that the relatively large
number of carriers would confer higher radiation immunity.
Later, the work focused on Bismuth (Bi) sensors that exhibit
much higher radiation immunity but have certain other diffi-
culties, in particular non-linear behavior, relatively large tem-
perature sensitivity requiring temperature monitoring to 0.3 K
and a tendency to oxidize rapidly on exposure to air.

The sensors’ construction, mounting and on-board temper-
ature monitoring are all critical in the ITER environment [36].
The sensing elements (figure 9) are thin cross-shaped Bi lay-
ers deposited on a ceramic/copper circuit board with specially
tapered contact regions and passivated by additional ceramic
coating. Two such elements set in one housing to measure
both poloidal field components. The entire unit is calibrated
against temperature and field and, to ensure the temperature
calibration is usable to <0.3 K, an on-board indium (In) cav-
ity provides a fixed reference to the triple point of In at every
ITER baking cycle [37].

These Bi-based sensors were qualified for ITER and will
be installed on one out of the three sectors reserved for this
use. The high attrition rate of the Bi layers in manufacture
is a risk in service so, for the remaining sectors, antimony
(Sb) sensors are undergoing trials. These offer better linear-
ity, slightly lower temperature sensitivity and improved res-
istance to oxidation with lower but acceptable sensitivity. The
ultimate radiation hardness of similar sensors should approach
that of ceramic/metal induction loops based on mineral insu-
late cable (several dpa) so that, in hybrid operation as sug-
gested in [31], should last as long as a reactor-grade breeding
blanket exchange time. This offers the prospect of steady-state
magnetic control of a reactor grade tokamak.
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Figure 7. Winding process of an ITER outer vessel coil. Similar to the prototypes [33], the former is alumina ceramic and the winding is

made of polyimide-coated wire.

1.3.711.3. Loop voltage, plasma energy and toroidal field.
Loop voltage is a BC measurement for monitoring current
drive that requires relatively little processing. In ITER, in-
vessel continuous (AE) and outer vessel (A7) flux loops, con-
structed similarly to the partial flux loops (AD) but running
toroidally at multiple locations and with thicker cable rated
for higher voltage, supply eight such values in-vessel and four
for the outer vessel. Values at other locations can be com-
puted using the partial flux loops and/or the similar but lar-
ger MHD loops (Al functional description in next section) by
poloidal fitting. In this way, approximately 20 locations can
be monitored in-vessel without heavy computational require-
ments and there is sufficient redundancy to ensure availability
for the ITER lifetime.

Plasma energy is a BC and stability check tool and in ITER
is computed two ways: as a product of the P-EFIT equilib-
rium calculation (5., or Sunp) and directly by a compensated
full poloidal flux loop system at three toroidal locations. The
loops are implemented with the same technology as the saddle
loops (AD, described in the shape and speed section), but use a
two-turn configuration to allow symmetric deviations around
obstacles. Basic vacuum field compensation is by means of
toroidal coils (AG) with large effective area (2 m?) optimized
for low thermoelectric voltage generation at the expense of
speed. These coils are supplemented with measurements out-
side the VV that are slower still but offer improved immunity
from radiation (A9).

The AG coils are under pre-series manufacture. They are
wound on a CuCrZr bobbin with thin mineral insulated wire,

then fully vacuum brazed to the heatsink to ensure thermal
gradients in service below 2 K. Prototypes are undergoing cal-
ibration trial (figure 11).

For energy measurements, the basic accuracy is limited by
the accuracy of the compensation coils, and by any large non-
axisymmetric eddy currents, as in disruptions [38]. In most
conditions, the requirements (Parameter 04 of table 10) can be
met.

The AG and A9 coils also measure toroidal field variation
that requires a basic accuracy below 1 mT (Parameter 51 of
table 10), like that needed for plasma energy.

1.3.11.4. Measurement of instabilities. =~ Many of the coils and
loops mentioned so far contribute to instability measurement.
In most cases they have a backup or supplementary role to
the dedicated instability detectors, that is, the MHD saddle
loops, Al visible in figure 10 and replicated in all manufac-
turing sectors and the high frequency (HF) coils, AJ, that are
organized in a non-uniform but approximately symmetric set
as described in [7].

MHD loops are set to detect mainly low (m,n) MHD modes,
Parameter 08 of table 10. They are constructed similarly to the
saddle loops (AD) but are much larger. As defined the plane
of the VV, they can achieve detection to (m, n) ~(4, 4), suf-
ficient to capture the field structure emerging from a mode
locking before disruptions, a resistive wall mode (RWM) or
a large error field. Their sensitivity is limited only by integ-
rator drift (~0.1 mT equivalent for a 1 h pulse). Finer poloidal



Nucl. Fusion 65 (2025) 113001

Review

o B At G Y A "
s 5 Y

Figure 8. Top: ITER VV Sector 6, the inboard outer vessel pickup coils tangential (top row) and normal (bottom row) clearly visible.
Bottom: Close-up of a tangential coil. Inconel plates and fiberglass preload the winding pack into the Inconel case; Four welds to vacuum
vessel bosses hold the sprung legs in place to allow an operating range 70-573 K without rotation.

Figure 9. Construction of the steady state sensors in ITER (left,
~8 x 8 cm)) and the final version of the Bi-based sensor chip for
ITER (right, ~4 X 4 mm).

(and toroidal) peaking can be sensed by a combination of their
measurements with the saddle loops but with higher noise floor
(due to their smaller average area).

For high frequency modes (over a few tens of Hz,
Parameters 09 and 27 of table 10) covering everything up
to the highest toroidal Alfvén eigenmodes (TAEs) expected
in ITER, the VV eddy penetration time reduces the sens-
itivity of the loops and the main signals come from the
207 high frequency coils (figure 12). Their distribution cap-
tures, in quasi-regular sampling, nominal n-numbers up to

\\.____m

Figure 10. A sector where MHD loops (Al red) coexist with partial
flux (saddle) loops (rectangles, blue) and full toroidal flux loops
(lines, blue).

n ~9 and m-numbers (again defined on the VV plane) up
to m ~10. Port arrays can locally sample even higher n-
numbers, but given the structure of the eddy current signature
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Figure 11. Pre-series toroidal compensation coil (AG) undergoing calibration trials in a Helmholtz rig (outside the field of view). The coil is
in a special support cradle, designed to determine the coil axis to better than 0.1 mrad. The overall accuracy is 0.1%.
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Figure 12. Distribution of the HF coils (55.AJ) in ITER. There are
two higher density belts (arrays, green dots) running toroidally on
the low field side (@ = 0°) and two others on the high field side

(6 = —180°), as well as six arrays in the poloidal plane (red) and
three sets of high-density measurements near the edges of ports
(blue). All coils measure poloidal field except for the high-density
sensors below the equatorial ports (toroidal field).

from the blanket modules, cannot resolve the true local mode
structure.

These coils fit into the same platform used for the plasma
shape and current measurement coils, with the key difference
being the substitution of a tungsten-coated aluminum nitride
(AIN) protection shield for the copper-coated Inconel 718
shield of the former. This shifts the —3 dB point of the case
from ~30kHz to ~500 kHz while allowing for extremely high
ECH local heat load. Special supports are used for the arrays
near the ports (figure 13). Further construction and perform-
ance details can be found in [39].

1.3.11.5. Measurement of halo currents.  Halo current meas-
urements are needed to understand the disruption process and
as an input to calculations of VV forces and strains. The related

parameter (50 in table 10) requires resolving the halo in each of
the nine ITER sectors. In practice, the key measurement of the
halo in ITER is the current injected in the FW panels, measured
by Rogowskis (AP) surrounding the earth straps of the mod-
ules. Around 30% of all the panels are sampled (figure 14).
These measurements are complimented by Rogowskis around
divertor cassette components (AN) that can resolve the cur-
rent entering and leaving the cassette at six toroidal locations,
as well as toroidal coils to measure the flux compression dur-
ing the vertical displacement events (VDEs, AC at the top of
the VV and AO on six cassettes) (figure 15). The halo cur-
rent injection map is incomplete, so considerable effort went
into the method of reconstruction of the full pattern [40—43]
and to demonstrate that the measurement requirements can be
met.

Construction of the Rogowskis has evolved but from the
beginning (figure 16) [14] the designs employed mineral insu-
lated cable construction. Prototyping of integrated (brazed)
versions of the sensors in underway.

1.4. Summary of progress with open issues and outlook for
diagnostic operation in ITER

The ITPA Diagnostic TG has operated across a broad range
of topics organized in high priority areas (HP, table 8) and
(usually linked) joint experiments (JEX). JEX are indexed in
table 9. The work centered on the new challenges offered by
ITER. For example, long pulses with superconducting radial
field coils require close control of the noise in the related feed-
back system to keep eddy current losses low (DIAG-1). After
an assessment within this and the MHD topic group, the related
specification was captured in the specification of parameter 3
of table 10.

Other closed topics since the last IPB update include DIAG-
3, the discrepancy between TS and ECE measurements. The
trigger for this activity was a report of an apparent discrepancy
at JET [49]. Following work at C-MOD [50], correction stop
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HF Pickup Coil

Fixation Boss

Figure 13. High frequency sensor design for the port arrays (top) and early prototype without (lower left) and with (lower right) the

W-on-AIN ECH shield.
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Figure 14. Distribution of the halo measurement Rogowskis on the
ITER first wall panels (twin red dots per panel). The empty belt at
around —120° poloidal angle corresponds to the divertor region,
where six cassettes are sampled, indicated by (x).

the JET calibrations [51] and review at ITPA of JET campaigns
available in 2016, the JEX was closed. More recent work on
JET data shows a non-random discrepancy at high T with sys-
tematic behavior [52] and the topic (though not the JEX) is
followed again closely.

Active topics include the first mirror tests and strategy, now
very mature and discussed in section 3.8 and in subchapter 9
and wall reflections with the latest developments in section 3.1
and in subchapter 2 and a record of incremental progress is in
the additional references of table 9.

More recently and as the ITER diagnostic set matures,
the Topic Group has increased emphasis on preparation for

operation and exploitation of ITER. Additional WGs for real-
time operation, see subchapter 10, and IDA, see subchapter
11, grapple with the optimization of the data flows and data
treatment needed to operate ITER with high efficiency and
to ensure high quality data. These two WGs manage DIAG-
12, whose objective is to develop, customize and validate
synthetic diagnostic models, along with associated test cases
within the IMAS framework [53]. These models should be
made available prior each phase of the ITER Research Plan.

Other recent JEX support techniques whose implementa-
tion on ITER came relatively late, such as LIBS for FW sur-
vey of T (LIBS, section 3.1 and subchapter 2), now possible
to install on the planned Agile Robot Transporter (similar to
[54]) and the Fast Ion Loss Detector [55] now being integrated
in ITER. In more detail:

o DIAG-13: LIBS for in-situ T retention measurement. This is
in support of the IRP activity A.9 [56]. The main objective
is to measure D/T concentration in the ITER FW and to con-
straint H trapping modeling codes.

DIAG-14: laser induced desorption spectroscopy (LIDS) for

tritium quantification. This proposal is in support of IRP A.7

[56] and the JEX activities include two different methods:

LID-QMS (ms pulse) and LIDS (ms pulse; in the presence f

background plasma) vs. LIA-QMS and LIBS.

o DIAG-15: Density control with pellets. This proposal is in
support of HP#3 (table 8). The proposed activities include
systematic controller design through system identification
using frequency domain analysis (e.g. of N II front con-
trol with N2 seeding) and multi-input multi-output (MIMO)
control of radiative loss processes.
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current

Figure 15. Distribution of Rogowskis on the sampled cassettes (top, blue belts) and simplified electrical network showing the plasma
currents to be resolved (bottom, yellow).

Figure 16. View of the back side of the blanket module showing the location of the two Rogowski coils surrounding the grounding straps
(left); picture of a brazed Rogowski prototype (left) employing 0.5 mm MI cable and four welding tabs (D).

Diagnostic measurements for ITER benefitted enormously questions of diagnostic performance, efficacy and interoperab-
from the work of the ITPA topic group. ITER is now pro- ility as the measurements will have to come together to support
gressing towards operation. In this phase, diagnostics are being  ITER’s evolving plans. The commitment of this group to sup-
installed and tested and in parallel, plans for the research port ITER in this phase remains essential to prepare ITER to
plan are being refined. This process will continue to throw up  carry out its mission effectively.
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Table 8. List of currently active high priority items for the ITPA TG.

Item Description Covered by
HP#I Optimize lifetime of plasma facing mirrors used in optical systems DIAG-2
HP#2 Assess impact of microwaves on diagnostic systems All SWG
HP#3 Assess plasma control system measurement requirements DIAG-11
HP#4 Develop diagnostic, calibration techniques and strategies compatible with the burning plasma environment All SWG
HP#5 Develop inversion reconstruction techniques (tomography, equilibrium...) All SWG

Table 9. List of diagnostic joint experiments (involving at least two organizations excluding ITER 10) and status.

JEX Start Status Activity References

DIAG-1 2000 Closed Assessment of the effect of noise on vertical See text
velocity measurement

DIAG-2 2000 Active Environmental tests on first mirrors Section 3.8, subchapter 9
DIAG-3 2007 Closed Resolving the discrepancy between ECE and TS See text
at high Te
DIAG-4 2009 Closed Test of capacitance micro-balances in tokamak [44]
DIAG-5 2010 Closed Field test of an activation probe [45, 46]
DIAG-6 2010 Closed Comparisons of charge exchange recombination [45]
(CXRS) spectroscopy and x-ray imaging crystal
spectroscopy (XICS)
DIAG-7 2010 Closed Distributed monitoring of microwave power [45-47]
density
DIAG-8 2010 Active Benchmark of wall reflections Section 3.1, subchapter 2, [45, 46, 48]
DIAG-9 Closed Spectral MSE (MSE-LS) experiments as design
driver for ITER MSE
DIAG-10 Closed Minimizing microwave absorption in vacuum
windows
DIAG-11 2017 Active Determination of the runaway electron

distribution function by spectral gamma ray
Bremsstrahlung measurements during disruptions

DIAG-12 2020 Active Development of synthetic diagnostics for ITER See text

DIAG-13 2021 Active Development of the LIBS technique in view of its See text
implementation in ITER

DIAG 14 2023 Active LIDT studies for T quantification in ITER See text

DIAG 15 2023 Active Observation and control of the electron density See text

and impurity distribution using small pellets
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Table 10. Specification for plasma measurements on ITER, derived from [57].
Resolution
Measurement Spatial or Wave
group Parameter Range Condition Time or Freq. No. Accuracy
01. Plasma 001a: Ip 0-1 MA Default 1 ms Integral 10 kA
current
1-17.5 MA Default 1 ms Integral 1%
20-0 MA Ip quench 0.1 ms Integral 30% + 10 kA
001b:Itor 1-20 MA Default 10 ms Integral 1% + 10 KA
100: Plasma 5-20 MA Normal operation 1 Integrated 1% (2 o)
current for CSS
[Central Safety
System]
02. Plasma 002: Channel Ip >3 MA 10 ms — 10 mm
position and location,
shape divertor (r dir.)
Ip quench 10 ms — 20 mm
003: DZ/dt of 0-5ms~! Default 1 ms Sum of 3 or more 10 mm s~}
current centroid toroidally (system
symmetric noise) + 50%
positions (depending on
plasma
scenario) + plasma
noise
004: Main Ip >2 MA, full 10 ms — 10 mm except gap
plasma gaps, bore 5 (25 mm)
Dsep
Ip quench 10 ms — 20 mm
03. Loop 005: V loop 0-1000 V Ip quench 1 ms 20 points 10% + 5 mV
voltage 0-30 V Default 1 ms 20 points 5mV
04. Plasma 006: Bp 0.01-5 Ip >3 MA 10 ms Integral 0.05 + 5%
energy Ip quench 0.1 ms Integral 30%
05. Radiated 007a: Prad total, 1-300 MW Stationary 10 ms Integral 10%
power divertor
007b: Prad total 25 MW—100 GW  Transients 1 ms Integral 20%
(transient),
divertor
008a: Prad total, 1-300 MW Stationary 10 ms Integral 10%
main plasma
008b. Prad, top  0.1-20 MW Stationary 10 ms Integral 10%
region (upper
X-point)
008 c: Prad total 50 MW—200 GW  Transients 1 ms Integrated, 4 20%
(transient), main toroidal locations
plasma + upper
X-point
009a: Prad total  1-300 MW Stationary 10 ms Integral 10%
009b: Prad 50 MW—200 GW  Transients 1 ms integrated, 4 20%
(transient) total toroidal locations
06. Line- 011: Line- 1 x 1084 x Default 1 ms Integrated 1%
averaged averaged 10®° m~3
electron density  electron density 8 x 10%°— DMS 1 ms Integrated 100%

2x 102 m™3

22
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Table 10. (Continued.)

Resolution
Measurement Spatial or Wave
group Parameter Range Condition Time or Freq. No. Accuracy
07. Neutron flux  012: Fusion 100 kW—0.9 GW 1 ms Integrated 10%
and emissivity power
013: Fusion 1 kW.m™3- 1 ms a/10 10%
power density 4 MW.m™3
014: Neutron- 1 x 10" 1 ms a/10 10%
and «-source —1.4 x 10"
profile nm 37!
015: Total 1 x 10™- 1 ms integrated 10%
neutron flux 3.2 x 10%°
ns”!
102.Total fusion 70 MW—0.9 GW 1s None 10% + 10 MW
power for safety
relevant
measurements
determination
08. Error field, 0l6a: Br/<Bp> 1 x 1074 1 ms {0,1} < {mn} < 30%
locked mode RWM 2x 1072 {3,2}
and RWM 016b: Br/<Bp> 1 x 107*- 1 ms (0,1} < {mn} <  30%
identification Error Field 2x 1072 {3.1}
016 c: 1 x 1074 1 ms {0,1} < {mn} < 30%
Br/<Bp> 2x 1072 {10,3}
Locked Mode
09. Low (m,n) 017: 1 x 1074 10 Hz— {0,1} < {m,n} < 10%
MHD modes, Bthetas/<Bp> 2 x 1072 35 KHz (10,7}
sawteeth, locked
modes, and
disruption
precursors
10. Plasma 018: vPOL 1-50 km s ! 10 ms al30* 30%
rotation
019: vTOR 1-200 km s~! 10 ms a/30 30%
11. Fuel ratioin  020. nT/nD 0.01-10 rla <0.85 100 ms Integral 20%
plasma core Core
12. Impurity 021a: C, O 1 x 10'%-5 x 10" 10 ms Integral 10% (rel)
species influx m 2!
monitoring 021b: Beinflux 1 x 10'°-5 x 10" 10 ms Integral 10% (rel)
m2s”!
021 c: Beinflux 1 x 10'°-5 x 10"  Be influx 10 ms Local, 1540 mm  10% (rel)
distribution m 257! distribution
022: Be, C, O 1 x 1074 10 ms Integral 10% (rel)
Relative 5% 1072
Concentration
023: Culnflux 1 x 10"°=5 x 10'® 10 ms Integral 10% (rel)
m~ 257!
024: Cu rel. 1 x107°- 10 ms Integral 10% (rel)
conc. 5%x1073
025: Extrinsic 1 x 10'%-2 x 10" 10 ms Integral 10% (rel)
(Ne, Ar, Kr) m~!s7!
influx
026: Extrinsic 1 x 1074 10 ms Integral 10% (rel)
(Ne, Ar, Kr) 2x 1072
Relative
Concentration

23

(Continued.)



Nucl. Fusion 65 (2025) 113001

Review

Table 10. (Continued.)

027: W influx 1 x 10'=5 x 10" 10 ms Integral 10% (rel)
-2 -1
028: W Relative 1 x 107°- 10 ms Integral 10% (rel)
Concentration 5x 1074
13. Zeff 029. 1-5 10 ms Integral 20%
(line-averaged)  Line-averaged
Zeff
14. H-mode, 030: ELM 0.02 ms Main plasma —
ELMs and L-H  visible radiation integral, Divertor
mode transition  bursts one site
indicator 031: ELM 5 x 10"~ r/a >0.85 10 ms 5mm 5%
density transient 3 x 10%° m~—>
032: ELM 0.05-10 keV r/a >0.85 0.1 ms 5 mm 10%
temperature
transient
033: L-H D 0.02 ms Main plasma —
step integral, Divertor
one site
15. Runaway 034: Emax 1-100 MeV 10 ms — 20%
electrons runaway
035: I runaway (0.05-0.7) xIp After thermal 10 ms — 30% (rel)
quench
0-5 MA Failed breakdown 10 ms 50 kA
16. Divertor 037: Gas (1 x 107*-1) ls Several points 20%
operational composition x Pdiv
parameters (Fuel, He,
impurities) (P
div)
038: Gas 1 x 1074-20 Pa 50 ms Several points 20%
pressure,
divertor (Pdiv)
039: Max. 200 °C-3600 °C 2 ms — 10%
surface
temperature,
divertor
040a. Fine 0-1 mm Default <1 per 1 mm 10 um
surface discharge
metrology—
Divertor
040b. Fine net 0-100 pm LTM [Long Term  Sample 50 locations on 1 pm
erosion and Maintenance] retrieval 700 m2 [of first
redeposition— possible only  wall]
first during LTM
wall
041: Position of 0-1m 1 ms 100 mm —
the ionization
front, divertor
17. First wall 042: Surface 40 —1 x 10° cd All heating ports, 10 ms 3 mm 30% absolute, 1%
(FW) visible luminance, FW ~ m™2 upper strike region, relative
image & wall dome, baffle.
temperature >50% of rest,

evenly distributed.
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Table 10. (Continued.)

Resolution

Measurement Spatial or Wave
group Parameter Range Condition Time or Freq. No. Accuracy
043: Surface 200 °C-3600 °C All heating ports, 10 ms 5 mm 20 °C
temperature, upper strike region,
FwW dome, baffle.
>50% of rest,
evenly distributed.
044: Surface 400 °C-3600 °C 20 us 5 mm 20 °C
temperature
during ELMs,
FW
18. Gas pressure  045: Gas (1 x 107*=1) 10 ms Several points 50%
and composition composition Pmain
in main (Fuel, He,
chamber impurities),
main (Pmain)
046: Gas 1 x107*-1Pa 1s Several points 20%
pressure, main
(Pmain)
19. Gas pressure  047: Gas (1 x 107*- ls Several points 20%
and composition composition 1) -Pduct
in vacuum ducts  (Fuel, He,
impurities), duct
(Pduct)
048: Gas 1 x 107*-20 Pa 100 ms Several points 20%
pressure, duct
(Pduct)
20. In- vessel 049: Wall image 100% coverage of 1 mm
inspection FW and divertor
21. Halo 050a: Poloidal 0.01-0.1 Ip In disruption 1 ms 9 sectors, between  20%
currents current in one injection points to
sector \'AY
050b: Current 0-190 kA In disruption 1 ms 6 cassette targets,  20%
distribution in dome, VV
divertor cassette connections
22. Toroidal 051: Toroidal —55—455T Variation in pulse 1 2 locations 1mT 4+ 0.1%
magnetic field Magnetic Field
BT
23. Electron 052: Core Te 0.5-40 keV r/a <0.85 10 ms al30 10%
temperature profile
profile
053: Edge Te 0.05-10 keV r/a >0.85 10 ms 5 mm 10%
profile
24. Electron 054: Core ne 3 x 10"~ r/a <0.85 10 ms al30 5%
density profile profile 3% 109 m™3
055: Edge ne 5% 10183 x 102 #/a>0.85 10 ms 5 mm 5%
profile m~?
25. Current 056: q profile 0.5-5 Physics study 10 ms al20 10%
profile 5-9 Physics study 10 ms al20 50%
057: 0.3-0.9 NTM Feedback 10 ms — 50 mm/a
Normalized
Position of
q=152
surfaces
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Table 10. (Continued.)

058: 0.3-0.7 NTM Feedback Is — 50 mm/a
Normalized
Position of gmin
26. Zeff profile ~ 059: Zeft profile 1.0-5.0 Default 100 ms al10 10%
Transients 10 ms al10 20%
27. High 060: Fishbone 1 x 1074 0.1-10 kHz (m,n) = (1,1) 30%
frequency Btheta(mode)/ 5% 1072
instabilities <Bp>
(MHD, NTMs,  061: NTM (0.1-5) Te >1 keV, 0.1-10 kHz Island width 1 x10-3
AEs, 5T/Te x 1x 1072 >20 mm
turbulence) 062: TAE 1 x 1075- 30 kHz— N =2-50 30%
Btheta/<Bp> 4 x 10~* 0.5 MHz
063: TAE 6N/n, 5 x 107°- 30 kHz— n=2-50 30% (rel)
ST/T 5x107* 0.5 MHz
28. Ion 064: Core Ti 0.5-40 keV r/a <0.85 100 ms al30 10%
temperature
profile
065: Edge Ti 0.05-10 keV r/a >0.85 100 ms 10-20 mm 10%
29. Core He 066: Core 1%-20% r/a <0.85 100 ms all0 10%
density nHe/ne
067: 3He 1%-10% r/a <0.85 100 ms al10 10%
concentration
profile
30. Confined 068: Alpha (0.1-2) E18 m 100 ms a/10 20%
alphas and fast ~ Density profile
ions
069: Alpha 0.1-3.5 MeV 100 ms a/10 20%
energy spectrum
070: p,D, T 0.1-1 MeV 100 ms al20 20%
He3 energy
spectrum
31. Escaping 071: Fast +1 vlllv Steady-state and 5 ps Discrete 20%
alphas and fast  particle loss transient measurement
ions distribution regions
0.1-5 MeV Steady-state and 5 us Discrete 20%
transient measurement
regions
072: Fast 0.2-20 MW m? Steady-state and 5 ps Discrete 10%
particle loss flux transient measurement
region
32. Impurity 073: Fractional  0.01-0.3% r/a <0.85 100 ms al10 20%
density profile content, Z >10 r/a >0.85 100 ms 50 mm c
074: Fractional ~ 0.5%-20% r/a <0.85 100 ms al10 20%
content, Z < 10 r/a >0.85 100 ms 50 mm 20%
33. Fuel ratioin  075: ny/np, 0.01-0.1 r/a >0.85 100 ms Radial integral 20%
edge edge
076: ny/np, 0.01-10 r/a >0.85 100 ms Radial integral 20%
edge
(Continued.)
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Table 10. (Continued.)

Resolution
Measurement Spatial or Wave
group Parameter Range Condition Time or Freq. No. Accuracy
34. Neutron 077: First wall 0.1-1 MWa m 2 Several poloidal 10%
fluence neutron fluence points
101: Neutron 0-0.4 MWa m > Normal operation  1d Equatorial 0.03 Mwa m >
fluence for midplane DFW (20)
lifetime
35. Impurity 078:Be, C,W 1 x 101 x 10* 1 ms 50 mm 30%
and D, Tinflux  influx in ats™!
in divertor divertor
079: D2, T2 1 x 10°-1 x 10% 1 ms 50 mm 30%
influx in ats”!
divertor
36. Plasma 080a: ne, 1 x 1081 x 10* 1 ms 3 mm resolvability, 30%
parameters at divertor target m~3 24 mm interval
the divertor 080b: Divertor 1 x 10%-1 x 107 0.01 ms 3 mm resolvability, 30%
targets Target Parallel Am™2 24 mm interval
Ion Flux
081: Te, divertor 1eV—150 keV 1 ms 3 mm resolvability, 30%
target 24 mm interval
37. Radiation 082a. Divertor 0.1-300 MWm ™ Stationary 10 ms 50 mm 10%
profile Prad Profile
082b: Divertor ~ 0.03-20 GWm > Transient 1 ms 50 mm 20%
Prad (transient)
Profile
083a: Prad 0.001-100 Stationary 10 ms 100 mm 20%
profile, main MWm ™3
plasma + upper
X-point
083b: Prad 10 MWm—3-1 Transient 1 ms 100 mm 20%
profile GWm™3
(transient), main
plasma -+ upper
X-point
083 c: Prad 30 MW m -8 Transient 1 ms 3-5 vertical line 20%
vertical line GW m™? integrals at 4
integrals toroidal locations
(transient) main
plasma + upper
X-point
38. Heat loading  085: Power load  0.02-5 GW m™> Disruption 0.02 ms 3 mm 20%
profile in 0.1-25 MW m > Default 2 ms 3 mm 10%
divertor 086: Surface 1000 °C-3600 °C 0.02 ms 3 mm 10%
temperature 200 °C-1000 °C 2 ms 3 mm 10%
39. Divertor 087: nHe, 1 x 10"~ 1 ms 20%
Helium density  divertor 1 x10° m™3
40. Fuel ratioin  088: nH/nD, 0.01-0.1 100 ms Integral 20%
divertor divertor
089: nT/nD, 0.01-10 100 ms Integral 20%
divertor
41. Divertor 090. ne Divertor 1 x 10— 1 ms 50 mm X 3 mm 30%
electron 1 %102 m™3
parameters 091: Te, divertor 0.3-200 eV 1 ms 50 mm X 3 mm 20%

(Continued.)
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Table 10. (Continued.)

42. Ion 092: Ti profile,  0.3-200 eV 1 ms 50 mm X 3 mm 20%
temperature in divertor
the divertor
43. Divertor 093: Vp 1 x 10°-1 x 10° 1 ms 50 mm x 3 mm 20%
flow Divertor ms~!
44. nH/nD ratio  094: nH/nD, 0.01-0.1 r/a <0.85 100 ms Integral 20%
in plasma core core
45. Neutral 095.D/TInflux 1 x 1081 x 10% 100 ms Several positions  30%
density between in Chamber atm 2!
plasma and first
wall
46. Dust 097a: Surface 0.01 ~40kgm™ Once every Integral = factor 5
monitoring Concentration LTM or on
of mobilizable demand
dust (divertor
cassette body
under the dome
and VV floor)
097b: Dust size ~ 1-200 pm 6 bins per decade Once every Integral +20% (relative)
distribution (E6) LTM or on
demand
097 c: Viewing 4 mm X 2m Once every 100 pm +50%
of dust area on LTM or on
and under the demand
divertor
47. Tritium 099a. Divertor 1 x 10%- Outside plasma On demand Individual points 50% abs, 20%
Monitoring Surface H, D, T 2 x 10* m™ pulses under 5 mm lateral relative
Concentration vacuum condition resolution
(Inner baffle)
099b. First Wall 1 x 10"~ LTM Onrequest 50 locations on 20%
Surface H,D, T 2 x 102 m>2 during LTM 700 m2
Concentration
48. In-vessel 103: In-vessel Breakdown: Up to 10 ms 5-9sectors. Upto 100 kW m~2
ECH stray ECH stray 3 MW m~? during 20 sensors/sector
radiation radiation 5.5 sec
intensity Normal operation: 10 ms 5-9 sectors. Upto 100 kW m 2

Upto 1.25 MW
m™? during pulse

20 sensors/sector

(*) a/X is generally taken as the nominal minor radius, 2 m X~!. /10 = 200 mm etc.
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2. Preparation for the measurements of
plasma-metallic wall interaction in support of the
ITER research plan: divertor power flux, impurity,
and tritium retention

S.-H. Hong4, B. Peterson’, M.H. Aumeunier', A. BultelS,
C. Klepper7, D. Rasmussen’, H. Choi®, C. Grisolia’, K. Kim5,
S. Oh® and C. Sun®

2.1. Introduction

To achieve the research goals of ITER, governing challenges
of plasma-wall interaction are inevitable, especially achieving
Q = 10 scenarios with a minimal amount of metallic impur-
ities inside the core [58]. Furthermore, very high heat flux to
the tungsten divertor is expected as well as neutron wall load-
ing originating from the D-T reaction [59]. Detached plasma
operation scenarios with high-precision measurements of the
divertor power flux and impurity contents in the core and SOL
are required, which will provide sophisticated and accurate
input for plasma control [60]. Furthermore, ITER is licensed
as a nuclear facility which needs to follow very strict license
control on the amount of tritium inside the machine as well as
on-site [61].

The heat flux on the divertor will be measured by an in-
vessel infrared (IR) camera system looking down from the top
slanted ports. The IR camera system needs to be calibrated
for the measurements of the temperature of the tungsten diver-
tor surface (monoblocks). The global power balance including
plasma heating and current drive can be evaluated by the meas-
urements of the plasma stored energy and total radiated power
from the plasma.

Note that, the heat flux measurements by an IR camera
strongly depend on the condition of the surface [62]. Change of
the surface emissivity will result in wrong measurements of the
monoblock temperature leading to wrong heat flux estimates.
If the emissivity changes as a function of time, the changes
must be followed: erosion of the tungsten surface by ion bom-
bardment and corresponding prompt redeposition of tungsten
atoms change the emissivity of the surface as well as the sput-
tering threshold. Furthermore, the redeposition of eroded FW
materials (beryllium and tungsten) onto the FW mirror has to
be mitigated [63].

As the FW of ITER will be a full metal wall consisting
of beryllium and tungsten, there will be a large portion of
stray radiation caused by reflection from the FW [64]. Such
reflection caused by the wall gives wrong information to the
local temperature measurements, the location of hot spots, and
finally to the global power balance. Therefore, a dedicated
technique to identify and remove the reflected patterns from
the measurements based on various cameras installed at ITER
is essential.

Due to the use of tritium in the fusion plasma operation
phase, active monitoring of tritium inside the VV is mandatory
[65]. A LIBS and a LIDS are under development.

In this subchapter, we will discuss the progress of plasma-
surface interaction diagnostics, including specific design
issues, and their limitations. In section 2, the development
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of an image bolometer system for ITER will be described
in detail. In section 3, the development of the ITER proto-
type VUV spectrometer will be discussed. The status of the
development of LIBS and LIDS for ITER will be followed in
section 4. In section 5, technical challenges in the measure-
ments of the plasma-wall interaction at ITER, i.e. the devel-
opment of reflection elimination techniques and the system-
atic measurements of emissivity and the bi-directional refrac-
tion distribution function (BRDF) of tungsten, and the angu-
lar dependence of IR measurements will be described. The
subchapter will be summarized in section 6.

2.2. Measurements of radiated power loss by imaging
bolometers

For the purpose of the measurement of radiated power from
ITER, the resistive bolometer (RB), which has a long his-
tory in fusion studies [66—69], is the primary detector being
considered and prepared for installation. The RB is relatively
compact, which permits it to be installed in the FW and diver-
tor surrounding the plasma at one poloidal cross-section. This
enables tomographic inversion of the line-averaged data to
produce a local measurement of the radiated power density
[69, 70]. One of the main drawbacks of the RB is the lamel-
lar construction of the detector head, consisting of a radiation-
absorbing metal foil, an insulating membrane, and a metal-
lic meander that forms the resistor. Intrinsic stresses from the
manufacturing process paired with different thermal expan-
sion coefficients for absorber and membrane led to high loc-
alized stresses and breaking during the fatigue cycle under
thermal cycling [71] for the prototypes based on Pt absorbers
on a SiN membrane. However, this problem has been solved
using an Au absorber layer instead of Pt [72]. Prototypes with
different configurations and 20 pum thick Au absorbers, as
necessary for ITER, have been shown to withstand thermal
cycling up to 400 °C. Much research has been performed in
the development of these detectors in the 14 years since the
publication of the Progress in the ITER Physics Basis [4] and a
diagnostic review [69]. The work on the RB has been recently
reviewed [72] and therefore, the associated design and pro-
curement activities for ITER will not be covered in this article.

Another type of detector that has seen much development
in the last 14 years is the IRVB [73, 74]. The IRVB consists
of one large metal foil held in a metal frame that absorbs the
radiation incident through an aperture. The resulting temper-
ature increase of the foil is measured by an IR camera located
outside of the bioshield. IR optics bring the IR signal out of the
bioshield and through the vacuum interface, avoiding the use
of signal wires. The IRVB is being considered for application
to ITER and future fusion reactors due to its use of inherently
reactor relevant materials and its lack of wired feedthroughs,
avoiding the risks of leaks. In contrast, the resistive bolomet-
ers require four wires for each channel to be brought through
the vacuum interface. In comparison to the RB, the relative
disadvantages of the IRVB are the large size and lower sens-
itivity. However, the sensitivity advantage of the RB is lost to
some extent in the presence of radio-frequency-wave-induced
noise if the detectors are not adequately shielded, which does
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not plague an IRVB since all electrical wiring is located in the
IR camera which can be properly shielded [75]. The RBs also
have a well-developed in-sifu calibration system using ohmic
heating of the foil which allows calibration of the foils between
discharges [76]. The large size of the IRVB and the necessity
that all of the channels for one IRVB would view the plasma
through the same aperture, require that it be installed in a port
plug with a tangential view, relying on the assumption of tor-
oidal symmetry in order to perform the tomographic inver-
sion. Considering the differences between the two concepts in
foil temperature measurement, lines of sight (LOS), and pos-
sible failure modes, they represent complementary approaches
to the measurement of radiated power, which would provide
some redundancy and assure the uninterrupted measurement
of radiated power in ITER in case either would fail. Also,
the differing LOS of the two concepts could be combined to
enhance the tomography and the study of toroidal asymmetries
in radiation.

In this section, we will summarize the development of the
IRVB and discuss the possibility of applying it to ITER. The
primary developments that will be reviewed are of a uniform
and reproducible blackening of the absorbing foil, of an in-situ
calibration system [77, 78] and the successful application of
IRVBs to LHD [79], JT-60U [80], KSTAR [81], C-Mod [75],
and MAST-U [82]. Finally, we will evaluate the viability of
the application to ITER in terms of the estimated SNR.

2.2.1. Development of the IRVB.  Significant progress has
been made in the development of the IRVB detector foil
through the procurement of a vacuum vapor deposition facil-
ity for blackening the metal absorber foil with graphite.
Blackening of the foil is necessary on the plasma side to
increase absorption in the visible spectrum and on the IR cam-
era side to improve the IR emissivity of the foil. Previously
an aerosol graphite colloid called Aerogdag was used to hand
spray a graphite coating on the foil. This resulted in a thick
coating on the order of 5-8 pums [83] which turned out to
be quite non-uniform and also not reproducible on both sides
of the foil. The nonuniformity and irreproducibility could be
compensated for in the calibration but may cause problems in
the analysis and is better to be avoided. Therefore, a vacuum
vapor evaporation facility was purchased and adapted to the
coating of graphite on the metal foils [78]. This resulted in
the ability to reproducibly control the thickness of the coating
to within about 20 nm and allowed the determination of the
optimal thickness of the coating to be 160 nm. Observation
with a scanning electron microscope (SEM) also showed the
coated surface to be much more uniform than in the hand-
sprayed case.

Other progress in the development of the IRVB involved the
improvement in calibration techniques and the development
of an in-situ calibration system. Calibration of the IRVB foil
involves the determination of the local values of the thermal
and optical properties of the foil by using a HeNe laser or
UV diodes. These properties include the thermal diffusivity
and conductivity of the foil and the blackbody emissivity of
the graphite coating. These parameters are then used in the
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two-dimensional heat diffusion equation to solve for the incid-
ent radiated power from the temperature distribution on the
foil measured by the IR camera. In order to take into account
nonuniformities in the parameters and in the foil thickness,
each point of the foil must be calibrated with a spatial res-
olution equivalent to that of the IRVB. In other words, each
IRVB pixel must be individually calibrated. With the IRVB,
calibration of the foil is done by heating the foil with a HeNe
laser [73] or UV diodes [84] and measuring the change in the
resulting temperature profile on the foil. In the laboratory, we
move the foil keeping the IR camera and laser fixed in order to
sample each part of the foil [84]. For in-situ calibration how-
ever, the laser must be moved from spot to spot on the foil.
This type of system was realized on JT-60U [85, 86] and LHD
[77, 78].

2.2.2. Application of the IRVB to various devices. IRVBs
have been applied to numerous devices. The first IRVB was
installed on LHD [87] and up to four IRVBs have been sim-
ultaneously operated on LHD providing radiation images for
comparison of synthetic images from EMC3-Eirene [88] and
in an attempt at three-dimensional tomography [89]. Two dif-
ferent versions of the IRVB were tested on JT-60U. The first
used a relatively low-cost, low-performance IR camera with a
2.5 pm thick x 9 cm x 7 cm gold foil with a semi-tangential
view of the plasma from a 5 mm x 5 mm aperture [90].
This IRVB was the first to demonstrate two-dimensional radi-
ation profiles in a tokamak through tomographic inversion and
clearly showed the increase in core radiation during the intro-
duction of iron impurities into the plasma [91, 92]. Just prior
to the shutdown of JT60-U this IRVB was upgraded with a
5 pm Ta foil and an advanced IR camera with periscope optics.
This resulted in a 30-fold improvement in sensitivity compared
to the previous version [80]. This IRVB was later transferred
to the KSTAR experiment and after upgrading the IR camera
[81], it routinely provided total radiated power measurements
and 2D profiles through tomographic inversion [92] as the
only bolometer diagnostic on KSTAR. The third application of
the IRVB to a tokamak took place on the C-mod experiment.
This experiment showed good agreement between the RBs
and IRVB and demonstrated the noise-free advantage of the
IRVB compared to the RBs during radio-wave heating [75].
Recently the IRVB has been installed in the MAST-U exper-
iment, demonstrating the advantages of the two dimensional
view of the plasma in filling in gaps in the RB fields of view
of the super-x divertor [82].

2.2.3. Investigating the viability of an IRVB for ITER.  During
the last six years, investigations have been made into the viab-
ility of an IRVB for ITER. An example of a tangential field
of view of an IRVB for ITER is shown in figure 17. The
7 cm x 9 cm Pt foil center is located at a major radius of 8.56 m
and a height of 0.44 m above the midplane in an arbitrary loc-
ation in an equatorial port. The aperture is 6 mm x 6 mm and
is located 7.8 cm in front of the foil. The aperture and foil have
a downward tilt of 4 degrees with respect to the horizontal. An
IR camera and IR optical system with 1024 x 1280 pixels,
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Figure 17. Field of view for an IRVB in ITER.

105 fs~! and a sensitivity of the foil temperature of 15 mK is
assumed. Using location and photon energy spectrum depend-
ent models of the radiation from SOLPS (edge) and SANCO
(core) we determine that the Pt foil thickness necessary to stop
90% of the incident power from the highest energy channel
to be 36 um. Using this thickness, we achieve an IRVB with
15 x 20 channels, a sensitivity of 3.8 W m~2 and a SNR of 65
for the maximum signal of 250 W m~2 from synthetic images
shown in figure 18 calculated from the SOLPS and SANCO
models [93]. In addition a feasibility study involving two tan-
gentially viewing IRVBs (one viewing the entire crossection
and one viewing the divertor) located in existing VIS/IR dia-
gnostic locations in ITER was carried out including analysis of
SNRs and nuclear heating [94]. The IRVBs each had 15 x 20
pixels and thicknesses of 30 and 10 pms, respectively, which
should stop 95% of the radiated power incident on the foil.
This resulted in SNRs of 77 and 59, respectively. Monte Carlo
Nuclear Particle code analysis showed the neutron heating of
the foil to be below the estimated signal noise level. However,
heating by secondary gammas was on the order of half of
the expected signal level, indicating the need for some sort of
countermeasures.

2.2.4. Summary. In conclusion, recent progress has shown
that the IRVB should be applicable to ITER and future fusion
reactors as a primary radiation diagnostic or one that is com-
plementary to the conventional RBs and provides necessary
redundancy. Future work will include tomographic modeling
to determine the necessary foil thickness and spatial resolu-
tion. Future diagnostic design should include consideration
of the necessary cooling of the foil frame and the IR optics
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Figure 18. Synthetic image of radiation form SOLPS and SANCO
models from the IRVB with the field of view shown in figure 17.

(needed to bring the IR signal from the foil to the IR camera
located behind the bioshield, similar to VIS/IR diagnostics)
to insure adequate sensitivity of the diagnostic and effects of
thermal radiation from hot components on the measurement
signal in addition to ITER relevant prototype testing.

2.3. Impurity measurements by ITER VUV spectrometer

Most of the line emissions from plasmas in ITER are expec-
ted to be in the VUV or soft x-ray (SXR) wavelength ranges
of 0.05-200 nm. These line emissions mainly originate from
intrinsic impurities such as Be (the FW), O (oxidized layer on
the FW), He (the residual gas after glow discharge or He ash),
Cu (the hidden layer of the FW or divertor), Fe (diagnostic FW
(DFW)), Ni (DFW) and W (divertor). Furthermore, line emis-
sion from extrinsically injected atoms for operations of a radi-
ative divertor (Ar, Ne, and Kr) are also expected. Monitoring
of these impurity species is required to diagnose the over-
all machine conditions and impending fault conditions during
long-pulse operation.

In ITER, three sets of distinct VUV spectrometers in differ-
ent places are employed to facilitate impurity monitoring with
full coverage of different regions of plasmas in core, edge, and
divertor as seen in figure 19 [95-97].

The design of the VUV core survey spectrometer is optim-
ized for the monitoring of impurity species of all relevant
impurity ions over a broad spectral range of 2.4-160 nm [95,
98]. The required sensitivity of the spectrometer is derived
from the calculated photon emissivities of impurity species
from plasma emission modeling of ITER using the SANCO
impurity transport code [99] or SOLPS-ITER code [100]. High
spectral resolution at 10 ms time resolution is accomplished
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Figure 19. Overview of three ITER VUV spectrometers, VUV core survey spectrometer, divertor VUV spectrometer located in equatorial

port, and VUV edge imaging spectrometer located in upper port.

by implementing a five-channel spectrometer for the broad
wavelength range of 2.4—160 nm. A spectral resolution, M/AJ,
of several hundred (~500) with a high throughput and eten-
due of ~1 x 10~* mm?sr resulted as the output of the design
optimization for geometry parameters of a spectrometer using
a toroidal shaped grating [101]. To verify the design of the
ITER VUV spectrometer with regard to alignment and effi-
ciency, a prototype VUV spectrometer has been developed
[95, 96]. The prototype VUV core survey spectrometer with
a wavelength ranging from 14.6 nm to 32 nm was installed at
KSTAR after a calibration test in the laboratory [95, 96]. This
custom-designed prototype spectrometer with toroidal grat-
ing and back-illuminated CCD detector was tested success-
fully, especially, in the tungsten injection experiment during
the KSTAR experimental campaign of 2016.

The primary role of the ITER divertor VUV spectrometer
is to measure radiation from impurity ions, especially tungsten
ions, in the divertor region. In the previous design for ITER-98
in 1998, the divertor cassette in the ITER lower port was sup-
posed to accommodate the ITER divertor VUV spectrometer
[102]. However, it was found that the expected deposition on
the field mirror would be severe in the lower port near the
divertor plasma compared to the equatorial or the upper ports.
The available space in the lower port is also very limited. For
this reason, the equatorial port #11 of ITER accommodates
the present ITER divertor VUV spectrometer, with one cyl-
indrical field mirror in the port plug and one ellipsoidal collim-
ation mirror after the bio-shield, as seen in figure 19 [96]. The
wavelength range was chosen to be from 14.6 nm to 32 nm,
targeting the emission from tungsten ions, which would be the
main impurity species in divertor plasmas.

The VUV edge imaging spectrometer system located in the
upper port is optimized for monitoring of the one-dimensional
impurity distribution profile in the plasma edge region of
0.85 < r/R < 1.03 [97]. The wavelength range of 17—32 nm
was chosen for the VUV edge imaging spectrometer to contain
important spectral lines. About ten spatial-resolving (imaging)
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points are to be monitored along a ~1000 mm long line across
the flux surfaces in the plasma edge region, as seen in figure 19.
The required time resolution for the VUV edge imaging spec-
trometer is 100 ms.

To minimize risks related to the degradation of the field mir-
ror (the first mirror) due to deposition, erosion, and heating, the
field mirror is set back from the plasma as far as possible while
maintaining the required poloidal view. Ray-tracing analysis
for the collection optics was conducted to allow the mir-
ror solid angle to the plasma to be minimized, with a small
entrance pupil at the shutter location. The wavelength range
has been chosen so as to minimize reflectivity changes due to
deposits of plasma impurities.

Since a full tungsten divertor was included in the baseline
design of the ITER divertor in 2013, a wide range of research
has been performed for the tungsten divertor, not only for
engineering purposes but also to investigate the effect of
tungsten ions on plasma performance. To study the effect
of the tungsten ions on plasma performance, VUV spectro-
meters have been used to measure tungsten emission lines
in various magnetic fusion devices such as JET (ITER-like
wall (ILW)), ASDEX-U, WEST, LHD, EAST, HL-2A, and
KSTAR. Recently dedicated experiments using tungsten pel-
lets or injected tungsten dust have been performed to invest-
igate tungsten emission lines in LHD, EAST, and KSTAR
[96, 103, 104]. Through these experiments, emission lines
from tungsten ions (around from W +24 to W +45) could
be identified in the wavelength range of 2-7 nm. In the
wavelength range of 15-30 nm, overall unidentified line arrays
(quasi-continuum) are typically observed from low charge
state ions of tungsten (e.g. W +6), and only a limited num-
ber of lines could be identified. Based on these results, the
wavelength channel 2—-7 nm of ITER VUV core survey spec-
trometer is expected to be the main channel to measure tung-
sten ions emission from main plasmas. Due to the limitation
of the grazing angle of the first mirror ~16 degree for ITER
divertor VUV spectrometer from the space constraints, this
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Figure 20. Global view of the LIBS technique implementation.

spectrometer was designed to monitor the low charge state
lines of tungsten in the wavelength range of 15-30 nm.

2.4. Tritium monitoring

2.4.1. Laser induced breakdown spectrometer (LIBS).
LIBS is a technique for non-contact measurement of the
multi-elemental atomic composition of a sample based on the
production of a laser-induced plasma [105]. For applications
dedicated to nuclear fusion, only the analysis of solid surfaces
is developed [106, 107]. Heated by the absorption of photons
on the diameter of a pulsed laser beam (typically picosecond or
nanosecond), the material is ablated locally by forming a crater
and is found in the state of plasma while emitting radiation dur-
ing its relaxation (cf figure 20). This radiation first appears as a
purely thermal continuum, then as first ionic and then atomic
lines before taking the form of molecular bands depending
on the surrounding conditions (nature of the gas and level of
pressure) [108].

The measurement consists in triggering the acquisition at a
time sufficiently long from the deposition of the laser energy
to allow the observation of plasma spectral lines. The acquis-
ition lasts long enough in relation to the typical time scales of
the plasma life time in order to observe spectral lines of low
intensity. The intensity of the observed spectral lines depends
on the presence of the corresponding elements in the matrix.
It also depends on how the sample is ablated. The relative
size of the laser spot compared to that of the material grains,
their composition, the internal composition gradients as well
as the surface condition of the sample play an important role in
the observation of the spectral lines. These dependencies are
grouped under the term of ‘matrix’ effects [109].

The observed lines then allow the determination of the
atomic composition of the sample in two ways. We can first
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use calibrated samples of known composition and that are val-
idated by alternative analysis techniques providing ‘calibra-
tion curves’. By simple comparison, the composition of the
material can then be deduced [110]. This approach cannot
work for samples of unknown composition or for samples that
cannot be subject to a priori compositional control. It is there-
fore very limited.

The second approach, therefore more universal, consists
in ensuring that the plasma is in local thermodynamic equi-
librium (LTE). This is the ‘calibration free’ method [111].
This can be achieved if the plasma has had time to relax, that
takes few hundred of ns. In addition, this state of equilibrium
is better obtained if the plasma relaxes under a confinement
obtained with a dedicated gas. The pressure of this gas can be
lower or equal to 10° Pa. This keeps its internal collision fre-
quencies at sufficiently high levels. Working in argon is very
often effective in this respect. Under these conditions, it is pos-
sible to reconstruct the spectra using spectral databases and
compare them to the experimental one to derive the sample
composition.

The LIBS lateral spatial resolution depends on the size of
the laser spot on the sample and is improved by the use of a
top-hat laser beam. The depth resolution that can be achieved
with the LIBS technique is limited by the thermal diffusion in
the sample after irradiation which depends on the duration of
the pulse. Using an ns laser pulse, the ablated depth is often on
the order of a few pm. If ps laser pulses are used, this depth
can be reduced to a few hundred nm, but with a significant
reduction in the intensity of the lines of interest. This is then
very limiting because a shot-to-shot analysis must be carried
out in order to measure the depth concentration gradient.

The activities developed around the LIBS technique applied
to fusion materials analysis are developed in the frame of the
ITPA coordinated activity along two major themes: laboratory
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studies concerning the development of LIBS on beryllium
relevant ITER samples including modeling activities and the
integration of LIBS probes on remote handling arms for toka-
mak tests [112]. These developments bring together institutes,
laboratories and universities as CORIA-CEA, ENEA, VTT,
Comenius University, University of Tartu, [IPPLM, INFLPR.
In what follows, we will concentrate on beryllium-related
activities. However, it should be pointed out that LIBS was
already used in the mid 2000s to study the composition of
codeposited carbon layers [113, 114]. It can also be used to
assess the composition of boron codeposited layers as such
obtain after boronization of a metal tokamak operating with
W, for example [115].

2.4.1.1. Laboratory activities.  Beryllium is constituting the
FW of the ITER tokamak, and is tested as a priority. It is of
major importance to get a reliable technique able to meas-
ure with a good accuracy the concentration of hydrogen in
the ITER vessel walls. An embedded LIBS operating at atmo-
spheric pressure is considered as one of the possible diagnostic
solutions. During LIBS experiments on Be bulk materials,
micro-nanoparticles of Be are released due to the ablation pro-
cess. LIBS experiments must therefore be carried out in a very
strict framework given the toxicity of these dusts. Tests are
also carried out on other materials considered to be substitutes
for beryllium and easier to handle. The samples studied can
be loaded with hydrogen (D, H, and T), N, He and the exper-
iments are carried out in rare gases. The objectives focus on
the experimental conditions allowing the spectral resolution of
the « lines of the Balmer series of hydrogen isotopes (the most
intense) [116], in particular between D« and T« separated by
0.054 nm. These measurements are carried out in ns and ps
mode [117], in accumulated or shot-to-shot mode in order to
test the profilometric measurement capacities. The measure-
ment must be coupled with ex situ determinations of the depth
ablated by pulse. The results are compared with those obtained
by other surface analysis methods as RBS, NRA, TOF-ERDA,
SIMS, etc [118]. The agreement is very satisfactory. It should
be noted that the first LIBS measurement of the tritium con-
tent of a sample was carried out in 2022 by CORIA-CEA. Tests
were also carried out on deuterated tiles that had stayed in JET
and made available to other partners. Deuterium and hydrogen
are measured, as well as metallic pollution [119]. The meas-
urement of helium in the sample is also tested [120]. Helium
can be implanted in tokamak at the surface of the material due
to plasma implantation. It can also be produced in the bulk
material due for instance to tritium decay. However, helium
measurement turns out to be very difficult due to the high
volatility of this element and the difficulty in exciting it elec-
tronically. Double-pulse experiments are currently being car-
ried out to test the heating of the plasma produced by a first
pulse in order to increase the population density of the upper
level of the transition, and therefore the intensity of the emis-
sion line [121]. This is done in picosecond regime in order to
keep the capacity of profilometric studies [113].

These experiments are carried out in parallel with model-
ing studies aimed at reproducing the results and allowing their
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optimization. Two axes are developed. The first one consists of
calculating the expected spectrum under LTE conditions and
verifying that the necessary databases are sufficiently accur-
ate. This reconstruction of the spectra is based on the res-
olution of the radiative transfer equation [122]. The second
axis exploits the capabilities of artificial intelligence AI [123].
An extensive database is acquired under controlled conditions
over wide ranges of parameters of interest such as hydrogen
content, plasma temperature and electron density, etc. Then
the Al learns to recognize from this base the characteristics of
the plasma emitting the new spectrum that it can observe dur-
ing an additional experiment. The measurement is thus optim-
ized and made significantly faster.

2.4.1.2. LIBS integration in tokamak. LIBS tests were car-
ried out manually in the EAST tokamak in particular to detect
metallic impurities on the limiter. W, Mo and Fe were observed
[124, 125]. A compact LIBS probe has been specifically
developed to perform these experiments.

Other tests have been carried out by exploiting the capacity
of remote handling using robot arms. A solution was tested by
ENEA in the FTU tokamak [126]. A compact ns laser source
is positioned at the end of a remote arm. The analysis is being
carried out by a spectrometer which is also external. A suitable
metal cone is positioned on the optical axis in the immediate
vicinity of the surface to be analyzed in order to sweep the area
with an argon flow allowing the production of laser-induced
plasmas in LTE. Metallic pollution has been analyzed as well
as the presence of hydrogen and deuterium.

Another solution was tested in the WEST tokamak. A LIBS
probe was designed and implemented by CEA-CORIA to
equip the end of the WEST articulated inspection arm; the
AIA [127]. The probe works at atmospheric pressure. The
laser source is ns type. It is positioned outside the tokamak.
Two optical fibers are used. The first fiber carries the laser
pulse to the head of the probe equipped with adapted optics
allowing it to be focused without loss on the wall to be ana-
lyzed. The second fiber collects part of the light emitted by
the LIBS plasma which leads it to the spectrometer also placed
outside the tokamak for analysis. Measurements were made on
the tokamak divertor. The metallic impurities have been also
measured.

As part of the ITPA activities, the teams intend to carry out
the validation of the measurement by LIBS of the quantity of
tritium contained in ITER-relevant beryllium samples in the
form of deposits but also massive materials.

2.4.2. Real-time residual gas analysis.  Residual gas ana-
lysis in real-time, i.e. including during plasma operations, will
be provided on ITER by DRGAs. DRGAs will measure the
neutral gas composition in a divertor port and an equatorial
port during plasma operation. Plasma-relevant response time
is enabled by assuring most practical and safe proximity to the
regions to be sampled (i.e. divertor pumping ducts and main
chamber, respectively) and plasma operations-compatibility is
assured by selection of radiation resilient sensor heads and the
removal of electronics to the diagnostics building.
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Figure 21. (a) RGA integrated into the equatorial 11 port cell support structure [115] and (b) analysis chamber.

US-DA has procured two DRGA subsystems, which com-
prise a connection from the vacuum chamber to an analysis
chamber in the port cell (figure 21(a)). The analysis station
includes not only quadrupole mass spectrometers (commonly
called RGAs) but also optical gas analyzers, OGAs, which
use a low temperature plasma to provide the excitation of the
neutrals (figure 21(b)). A combination of the two technolo-
gies is critical for resolving fusion fuel cycle-relevant gases.
Unlike other Type-2 diagnostics (e.g. the Survey VUV system)
the pumping system that is integrated with the DRGA is also
a critical part of the measurement. A detailed description of
DRGAs, as well as the physics basis for the design and chal-
lenges in its completion, is provided in Klepper et al [128].

DRGAs at the divertor will play the largest role in the ITER
Research Plan and, for this reason, a scope expansion is under
consideration to provide two additional systems for the diver-
tor for redundancy. By accessing the sub-divertor region, these
systems will be most important for providing real-time inform-
ation on the hydrogen isotopic content (i.e. H/D/T) in the main
plasma, and on the D-T burn via detection of “He produced as
fusion ash and then being channeled by the divertor into the
pumping ducts. As such, they provide a global measurement
that correlates well with the main plasma content, in plasma-
wall equilibration timescales (a few seconds) [129].

DRGAs will also play an important role in analyzing
impurities detached from the inner wall, especially import-
ant for various wall conditioning techniques: baking, glow
discharge cleaning (GDC), ion cyclotron wall condition-
ing (ICWC)/electron cyclotron wall conditioning (ECWC).
Baking of the VV and blanket/FW at 200 °C and 240 °C will
remove water and part of hydrogen isotopes, while H or He
ions bombard the inner wall to desorb/desaturate surfaces and
remove medium Z impurities. Because the toroidal magnetic
field will be on during the plasma campaign, the use of GDC
as the intershot wall conditioning technique will be limited.
ICWC and ECWC need to be developed for the conditioning
of the FW surfaces between pulses. In order to optimize the
efficiency of those wall conditioning techniques, qualitative
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and quantitative assessment of the exhaust gas must be per-
formed. Sampling the sub-divertor through a <~1 mm dia-
meter pressure reducing orifice, the divertor DRGA is optim-
ized for high neutral gas pressure measurements (~0.1-10 Pa).
Therefore, for new applications, such as LID-QMS for T mon-
itoring between shots (Sub-section 4.2) the Equatorial Port
DRGA (EP-DRGA, integrated into EP-11) will likely be used,
as its sampling pipe is less constricted, designed to dynam-
ically sample main chamber neutral pressures in the 0.001-
0.1 Parange, albeit with ~10 s response time. The EP-DRGA
design is less advanced than the divertor DRGA, but the inter-
face between DRGA and T-monitor (i.e. LID-QMS) is cur-
rently in work between the two diagnostic teams.

2.5. Technical challenges in the measurements of the
plasma-wall interaction at ITER

2.5.1. Elimination of reflection caused by metallic wall. ~ The
performances of plasmas strongly depend on the ability to
simultaneously monitor and control the plasma-wall inter-
action for protecting the walls from excessive heat loads.
Infra-red (IR) measurement is a key diagnostic to provide
thermal images of the plasma facing components (PFC) under
plasma exposure. Nevertheless, with the introduction of all-
metal walls in today’s fusion devices, additional difficulties
result in the interpretation of IR measurements through dis-
turbance phenomena such as reflections and/or emissivity vari-
ation with surface temperature and plasma exposition (sur-
face erosion/deposition on monitored PFCs). This can lead to
inaccurate PFC surface temperature estimation and interpret-
ation of ‘false hot spots’. Currently there are no experimental
techniques mature enough to overcome these phenomena. A
numerical approach is being developed to predict and solve
unknown emissivity and reflections features. Such approach
is based on an end-to-end simulation (or so-called synthetic
diagnostic) able to model all physical phenomena involved in
the IR measurement chain (plasma-wall interaction, thermic,
photonic and optic).
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Figure 22. Infrared experimental image (left) and simulated image
(right) of ITER-like wide angle tangential view of WEST tokamak.
The IR ray tracer is able to separate the thermal events from false
hot spots caused by multiple reflections and provide the origin of
reflections. Reproduced from [133]. CC BY 4.0.

Ray tracing simulation is also a remarkable tool to intuit-
ively anticipate photon behavior in complex geometries with
changing optical materials properties. The ray tracing code
developed by the company ANSYS-OPTIS has already been
applied on several devices (Tore Supra, WEST, JET, AUG,
W7X, ITER) for improving the understanding of IR images
in a fully reflective and radiative environment [130-132].
Applied to WEST and AUG, this allowed discriminating both
the real heat load deposition from false hot spots (figure 22),
while demonstrating the potential impact of a variable emis-
sion model on plasma-facing units (PFUs) [133, 134]. Another
open-source ray tracing code, Raysect, has been used for
modeling volume sources and tested on the AUG bolometry
system [135, 136]. W,y and W,,, are package simulators
being newly developed for the ray tracing and reflection ana-
lysis for KSTAR [137]. The technique is being built on the
simple idea that the reflections can be discriminated from the
true signal when all ray information is given since an optical
system (reflection and refraction) is an intrinsically linear sys-
tem. W,y is aray tracing code finding all input ray paths, while
W.na 1S a reconstruction code finding the true signal without
the contributions of reflections. Wy, utilizes bound volume
hierarchy (BVH) and multi-thread processing for high speed.
The code is based on ‘Unity’ to reduce the coding load outside
ray-tracing, and the photo image generated by W,y is shown
in figure 23.

Once all ray tracing roots are given, the reflection elimin-
ation in a real geometry can be examined. The algorithm is
applied to the temperature profiling of the KSTAR PFCs with
assumptions of uniform temperature over a single PFC and tor-
oidal symmetry. Figure 24 shows that the reflection is gradu-
ally eliminated through error-back-propagations.

In parallel, several laboratory experiments have been con-
ducted to establish a comprehensive model of the material
emission and reflectance as a function of roughness, temper-
ature, wavelength, and machining. Before being exposed, it
is found that the tungsten emissivity ranges around 0.1-0.2
at 4 ym with a low temperature dependence [138, 139].
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These laboratory experiments have proven the angular depend-
ency and a highly specular response of reflectance, which
has been confirmed by comparing simulated and experimental
images in WEST and AUG. Moreover, these measurements
also reveal that the behavior of emission and reflectance var-
ies significantly with sample roughness and machining pro-
cess. This has been confirmed by experiments in WEST and
AUG, showing that thermal optical properties of materials
change as the plasma operation progresses [140]. The chal-
lenge is now how to monitor these modifications without dir-
ect access to in-vessel components. Simulations coupled with
dedicated experiments are essential. In WEST, a method based
on the double heating process was developed to estimate in-
situ the emissivity of the W-coated graphite divertor tiles in
the WEST tokamak [140]. This method takes advantage of
the divertor temperature increase during the plasma operation
and uses photonic calculation to disentangle the emitted and
reflected parts in the measured radiance. The results show a
strong variation of the emissivity along the divertor W sur-
faces with a factor 4 variation after the experimental cam-
paigns. An alternative method is also currently explored in
to identify the emissivity or temperature profile on the diver-
tor PFCs by solving an inverse problem. The method consists
in solving a least squares problem that minimizes iteratively
the difference between the measured IR image and a mod-
elized image built with a forward radiative model in which
all reflections are taken into account [141]. From a numer-
ical prototype, it is shown that target emissivity value can be
recovered from a controlled vessel baking scene (with uni-
form and known temperature) using an inverse thermography
method for filtering reflections with an error of 6%. When
the emissivity profile is identified, the same method is used to
recover the temperature with an accuracy better than 3% after
removing the reflections [142]. Recent new methods based on
machine learning techniques have also achieved encouraging
results in filtering reflections and retrieving the surface tem-
peratures with high accuracy (better than 10%) without know-
ing emissivity [143]. The next step is to validate all these new
numerical approaches on controlled experiments in laborat-
ory before they are automatically used on tokamaks. For the
KSTAR tokamak, an experimental setup, Wep;, for the meas-
urement of PFC surface properties is constructed and meas-
ured the BRDF as shown in figure 25. Wy,; is equipped with
two surfaces mimicking the reflection by W surface near the
light source (e.g. target strike point region), where two sur-
faces are located very closely. For instance, the V-shaped neut-
ral reflector plates at the bottom of the ITER divertor would
be examples. In Wi, the second surface can make an angle
between 45° to 90° and W surfaces with various roughness are
ready to measure.

Figure 26 shows examples of the emissivity and reflectance
measurements by Wep,;. The temperature of the primary tung-
sten tile (at 90°) is varied from room temperature up to 700 °C.
The emissivity at the temperature of 250 °C was 0.15 and it
increases to 0.35 at 500 °C. After that, the emissivity seems to
be saturated, but this needs to be confirmed. The reflectance
from room temperature up to about 500 °C was about 1 %,
and then it increased exponentially to 5.3% at a temperature
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Figure 23. A typical photo image generated with “Wpay’.
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Figure 24. The algorithm test for the elimination of the reflections with error back propagations.
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Figure 25. The setup for the emissivity and reflectance measurement of PFCs.
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Figure 26. (a) The emissivity and () reflectance measurement of
W PFC.

of 700 °C. Both measurements show that the emissivity and
reflectance have been changed as a function of the tungsten
temperature.

Figure 27 shows the temperature measurements of two tiles
which make an angle of 45° with respect to each other. The
temperatures of both tiles were measured by both thermo-
couples and an IR camera looking at the tilted tile. The bottom
tile was heated from room temperature up to 650 °C, while the
tilted tile was not heated directly. Nevertheless, the temperat-
ure of the tilted tile was increased by radiated heat from the
bottom tile. The temperature measured by the thermocouple
inserted in the bottom tile was used as X-axis. As the temper-
ature of the bottom tile increases, both temperatures measured
by the thermocouple and IR show different behavior. The tem-
perature measured by the thermocouple increases slowly and is
saturated at a temperature around 300 °C, while the temperat-
ure measured by the IR camera increases further up to 600 °C.
It is evident that the IR camera did not measure the temper-
ature of the tilted tile, but it measured the temperature of the
bottom tile by reflection. Further measurements and modeling
of the IR signature will be performed.

2.5.2. Deposition of impurities on first mirrors.  The ITER
VUV spectrometers use mirrors to extract the impurities’
emission light from divertor and edge plasma regions to
the detector. The first mirror (field mirror) is the front-end

38

Initial T=25 °C

IR from heated tile

IR sensor
Reflected IR from the bottom

Heating up to 650 °C

650

IR camera
600 1

550
500

450

400 J
AT

350 -

Temperature (°C)

300 -

250 ¢

300

200

250 350

Temperature of bottom tile (°C)

400 450 500 550 600 650 700

Figure 27. The temperature measurements affected by adjacent
tiles.

element of the plasma-viewing optical system and directly
exposed to deposition by neutral particles from the wall
(subchapter 8.2). The deposition on this mirror is the main
cause of the degradation that is detrimental to accurate meas-
urement of the optical signal. Therefore, passive mitigation
of impurity deposition was adopted as the mitigation strategy
for the first mirror of the ITER VUV spectrometer, due
to difficulty to apply a mirror cleaning technique consider-
ing the required roughness value of VUV wavelength range
(sub-nanometer).

As will be described in subchapter 8.2, applying a baffled
duct is one of the representative deposition mitigation tech-
niques. Simulations as well as various experiments with dif-
ferent geometries of the baffled ducts have been performed in
LHD, and TEXTOR. Especially, systematic mitigation effi-
ciency tests by baffled duct geometries are performed with
three differently shaped baffled ducts (short, long, short +
expanded volume) in KSTAR.

The results are summarized in table 11. Here, the degrad-
ation of the mirror was measured ex-situ by measuring the
reflectivity using the Do line (654.9 nm) reflectance on a vis-
ible mirror.

The investigation of the in-sifu deposition or erosion effect
on the mirror surface with the baffled duct was conducted
by using quartz crystal microbalances (QCMs) installed in
KSTAR. The detailed result of in-situ deposition measure-
ments is shown in chapter 2.



Nucl. Fusion 65 (2025) 113001

Review

Table 11. Measured reflectivity of gold coated mirror after
deposition of the mirrors at KSTAR corresponding to each geometry
of baffle duct in front of the mirror.

Absolute reflectance

Baffle geometry (Relative Reflectance %)
Short baffled duct 44.3 (46.8)
Long baffled duct 59.6 (63.0), 56.9 (60.1)

Short baffled duct + expanded volume 90.7 (95.8)
Reference mirror 94.6 (100)

2.6. Summary

In this subchapter, we have briefly reported the recent
advances in diagnostics for the measurements of plasma-
wall interaction in support of the ITER research plan. Other
than describing the progress of the preparation of basic
and conventional diagnostics for the plasma-wall interaction
such as Langmuir probe arrays or visible spectroscopy, the
research was focused on the new developments in diagnostics
and measurement techniques required to achieve the ITER
research goals.

Radiated power can be accurately measured by the IRVB,
which has been developed and tested on several tokamaks.
With sophisticated techniques of ray tracing and reflection cor-
rection algorithms, the critical issue for the estimation of diver-
tor heat flux caused by the reflection of plasma radiation under
the metallic FW device will be solved. The characteristics of
the reflecting surfaces depending on the roughness and angle
of incident have been studied by a dedicated experiments and
the results were applied to the developed codes for the reflec-
tion elimination.

For the measurement of the metallic impurity radiation
induced by eroded metallic atoms, a VUV spectrometer has
been developed.

Tritium inventory on the FW will be monitored by the LIBS
technique, and DRGAs will measure the neutral gas compos-
ition in a divertor port and an equatorial port.

Those FW diagnostics will play a key role in the ITER oper-
ation and are essential for the successful execution of the ITER
research plan.

3. Status of the diagnostics of fusion products at
ITER

M. Schol?®, B. Espositoz, D. Marocco'®, F. Belli'®,

L. Bertalo?, B. Coriton?, V. Gin?, D. Gin?, J. Dankowski?,
A. Hjalmarsson”, V. Krasilnikov?, G. Ericsson!!,

M. Tardochi’?, D. Rigamonti12, M. Nocente'?,

M. Garcia-Munoz'3, M. Ishikawa'*, M. Cheon® and J. Jo*®

3.1 Introduction

ITER will be the first tokamak in which the ratio of fusion
power to plasma heating power will be greater than Q = 1
and finally should reach Q = 10. ITER will be the first fusion
device with burning plasma, in which the collective beha-
vior of alpha particles and of other fast and thermal ions will
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occur. For this reason, measurements of neutrons and con-
fined or lost fast ions, with an emphasis on alpha particles, are
crucial for ITER. Diagnostics related to these measurements
will be important for future experiments in burning plasma at
ITER. High neutron emission and the very large plasma size in
ITER make the neutron diagnostics the main diagnostics used
to measure plasma parameters such as the fusion power, the
fusion power density, the ion temperature, the fast ion energy
and their spatial distributions in the plasma core.

The set of neutron diagnostics for ITER should meet the
specific requirements of long life under the influence of large
neutron fluxes and fluences, estimated to between 30 and
10* times greater than those occurring during the maximum
DT discharge at JET. This means that the neutron diagnostic
systems will work under a strong radiation load, which will
require the use of massive radiation shielding. Thus, neutron
diagnostics in ITER such as the neutron cameras and spectro-
meters will have limited angular fields of view, which chal-
lenges their absolute calibration.

The neutron diagnostics under development for ITER are in
various stages of readiness and include: the radial (RNC) [144]
and vertical (VNC) [145] neutron cameras, the internal [146],
external [147] and divertor neutron flux monitors (NFM), the
NAS [148] and the HRNS [149].

As in the case of neutron emission measurements, a very
important issue in large tokamaks such as ITER is the meas-
urement of confined and lost alpha particles. The problem will
be significant for ITER. For confined alpha particles, vari-
ous diagnostic proposals are considered based on CX recom-
bination spectroscopy (CXRS) or on the measurement of the
neutron high-energy tail produced by alpha knock-on ener-
getic ions [150] using HRNS. A passive method that can be
used is the measurement of alpha particles by gamma radi-
ation spectroscopy using the reactions °Be (a, ny) '*C and
108 (q, py) BC[151].

This subchapter on diagnostics of FPs for the ITER exper-
iment covers in the next section the measurement specific-
ations and the operational role of each diagnostic for FPs.
Diagnostics of alpha particles and neutrons are covered in the
following sections (from 3 to 8). Section 9 describes the in-
situ calibration strategy for neutron diagnostics. In section 10
we give a short description of alternative diagnostic techniques
to measure fast particles excluding gamma spectroscopy and
FILD detectors, which are described in this subchapter (see
section 3). The last section of this subchapter is a summary.

3.2. Operational role and measurement specifications of FP
diagnostic subsystems

The burning plasma parameters that will be measured in ITER
with the required accuracy, measurement ranges and resolu-
tions are presented in table 12. All these parameters are divided
in three categories (see column 2 in the table) according to
their following role:

e (la) measurements for MP and BC,
e (1b) for AC;
o (2) for performance evaluation and physics.
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Table 12. Parameters measured by ITER fusion product diagnostics, their role and requirements.
Parameters Role Range Time resolution Accuracy
Fusion power la 0.1-900 MW 1 ms 10%
Fusion power density 2 1-4 10° kWm 3 1 ms 10%
Total neutron flux la 10"-32.10* ns~'m~? 1 ms 10%
Neutron-and-alpha source profile 1b 104-1.4-10"® ns~'m—3 1 ms 10%
Core ion temperature 1b 0.5-40 keV 100 ms 10%
nt/np fuel ratio in plasma core la 0.01-10 100 ms 20%
Neutron fluence on the first wall 1b 0.1-1 MWym 2 10s 10%
Confined « particle energy and spatial distribution 2 0.1-1 MWym 2 100 ms 20%
(0.1-2)-10"¥ m~3
Fast ion energy and spatial distribution 2 0.1-1 MeV 100 ms 20%

Table 13. Fusion product diagnostic systems.

Sub-system Types

Meas. parameter no. (primary
role in bold)

Micro-fission chamber (In Vessel)

A-Neutron flux monitor (NFM)

1,2 (and 5 for external NFM only)

External neutron flux monitor (In Port) (MFC has no primary role)
Divertor neutron flux monitor

Neutron activation system B-NAS 1,2,5.8,9

Radial neutron camera C-Neutron profile monitors (NPM) 1,2,3,4,5,6,7,8,9

Vertical neutron camera

High resolution neutron spectrometer D-Neutron spectrometer (HRNS) 1,4,6,7

Gamma ray spectrometer E-Radial gamma ray spectrometer (RGRS)  2,4,6,7

Lost ions probes F-Fast-ion loss detectors (FILD) 6,7

The category la and 1b means that the machine cannot be
operated without working diagnostics providing every la para-
meters and 1b parameters, respectively.

The FP diagnostics of ITER are presented in table 13.
They are grouped into six types A—F as shown in
table 13.

The neutron diagnostics play an important role in meas-
uring plasma parameters in burning plasma experiments. The
main parameters measured by this system are the reaction rate,
i.e. fusion power, the neutron source/alpha profiles and the
fuel ratio (n7/np).). Each of these parameters is measured by
one or two primary systems and should be supported by a dif-
ferent secondary subsystem to ensure high reliability of the
measurements. Primary diagnostic means that this system is
well-suited to performing a given measurement. The relation
between the above mentioned parameters and the subsystem
is shown in table 14.

For example, from table 14, it can be seen that the fusion
output can be determined by a combination of a NFM with

40

the required time resolution (A—primary), but also its meas-
urement can be assisted by the NAS (B), the neutron profile
monitors (C) and the neutron spectrometer (D). NFMs can be
calibrated in situ because their sensitivity can change during
ITER lifetime. The activation system is highly reliable and free
from electromagnetic contamination, although it is not time
resolved. Correction for plasma position and neutron source
profile changes will be provided by the profile monitors (C—
supporting).

Additionally, the High Resolution Neutron Spectrometer
(HRNS, B—supporting) can independently provide the abso-
lute fusion output by sampling a line—integrated volume near
the center [152]. This example shows that such an organ-
ization of the whole neutron system for ITER (see tables
presented) should allow for the cross-checking of the men-
tioned subsystems and their complementarity. This will allow
to obtain reliable results of neutron measurements with a
given accuracy in the case of burning plasma experiments in
ITER.
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Table 14. The relation between parameters to be measured and neutron subsystem to be used.

The neutron subsystem to be used.

Parameters to be measured A—Neutron flux monitor

(NFM) system (NAS)
Fusion power Primary Supporting
Neutron source profiles Supporting Supporting

The fuel ratio (n1/np).

B—Neutron activation

C—Neutron profile D-High-resolution neutron

monitors (NPM) spectrometer (HRNS)
Supporting N/A

Primary Supporting
Supporting Primary

More detailed discussions about the status and development
issues of individual neutron diagnostic systems are included in
the following sections.

3.3. Alpha particle measurements

3.3.1 Gamma ray spectroscopy. =~ Gamma-ray spectroscopy
is a recent technique based on the detection of gamma-rays
in the energy range of MeV. In a fusion plasma, gamma-rays
are mainly emitted from the de-excitation of a nucleus as
the result of nuclear reactions occurring between impurities
and fast ions. In order to have a significant gamma emission,
the ions need to be energetic, typically with energies higher
than 0.5 MeV. The spectroscopic measurement of the emitted
gamma-rays allows to study the energy distribution of the fast
ions and their slowing down in the plasma. When the gamma-
rays are measured along many LOS, the spatial profile of the
fast ions can be inferred. ITER will explore for the first time
the physics of a burning plasma in which the heating frac-
tion released by the slowing down of the fusion « particles
exceed that of the external heating system. For this reason,
the study of the « particles will be crucial. This can be done
by observing the 4.44 MeV gamma-ray line emitted by the
12C(n,)°Be reactions that occur in the plasma between the
fusion « particles and the *Be impurities that are present due
to the erosion of the ITER FW. The measurement of the intens-
ity and the shape of the 4.44 MeV peak requires the use of
dedicated instrumentation with energy resolution better than
1.5% and with counting rate capability higher than 1 MHz. The
conceptual design of the Radial Gamma-Ray Spectrometer
(RGRS) system for ITER has been studied and will be final-
ized by the end of the 2026. The system consists of a set of
gamma-ray spectrometers placed along the radial line of sights
(LOSs) and are integrated in the radial neutron camera (RNC)
(figure 37, section 3.4) which is described in section 4. The
design of the system took advantage on the experience gained
at the Joint European Torus (JET) which is the fusion exper-
iment equipped with the most advanced set of gamma-ray
diagnostics. The selected scintillator crystals are large LaBr3
(3" x 6", diameter, height) coupled to photomultiplier (PMT)
tubes provided with active voltage dividers. To reduce the dir-
ect 14 MeV neutron background, the RGRS will be provided
with 120 cm long lithium hydride (LiH) attenuators [153]
placed in front of each detector. To partially reduce the load
of the gamma-ray background induced by neutrons interact-
ing with the tokamak structure and the surrounding materials,
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in the poloidal plane for the ITER 500 MW DT scenario
Reproduced from [156]. © 2017 IAEA, Vienna. All rights reserved.

a shielding based on iron and concrete has been designed to
attenuate the radiation load coming from the side of the detect-
ors. The RGRS system consists of three dedicated LOS of
40 mm diameter and a shared one with the RNC whose dia-
meter is 25 mm (see figure 37).

The expected 4.44 MeV emissivity for the full power
500 MW ITER scenario has been calculated with the
GENESIS code [154] (see figure 28) while the expected
pulse height spectrum measured by the LaBr3 scintillators has
been simulated with an MCNP code (see figure 29) [155].
Calculations revealed a count rate of 12 kHz of the 4.44 MeV
signal when a LoS of 40 mm is used, while a count rate of
1.8 kHz is calculated for the 25 mm diameter collimator.

3.3.2. FILD detectors. Energetic particle losses are
routinely measured in present tokamaks using charged particle
collectors located at the edge of the plasma. Most Fast-
Ion Loss Detectors (FILD) [157] use, as active component,
Faraday Cups (FCs), scintillators or a combination of both
[55, 157-169]. Charged particle collectors are often comple-
mented with IR measurements of the heat load caused by
the escaping ions on the PFCs. While charged particle col-
lectors give velocity-space resolved measurements of escap-
ing ions with Alfvenic temporal resolution at a certain pos-
ition, IR-measurements can cover the entire 3D wall. Just
IR-measurements would not be sufficient to diagnose fast-
ion losses as they cannot discriminate between thermal and
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Figure 29. Expected pulse height spectrum on LaBr3 (40 mm
diameter collimator) for the 500 MW DT scenario at ITER.
Reproduced from [156]. © 2017 IAEA, Vienna. All rights reserved.

Figure 30. CAD view of FILD head with some escaping ion
trajectories hitting the detector. In blue particle trajectories which
enter into the scintillator chamber and in red particle trajectories
blocked by the graphite protection. The inset on the right-bottom
part of the figure shows the collimating process. Reprinted from
[157], with the permission of AIP Publishing.

fast-ion losses, give no information on the velocity-space of
the losses or typically have limited temporal resolution well
below the Alfvenic time-scale.

3.3.2.1. FILD operational principle in-port RNC detectors.

FILD systems work as magnetic spectrometers dispersing the
escaping ions by means of a collimator on a scintillator plate.
The hit points of the impinging ions on the scintillator plate
are given by the particle energy (gyroradius) and pitch-angle
(Vpar/Vior)- Figure 30 shows the head of a FILD system moun-
ted on the midplane manipulator of the ASDEX Upgrade toka-
maks. The inset illustrates the FILD operational principle with
particles with different trajectories hitting the scintillator plate
at different positions. Scintillator-based FILD systems often
use FCs embedded in scintillator plates to obtain absolute
measurements of escaping ions. Figure 31 shows an AUG

42

Figure 31. (a) Lateral view of detector head without graphite
protection. Trajectories of particles with three different pitch angles,
87°,70°, and 50°, and two different gyroradii, 3 and 6 cm, entering
through the collimator and hitting the scintillator plate are also
shown. (b) Inside view of the detector head with the simulated
trajectories of particles with pitch angles 87°, 70°, and 50°. On the
bottom the thermoelement is indicated. The particle trajectories
were calculated forward and backward from the first aperture slit
with the starting point randomly distributed over the whole slit.
Reprinted from [157], with the permission of AIP Publishing.

Gyroradius (mm)

Figure 32. Pitch-angle—gyroradius strike map with PMT array
layout overlaid. Reprinted from [157], with the permission of AIP
Publishing.

FILD detector head without graphite protection with the main
components of the detector head indicated in red.

Most present FILD devices measure simultaneously the
escaping ions hitting the scintillator plate with three systems;
a FC embedded in a scintillator plate, a CCD camera to look
at the escaping ion velocity-space and a PMT tube array with
Alfvenic temporal resolution to obtain MHz measurements
of escaping ions fluxes. The layout of the PMT array cover-
ing the entire scintillator plate of an AUG FILD is shown in
figure 32.

3.3.2.2. Measurement requirements for ITER.  Following
this operational principle, the ideal ITER FILD system should
fulfill the following measurement requirements;

A. temporal resolution;
FILD with Alfvénic temporal resolution is highly recom-
mended in order to identify the MHD fluctuations respons-
ible for the measured fast-ion losses in a sea of MHD fluc-
tuations. A MHz temporal resolution is set by the Alfvénic
time, 7o = Ro/va ~ 1 us. This is obtained for a standard
ITER DT case with an Alfvén speed vpo = 8 x 10 ms~!
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Figure 33. ASCOT simulations of alpha particle heat load in ITER
on a 3D first wall due to an externally applied n = 4 RMP. The
location of the FILD head is indicated with a white box. Reprinted
from [55], with the permission of AIP Publishing.

calculated with Bt = 5.2 T, a 50%—-50% D-T mixture and
an electron density, ne = 8 x 10" m—3

. spatial resolution;
The heat load spatial pattern shown in figure 33 gives an
estimate of the spatial resolution the FILD should have
in ITER. A spatial resolution similar to the gyroradius of
the fusion born alpha-particles, r;, ~ 7 cm, seems to be
required to be able to resolve the expected heat load wall
structures.

. Velocity-space range and resolution;
Wave-particle resonances can occur over almost the entire
fast-ion phase-space. In order to identify the wave-
particle resonances responsible for the actual fast-ion trans-
port/loss, a wide velocity-space coverage and reasonably
good energy and pitch- angle resolution are thus necessary.

Figure 34 shows the velocity-space of the escaping ions
collected at the head of the FILD system with its aperture
located 11 cm outside of the DFW in the ASCOT simula-
tions presented here. The losses appear over the entire energy
range, from ~6.5 cm (corresponding to the alpha-particle birth
energy) down to the thermal energy at large pitch-angles,
~80°. Similarly, a broad escaping ion pitch-angle range, from
40° to 85°, with an energy similar to the birth energy, appears
in the simulated losses at the FILD system. As in recent experi-
mental observations, clear structures at certain pitch-angles are
observed.

3.3.2.3. ITER FILD synthetic measurement. The ITER
FILD system will likely be a charged particle collector com-
posed of both a scintillator and a FCs” matrix, located in the
55.B9 port plug. Recently, a conceptual design of a reciproc-
ating FILD system with outstanding velocity-space resolution
has been developed [157]. Full orbit ASCOT simulations have
been used to estimate the flux of fusion-born alpha particles on
a realistic 3D wall. Externally applied resonant magnetic per-
turbations (RMPs) were used to mimic the effect of symmetry
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Figure 34. ASCOT simulations. Velocity-space of alpha particle
losses hitting the FILD detector head in the presence of an
externally applied n = 4 RMP. Reprinted from [157], with the
permission of AIP Publishing.

2048

Figure 35. A synthetic FILD measurement of alpha particle losses
induced by the applied n = 4 RMP. Reprinted from [157], with the
permission of AIP Publishing.

breaking 3D magnetic perturbation on the ITER alpha particle
population.

A synthetic FILD measurement of alpha particle losses
induced by the applied n = 4 RMP, including scintillator back-
ground emission produced by neutron-driven nuclear reactions
in the scintillator coating itself, is shown in figure 35.

The synthetic CCD camera shows several populations of
alpha particle losses with well-defined pitch-angles and dif-
ferent energies illustrating the potential of such a diagnostic
to contribute to the ITER success.

3.4. RNC

3.4.1. Motivation.  The primary role of the RNC is to
provide—through reconstruction techniques applied to the
line-integrated neutron fluxes—time-resolved measurements
of the neutron and «-source profile (i.e. Neutron Emissivity,
neutrons emitted per unit time and volume (s~! m~3)) and
the fusion power density. Additional measurements provided
by the RNC are the core ion temperature and the fuel ratio
profiles.
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EX-PORTRNC
IN-PORT RNC

Figure 36. Layout of Radial Neutron Camera. The two interfacing
diagnostics (Radial Gamma Ray Spectrometer (RGRS) and High
Resolution Neutron Spectrometer (HRNS)) are also indicated.
In-port RNC LOS are depicted in yellow, ex-port RNC LOS in grey,
RGRS LOS in blue and HRNS LOS in pink.

3.4.2. Design. The RNC is located in ITER Equatorial Port
#01 (EP#01) and is composed of two collimating structures,
namely the In-port RNC system and the Ex-port RNC system
viewing the plasma radially through apertures in the diagnostic
shielding module (DSM) of the port plug (figure 36).

RNC measures the uncollided 14 MeV and 2.5 MeV neut-
rons from deuterium—tritium (DT) and deuterium—deuterium
(DD) fusion reactions through an array of neutron flux detect-
ors located in collimated LOS, 6 for the In-Port and 16 for
the Ex-Port. Figure 37 shows the LOS through the plasma and
their geometrical details.

A design process model based on system engineering has
been adopted, leading to a qualitative and quantitative meth-
odology for the identification of the RNC baseline architecture
[170].

3.4.3. Current status.  The preliminary and final design
reviews (PDR, FDR) for the In-port RNC and the PDR for
the ex-Port RNC have been successfully completed. On-going
work is related to the preparation of the FDR for the ex-port
RNC which is planned for mid-2025.

All main interfaces have been identified [171]. An extens-
ive campaign of R&D and testing of prototyped RNC compon-
ents is also on-going, focusing on neutron detectors (radiation
hardness [172-174], technical specifications [175, 176]), elec-
trical feedthroughs, front-end-electronics (electro-magnetic
compatibility (EMC)) and assessment of real-time emissivity
reconstruction capability.

MCNP Monte Carlo code analysis is extensively used [177]
in order to enhance the diagnostic measurement performance
and to evaluate the nuclear loads on the structural elements,
detectors and associated components.

A calibration procedure has been defined that relies
on embedded sources, reference ITER pulses and cross-
calibration with ITER fission chambers (FCs) and NASs
coupled to Monte Carlo simulations of radiation transport
[178].
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Figure 37. RNC LOS (top) and geometrical details (bottom).

3.4.4. Measurement requirements. ITER FP MPs are
detailed in table 12 (section 3.2). RNC is designed to measure
the fusion power density in the range 1 kW m—3—4 MW m—3
with 10% accuracy. The neutron and alpha source profile shall
be measured in the range 10'* — 1.4-10"®s~'m~3 with 10%
accuracy. Both measurements should be performed with time
resolutions of 1 ms (off-line) and 10 ms (real-time) and a spa-
tial resolution of a/10 (a = tokamak minor radius).

3.4.5. Subsystem designs.

3.4.5.1. In-port RNC.  The In-port RNC is located in Drawer
#3 of the Port Plug of EP#01 and is devoted to probe the
edge of the plasma. The detectors are located in a Cassette
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. EUO03: Cassette Assembly
EU04: collimator

EU02: DSM3

Figure 38. In-port RNC cassette assembly.

Table 15. Characteristics of in-port RNC 238 U fission chamber.

2384 fission chamber

Diameter sensitive area (mm) 32

2381 total mass (mg) 145

28y coating thickness (mm) 0.45 mm

28U coating purity (%) Better than 9.99 + 0.01
Efficiency (14 MeV) (counts/neutron) 5.4 x 1073

Assembly (3 detector modules in the Upper part of the Cassette
and 3 detector modules in the Lower part of the cassette,
figure 38).

The LOS traverse the DSM and reach the FW. The In-port
RNC Embarked Units are:

e EUO02 (DSM 3 optical path): shaped conical voids within the
DSM and the DFW corresponding to each LOS.

e EUO3 (cassette assembly): sealed container connected to the
secondary vacuum (service vacuum system) enclosing the
detector modules, the beam dumps & shielding material.

o EUO04 (collimator tubes): there is one tube for each LOS and
the whole system is connected to the DSM and to the cassette
assembly.

The in-port RNC has two sets of dedicated vacuum and elec-
trical feedthroughs, respectively on the cassette assembly and
on the closure plate. The detector module associated to each
LOS contains a FC and a single crystal diamond (sCD) matrix.
The main features of these neutron detectors are summarized
in tables 15 and 16.

The two detectors are mounted as shown in figure 38.

3.4.5.2. Ex-port RNC. The ex-port RNC is devoted to probe
the core of the plasma. Detectors and collimators are distrib-
uted on two planes hosted in a massive shielded structure
(Shielding Block) located in the port interspace (10 LOS on
the left hand side looking at the plasma and 6 LOS on the right
hand side). Penetrations in the DSM allow the LOS to reach

Table 16. Characteristics of In-Port RNC sCD matrix.

sCD matrix

Diameter sensitive area (mm) 32

Form ~30 pixels, 4.5 x 4.5 mm
arranged in two groups

Thickness (pm) 50

Efficiency (14 MeV) 54 x107°

(counts/neutron)

Mixed ***Cm/Pu/**' Am
~6 kBq

Embedded alpha calibration
source (one per matrix)

the DFW. The thickness of the closure plate at the level of the
ex-port RNC LOS is reduced (22 mm) in order to minimize the
interactions with neutrons; the region of the closure plate with
reduced thickness is defined as ‘closure plate customization’.

The ex-port RNC has strong physical interfaces with two
diagnostics: the HRNS and the RGRS. The ex-port RNC
embarked units are:

e FUOI (DSM 2 Optical Path): shaped conical voids within
DSM Drawer#2 and DFW corresponding to Export LOS.

e EUII (IS Equipment): massive Shielding Block structure
located on EPO1 Interspace Supporting Structure (ISS) and
hosting the ex-port RNC flight tubes,

Collimation units, detector modules, and beam dumps. The
detector module associated to each LOS contains:

e a “He scintillator (internal pressure = 100 bar,
length = 30 mm, diameter 44 mm) as main detector for
full power DT measurements;

e a sCD matrix (same as for the in-port: 4 pixels,
4 x 4 x 0.1 mm) as backup detector for full power DT
measurements;

e a EJ-276 G plastic scintillator (15 mm thick x 15 mm dia-
meter) for low power DT measurements.

PMTs resistant to intense magnetic fields (fine mesh type) are
selected for the two scintillators and are located outside the
collimating neutron channel in order to avoid direct neutron
flux. In this position, PMTs with silica windows withstand the
environmental conditions (>200 kGy and >10'* n cm™2).

The sCD is the first detector along the LOS, followed by
the “He scintillator and by the plastic scintillator that is the
last one, in order to minimize effects of scattering on the other
detectors due to its constituent hydrogenous materials.

The Shielding Block (figure 39) is a sandwich structure
containing and protecting the ex-port neutron diagnostics
frame and is designed to minimize the background due to
scattered neutrons at the position of RNC detectors. It is based
on a self-supporting stainless steel structure for the collimat-
ors and panels of a castable reactor shielding material made of
a borated hydrogenated mix (low density: 1.68 g cm~3, boron
content: 5%).
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Figure 39. Sketch of the ex-port shielding block. Reproduced from
[179]. CC BY 4.0.

3.4.5.3. System performance analysis. ~ The performance of
the diagnostic system has been assessed through 1D and 2D
neutron emissivity reconstruction analysis through: (a) a 1D
reconstruction code (Measurement Simulation Software Tool
(MSST) using constant emissivity on magnetic flux surfaces
as from IO input emissivity profiles) based on Tikhonov regu-
larization with first derivative objective functional [180, 181]
and (b) a tomography code based on the Minimum Fisher
Regularization (MFR) method that can include the total neut-
ron yield value provided by an independent diagnostic as addi-
tional constraint in the tomography procedure [182].

The neutron fluxes at the detector positions as well as
the expected uncollided neutron count rates (above selected
detectors energy thresholds) used as input for the analysis are
shown in figure 40. The two codes were used to reconstruct the
DT Q = 10 scenario (yield = 1.8 x 10%° n s~') with 10 ms
time resolution: 100 synthetic datasets were used in the MFR
case and 1000 in the MSST case. The analysis was carried out
considering only background and statistical errors and assum-
ing a random Gaussian noise with 10% amplitude as error for
total neutron yield.

Figure 41 shows the results of the performance analysis,
in terms of emissivity reconstruction and relative accuracy,
obtained using the MFR method. The improvement in the
RNC 2D reconstruction of the neutron emissivity obtained by
using the total neutron yield [183] is also evident: the extension
of the spatial region in which the accuracy of the reconstruc-
tion is better than 10 %, the better reconstruction of peaked
emissivity profiles and the robustness against measurements
noise and LOS data loss, picture from [179].

The consistency of the two different analysis methods is
shown by figure 42 that compares the accuracy provided by
MFR and MSST.
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Figure 40. Neutron fluxes at detector position and count rates.
Material attenuation along LoS is taken into account.
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Figure 41. MFR reconstruction results with and without inclusion
of total neutron yield constraint. Top: 2D maps of reconstructed
neutron emissivity (average value). Center: 2D maps of
reconstruction accuracy. Reproduced from [179]. CC BY 4.0.

Table 17 summarizes the ITER scenarios used in the RNC
performance analysis simulations.

The associated achievable performances are provided in
table 18: the profile regions (in terms of r/a range and
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Figure 42. 1D profiles of average reconstructed emissivity (top)
and of reconstruction accuracy with 1? error (bottom); the accuracy
from the MSST reconstruction is also shown for comparison.

associated emissivity) in which such performances are achiev-
able in real-time simultaneously are also indicated.

The table is based on MSST 1D simulations that include
direct errors (Poisson statistical error, background due to
scattered neutrons, random noise on acquired detector pulses,
attenuation, detector efficiency, etendue) and indirect errors
(equilibrium reconstruction). An implementation in real-time
of the MSST reconstruction code demonstrates that the acquis-
ition and processing phases leading to neutron emissivity
reconstruction can be carried out respectively in 0.2 ms and
1.5 ms (total time <10 ms) [184-187].

Note that the time resolution requirement for measurements
provided not in real-time (1 ms) is anyway achievable thanks
to the use of digital acquisition systems (see e.g. [188]).

3.5. Vertical neutron camera (VNC)

3.5.1. Introduction. The VNC (55.B2) diagnostic is a system
of fan-shape multichannel collimators and neutron detectors.
VNC together with 55B1 RNC provides time-resolved meas-
urements of Fusion power density profile and neutron & «
source profile. So, the system is primary of measurement of
parameters (MPs) 13 and 14 of ITER measurement 07 [189],
also it has supplementary or backup role for another 5 ITER
MPs.

The system will be functional only for the last phase (DT),
but deliveries for earlier stages are needed for integration com-
ponents into port integrator(s) structures.

The recent publications on the system include [190-192].
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The VNC is composed of two fan-shaped collimating struc-
tures: upper (UVNC, 55.B2.B0)—in upper port 18 (UP18)—
predominantly observing plasma area near inductor, and lower
(LVNC, 55.B2.A0)—in lower port 14 (LP14)—mainly col-
lecting signal from R > RO region. Totally plasma is observed
vertically by 11 LOS (figure 43).

In scenarios/approach of the symmetry of the neutron emis-
sion on the magnetic surfaces having two chambers increases
reliability and availability of the measurements. However also
two working in parallel subsystems allows getting data on the
symmetry breaking, which can, for example, be crucial for fol-
lowing dynamics of the trapped vs confined fractions of the
fast ions. Finally, application of two systems 55.B1 and 55.B2
can further be considered for both improve of robustness and
for getting advanced details on the emission symmetry break-
ing. Minimizing assumptions on symmetry and providing so
more general tomographic reconstruction data to NFMs allows
to ensure having more precise data on primary measurements
on total fusion power and neutron production.

3.5.2. Design. Multiple solutions are shared between
LVNC and UVNC. First of all, it includes 1&C, so that one
dedicated FDR will cover relevant aspect of both subsys-
tems. Further, for cooling and efficient backing of the in-vessel
components IBED water circuits are implemented. As soon
as FCs have internal volume with 3 Bar pressure, following
ITER vacuum requirements it has to be enveloped with guid-
ing volume connected to SVS (service vacuum system). Then
detector units share similar configuration with 2 FCs, 2 SCD
and also 1¥’Cs + 2*! Am sources.

However, LVNC and UVNC features multiple crucial dif-
ferences and sub sections below will more concentrate on
respected individual aspects of designs.

3.5.2.1. Lower VNC.  On the figure 44 it is presented cross
section for the key relevant to LVNC operation elements
inside VV.

Conical LoS employed for LVNC. They starts in detector
module in the diagnostic rack (bottom), coming through diver-
tor cassette (DC; blue areas in the middle), have focal point in
the cut outs of the FW/blankets modules. This required par-
ticular design of the DC #40 and mentioned of blanket shield
block and FW (SB&FW #18C14). Aside of collimating holes
in DC #40, also it features absence of the pump slot—in order
to reduce neutron background for the detectors.

In order to ensure required accuracy of measurements non-
obstructed direct view on plasma is needed with well defined
geometry of all elements forming LoS. So dedicated tolerances
studies were initiated. First part included analysis of the tol-
erances values itself. Exact position of the blankets as well
as divertor cassettes relative to VV will be optimized based
on the actual magnetic configuration of the ITER with corres-
ponding shift of up to 20 mm in each of vertical and radial dir-
ections. However all the elements on the chain (also including
diagnostic rack) is conceived to have the same move keeping
thus geometry of the LoS.
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Table 17. ITER scenarios used in the RNC performance analysis.
Fusion Peak neutron
Code I, (MA) B (T) Fuel power (MW) emissivity (s 'm™ Neutron yield s™hH
DT Q=10 15 53 DT 500 5.7 x 10" 1.8 x 10%
DTQ=5 15 5.3 DT 255 3.7 x 107 9.8 x 10"
DT low 7.5 2.65 DT 23 4.9 x 10" 8.4 x 108
DD high 75 53 DD 1 3.1 x 10 1 x 10"
Table 18. Summary of RNC performance for neutron emissivity profile measurements (real-time).
Neutron emissivity Time
Scenario # range (s~ 'm™3) resolution (ms) Accuracy Spatial resolution r/a
DT Q = 10 1.4 x 10'7=5.7 x 10" 10 10% al/10 <0.8
DTQ=5 1.6 x 10"7-3.3 x 10" 10 10% all0 0.25-0.6
DT low 3.7 x 10 —4 x 10'° 100 10% all0 0.2-0.8
DD high 1.5 x 10 -3.8 x 10" 10 20% all0 <0.6
M. SB&FW
(#18C14)
II. Divertor
A cass0
I. LVNC Detector

Figure 43. Schematic view show VNC LoS, magnetic field
contours. LVNC and UVNC subsystems are rotated to the one Z-X
plane for representation purpose.

After dedicated investigation the misalignments of targets
expected based on as-build preliminary analysis was found 0—
4 mm in toroidal direction and 0-5 mm in poloidal and radial
directions. Second part of the study based on MCNP simu-
lations confirmed that measurements inaccuracy due to geo-
metry uncertainties (also considering other contributors) can
be kept within necessary 10% level.

Finally, one more key effect considered is pre compres-
sion of the divertor cassettes installation. Indeed, in config-
uration management models (CMMs), the LoS of the LVNC
diagnostic system and the collimating holes in the LVNC CB
are aligned in context (while DC can be seen as clashing with
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Module

Figure 44. LoS arrangement for LVNC. LVNC module roughly
outlined with yellow rectangle to separate from Rack area.

its fixation elements—to describe pre compression). Reverse
engineering action was undertaken to consider deformation
of the LVNC CB in the area under the proper set of loads,
basing on structural analysis to include dead weight, pre-
compression, thermal expansion in operation condition, effect
of coolant pressure and irradiation effect. At the same time fol-
lowing latest studies collimating holes diameter was increase
from 30 to 40 mm in this area—which further improved
robustness of solution, accords to recommendations of the
manufacturability investigations and was found to further
improve signal/noise ratio.

In the figure 45 is given detector module. Its upper part
serves as an alignment frame (which ensures mechanical fixa-
tion in the rack).

It allows to shift the whole assembly for £5 mm each dir-
ection and rotate for 5+ mrad relatively to each coordinate
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Figure 45. LVNC detectors module.

Figure 47. Collimation for UVNC detectors. First iteration
extending LoS—upto 13.7° of larger side of rectangle.

Figure 46. Section of UVNC in UP Port Plug. 55.B2 detector
module is outlined with yellow. Section is done via one half of
55.B2.B0, still LoS for both are visible. Pink area in front of
module—DFW with dedicated water cooling lines.

axis. Adjustment is done with the bolts on the fixation points
to diagnostic rack. Five detector units of the module observe
plasma, while the last one do not have associated collimating
holes thus providing data on neutron and/or EM background
for measurements.

3.5.2.2. Upper VNC. In the figure 46 it is depicted UVNC
design in UP18 port plug. Detectors module consists of two
boxes independently attached to DSM body. Between two
UVNC halves there is a 25 mm slot made for VUV (55.EH)
diagnostic system. Each half implements three lines of view,
no ‘blind’ channels foreseen for UVNC.

No divertor or blanket elements participating UVNC, but
instead DSM and DFW elements. The latter elements are dir-
ectly bolted together and also closer to detectors than relev-
ant elements of LVNC thus giving no need for complex toler-
ances analysis here. However other challenges were faced dur-
ing development of the Upper Camera. So, in the analysis of
2017 it was found for UVNC signal to background (S/B) being
<1 for all the channels. Hence optimization was proposed.
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Figure 48. Detector units of UVNC. (a)—electrodes, (b)—detector
unit model (section), (c¢)—detector unit mock-up, (d)—detector unit
inside housing structure (implementing SVS enveloping).

First step was changing collimator shape from cylindrical
(as it is still in LVNC) to rectangular—extended in the direc-
tion of the magnetic surface (see figure 47).

Then the electrodes of the FCs were adjusted accord-
ingly (see figure 48(a)), model of detector unit updated
(figure 48(b)), simulation performed and mock up
(figure 48(c)) manufactured and tested.

One of the most complicated component of these collimat-
ors implementation became development of the DFW cutouts.
Indeed, this first PFC needs dense system of cooling channels,
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Figure 49. Collimation for UVNC detectors. Dedicated DFW
cutouts geometry.

which can be manufactured only if set of strict restrictions
applied, for example, minimum distance between cutouts,
their profile. This led to a slight worsening of collimation effi-
ciency: particularly because some cutouts for LoS had to be
united, others left only at one half (box)—see figure 49. Still
S/B became much better (typically ~3—4) than before making
LoS rectangular.

As the next step, detector Unit housing was redone to
implement electrodes coming out at the side (figure (48d))
instead of the cylinder basement (as it was considered before).
That made Housing shorter gaining addition space for the
shielding material with collimators in front of the detectors.
More information on the optimizations can be found in [190].

3.5.3. Measurements requirements and system performance
analysis.  Requirements for the primary measurements are
given in tables 19 and 20. It is taken from latest approved
55.B2 sSRD (sub system requirement document).

In order to justify suggested design, ability of dia-
gnostic performance to fulfill sSSRD measurements require-
ment checked with modeling, based on multiple MCNP sim-
ulations, described in [191]. Green function formalism was
applied, as shown in figure 50 cited from given reference.

This approach allows quick calculation of the detector
response for different plasma configuration (without need of
full scale MCNP modeling for each case), and was applied
to demonstrate required diagnostic performance. Statistical
errors, inaccuracies of magnetic surface shape, inaccuracies of
contribution matrix calculations were analyzed to prove that
reconstructed profiles are tolerant to input data errors for the
reverse problem under consideration.

Indeed, even in case of large errors (e.g. statistical) median
of reconstructed quantity remains close to the true value.
For one of the MPs restoration quality demonstrated in the
figure 51.

3.5.4. Shielded cabinets. Neutron detectors (including FCs
and sCDs) produce weak signals in mkA range, which requires
usage of preamplifier located not father than dozens meters
from detectors. This forces various neutron diagnostics to have
corresponding electronics in ITER port cells. Operation condi-
tions there are hostile for electronics, including high radiation
and electromagnetic fields [193]. In order to protect preampli-
fiers dedicated shielding is foreseen.
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Despite just recently having last PDR, VNC have one of the
most advanced (among ITER systems) designs of the shiel-
ded cabinets. Current CAD model for LP14 is given on the
figure 52.

In lower port 14 common shielding approach applied with
LVNC cabinet hosting both preamplifiers of 55.B2 (red color
on left image of figure 52) also of DNFM (red units). Most of
the cabinet volume constitutes protection against neutrons.

And using of common shielding approach allows to limit
with couple dozen percent’s increase of the weight, space and
cost for extending solution on two system, while independent
cubicles would require doubling these values. Depending on
the neighbors in other ports common shielding is planned to
be used there as well.

Shielded cabinets of VNC are located in the port cell sup-
port structure (PCSS) and consists of neutron shielding made
of B4C blocks, gamma shielding made of tungsten block and
pure iron plates for magnetic screening. Tungsten block and
iron plates are fixed at the stainless steel supporting frame.
This frame has doors from the front and back sides to provide
access to electronic components.

One of the key analyses justifying shielding solution is
MCNP calculations, which for LVNC shielded cabinet con-
firmed necessary level of neutron attenuations from ~10° to
allowed for non—radiation hard electronics 10% n (s~ cm—2).
Attenuation of the neutron flux dependence from the point pos-
ition inside the shielded cabinet for one of its cross sections is
given in the figure 53.

3.6. NFM

3.6.1. Introduction. =~ NFMs are among the most important
systems in nuclear fusion devices as they are used to measure
total neutron emission rate and then to evaluate fusion power.
In ITER, the total neutron emission rate will be measured by
three types of the NFMs: the NFM [194], the Divertor NFM
(DNFM) [195] and the microfission chamber (MFC) [196].

Requirements for the NFMs are given in table 21. Table 22
shows the role of measurement of the required parameters for
the NFMs. They are taken from latest approved SRD-55 (sys-
tem requirement document) [197]. The NFMs shall measure
the total neutron flux and then evaluate the fusion power with
time resolution of 1 ms and accuracy of 10% in certain plasma
parameter range.

3.6.2. Microfission chamber.

3.6.2.1. General description. The MFC is operated as the in-
vessel NFM in ITER. An MFC detector is a pencil-sized gas
counter (14 mm in diameter and 200 mm in length) containing
fissionable material (235U) that can be installed in the VV.
Figure 54(a) shows a cross sectional view of the MFC detector
used in ITER.

A coating of UO; covers the outer cylindrical electrode of
the MFC. The active length of the device is 76 mm, with a
total of 10 mg of 235 U used. The MFC detector is filled with
argon gas at 14 atm, which serves as the ionization gas. The
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Table 19. Fusion power density profile measurement parameter requirements.

Parameter Range Time Res. Spatial Res. Accuracy Role
013a. Fusion power density 1-20 kWm ™3 1 ms all0 20% la.2 BC
013b. Fusion power density 20-4000 kW'm ™3 1 ms al10 10% 1la2. BC
Table 20. Neutron-and-Alpha-source profile measurement parameter requirements.
Parameter Range Time Res. Spatial Res. Accuracy Role
014. Neutron-and-alpha-source profile 10'-1.4-10" nm—3s~! 1 ms al10 10% 1b.AC

Counts -cm’/n

10-10

10-1

Figure 50. DT neutron contribution matrix for fission chambers
(sensitivity of particular detectors of LVNC to different point of the
plasma cross section).

lel2
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rla

Figure 51. Neutron source profile reconstruction for reference
source DT, I = 15 MA, P = 500 MW.

housing material is fabricated from stainless steel 304 1 and
the electric insulator is composed of alumina (Al,O3). The
structure of the tri-axial MI cable is shown in figure 54(b).
The core is formed of Cu, while SiO, is used as an electric
insulator between core and inner sheaths and between inner
and outer sheaths. Argon gas fills the inner sheath to pre-
vent any discharge between the core and the inner sheath.
The MI cable has been designed based on proven MI cables
used in several fission reactors. Based on its use in fission
reactors and on the results of Monte Carlo N-particle (MCNP
[198] neutronic calculations for the ITER conditions, it has
been confirmed that the MI cable can operate without any
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Figure 52. LVNC shielding cabinet on PCSS of LP14.
Left—internal structure ensuring protection against EM and ~
fields, right—external protection from B4C bricks for efficient
neutrons attenuation.
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Figure 53. Spherical source. Neutron attenuation.

problems under ITER radiation conditions during the ITER
lifetime.

The MFC detectors will be installed between the VV and
blanket modules at both the upper and lower outboard posi-
tions, as shown in figure 55.

The reason for installing the MFC detectors in such loc-
ations is to compensate for the change in sensitivity of each
detector when the plasma shape changes [199]. At each pro-
posed location, two MFC detectors will be installed. The
deployment of dual MFC detectors at each location improves
redundancy. The MI cables are routed from the upper and
lower detector positions to the upper port and connected to the
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Table 21. Fusion power density profile measurement parameter requirements.

Parameter Range Time Res. Spatial Res. Accuracy Role
012 Fusion power 100 kW—0.9 GW 1 ms Integrated 10% la.2 BC
015. Total neutron flux 10'4-3.2.10% ns~! 1 ms Integrated 10% la.1 MP

Table 22. Fusion power density profile measurement parameter requirements.

Parameter Primary

Supplementary

012 Fusion power

Monitors

55.B4 Neutron flux monitors
55.BC Divertor neutron flux

55.B3 Microfission
Chambers

015. Total neutron flux

Monitors

55.B4 Neutron flux monitors
55.BC Divertor neutron flux

55.B3 Microfission
Chambers

(a) MFC Detector
~ 200 mm |

lonization Gas (Argon) Cathode Fissile mgterial
Dynode

| 14 mm

Insulator (SiO,)

Case (SUS) Insulator (Al,O,)

(b) MI Cable
Inner sheath (SUS)

Inner sheath (Cu) Core(Cu)
A—L_._‘ Y

_-—-—E—'—T—"

\ Insulator (SiO,) + Argon gas
QOuter skin (SUS)
Insulator (Si0,)

Figure 54. MFC detection system: (a) Schematic of the MFC for
ITER; (b) the structure of the MI cable.

soft cable at the feed through in the upper port. The lengths
of the MI cable for the upper and the lower MFCs are about 4
and 11 m, respectively.

The current plans for installing the in-vessel components
of the MFC system into the VV require the MFC detectors
and MI cables to be installed at different times. As the MFC
contains fission material (3**U), it should be installed in the
VYV after first plasma operations in order to ensure safety. On
the other hand, the MI cables are scheduled to be installed in
the early phases of the process of assembling the tokamak to
allow for their routing under the water manifold and to avoid
interface conflicts with other in-vessel components. Therefore,
it is necessary to connect the MFC detectors (with short MI
cables) to the MI cables inside the VV. Although MFC detect-
ors and MI cables are manufactured as a unit in fission react-
ors, in ITER the MFCs and the MI cables use a connector
which was designed in a previous study. Figure 56 shows the
structure of the connector. The core is connected by resist-
ance spot welding using Ni-foil, which has a good track record
in neutron detectors for fission reactors. Ceramic shields are
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Figure 55. Arrangement of the poloidal cross section of the
in-vessel components of the MFC system on ITER tokamak.

inserted as insulators to avoid any contact of the Ni-foil with
the inner sheath as well as to avoid any contact between the
inner sheath and the outer sheath. The workability of the con-
nection between the MFC detector and the MI cable in the
limited space within the VV has been demonstrated in several
tests.

3.6.2.2. System performance analysis.  As described above,
the MFC detectors will be installed upper and lower outboard
positions to compensate for the change in sensitivity of each
detector when the plasma shape changes. It has been confirmed
by Neutronic calculations using MCNP [198].

Dependence of the detection efficiencies on the horizontal
plasma shift is shown in figure 57(a). The detection efficien-
cies are very weak functions against the horizontal plasma
position. Dependence of the detection efficiencies on the ver-
tical plasma shift is shown also in figure 57(b). The detection
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Figure 56. Schematic view of the vacuum tight tri-axial connector
of the MI cable; (a) the external appearance, (b) the inner structure
of the core region and (c) the inner structure of the side region.
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Figure 57. Dependence of the detection efficiencies on the
horizontal plasma shift (@) and the vertical shift (b).

efficiencies of the upper MFC increases monotonically with
the vertical plasma shift. On the other hand, that of the lower
MEC decreases.

The total neutron emission rate can be represented by the
linear combination of the MFC counts as follows,

- WUpCup + Wiow Clow

Sn

y Wup + Wiow = 1

Eup Elow

where S, is the total emission rate, w; is a weight for the lin-
ear combination. C; is a count rate, and ¢; is detection effi-
ciency for the reference plasma parameters. The weight w;
are determined to minimize the deviation of the total neutron
emission rate from the neutronic analysis. The errors of the
total neutron emission rate due to change in the plasma para-
meters are shown in figure 58. It was found that the error due
to change in the plasma parameters are less than £3%.

The MFC detectors are installed in a VV and cannot be
replaced. Therefore, it is necessary to demonstrate the MFC
can properly measure the total neutron emission rate over the
operational period of ITER.

A lifetime of the MFC is determined by the change of the
sensitivity of the chamber due to the burn-up of the fissile
material. U is burned up through mainly fission and neut-
ron capture reactions. So, the number of >3U atoms, N5y, is
represented by following equation;

d

—Na3su () = —Naxsu (t) ¢ (072350 + 0c23su)

& 3.1
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Figure 58. Error of the detection efficiencies for (a) the horizontal
plasma shift and (b) vertical shift.

where o35y and o35y are averaged fission and neutron cap-
ture cross-sections defined by

_ Jo(E)¢ (E)dE
[ (E)dE

where ¢ (E) is the neutron energy spectrum at the micro FC.
From equation (3.1),

3.2)

Nossu () = Nazsu (0) Exp {—¢ (0p3su + ocassu) t}
~ Nazsu (0) {1 — ¢ (0350 + 0ca3su) 1}
~ Npzsy (0) (1 — popssut)

is obtained. For the detector position behind a blanket (typic-
ally #12), the burn-up of 2*>U atoms is dominated by the fis-
sion reaction, because the fission cross-section is about 10%
larger than the capture one. The burn-up rate of @(op3sy) is
estimated 2.7 x 10~!" s~!. The change of the sensitivity is
estimated to be only 0.1% behind blankets for the ITER life
time which is equivalent to 0.5 GW year. So >*>U chambers
can be used without replacement in the ITER lifetime.

The effect of the strong magnetic field on the FC is another
problem. In the FC, the electron induced current from ioniz-
ation by fission fragments is measured. So, the electron drift
orbit in the magnetic field was calculated. The electron drift
velocity u is represented by

£+

where p is the electron mobility, v is the collision fre-
quency of the electron to neutral atoms, and w; is the electron
cyclotron (EC) frequency in the magnetic field B. Assuming
E = (Exv O’ 0) and B = (O’ O’ BZ)’

,o) |

X

An angle between u and E, Lorentz angle «, is represen-
ted by tan o« = w./v. In the case of the MFC with 14.6 atm
Argon gas, applied voltage of 200 V to 0.5 mm electrode gap,
in the magnetic field of 5.7 T, the drift velocity without mag-
netic field is ug ~ 3 x 10* m s~!. The Lorentz angle is eval-
uated as tan o = 0.04 < 1. Thus, the magnetic effect on the
electron drift velocity is to be negligible.

(E-B)w?

e
"=
B? 1/]

o 1+w2/v?

E X B w,
B

¢ (3.3)

HeEx HeEx  we
1+w2/v27 14+ w2/V? v
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3.6.2.3. Summary. The MFC system is being developed for

installation and plasma operation in ITER. The MFC must Tritium Buitding
withstand the extremely harsh environment inside the VV, - =

such as high heat load and high electromagnetic forces. In
addition, the MFC system must be able to accurately meas-
ure total neutron emission rate in various noisy environments
outside the VV. In order to achieve the ITER requirements,
Japan Domestic Agency is intensively advancing the detailed
design of the MFC from various perspectives, including struc-
tural integrity and noise suppression.

3.7 NAS

3.71 Introduction.  The NAS is a diagnostic measuring the
absolute neutron flux and fluence on the FW [200]. It utilizes
pneumatic post method to send a sample of material close to
the plasma, where it gets activated by neutrons. The sample is
then retrieved back with the same pneumatic post technique
and the activation of the sample is measured with gamma-
ray spectrometers [201]. The main goal of the ITER NAS
is to evaluate the total neutron production rate from all over
the plasma. The measurement accuracy depends on the posi-
tion and profile of the plasma and the variation of material in
front of the irradiation end (IE). It is required to minimize the
amount of material and its density variation across the volume
between the plasma and the IE. The influence from in-vessel
materials such as the DFW, blanket modules, and divertor cas-
settes, that are located near the IEs is unavoidable. A number
of irradiation positions located above and below the plasma as
well as on high-field side and low-field side has been selected
for the ITER NAS to compensate the strong influence from
these components, as well as the plasma shape and position
variations.

3.72. Generic description. The ITER NAS measures
gamma radiation from samples activated by fusion neutron
flux. Encapsulated samples are transferred between IEs and
counting station by the nitrogen driving gas. Tubes of diameter
12.7 mm will be used for the transfer lines of the capsule.

NAS consists of IEs, pneumatic transfer system and the
counting station (figure 59) [201]. The counting station
includes gas supply, distribution station (carousel), inter-
stations transfer lines, cooling docks, counting docks with
gamma detectors and the ultimate disposal dock. The control
system will assure fully automated operations including cap-
sule loading, transmission to and from IE, storage for cool-
ing, gamma activation measurements and transition to disposal
dock [202].

Due to the large size and the elongated shape of ITER
plasma, multiple positions for the IEs in toroidal section are
required for highly reliable measurements. Four IE locations
per toroidal section (A, B, C and D in figure 60) are planned
for ITER NAS considering the reliability of the measurement
and redundancy of the system.

Transfer tubes of the NAS should be bent many times to
reach the IEs from the transfer station. To avoid the capsule
to get stuck around tube bends, there should be a minimum
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Figure 59. The scheme of neutron activation system for ITER.

bending radius of the tube in designing tube route. All bends of
the tube should have a larger radius than this minimum bend-
ing radius. Assuming the capsule of outer diameter § mm and
length 30 mm, and the tube of inner diameter (ID) 9 mm, the
minimum bending radius of the tube is about 100 mm. The cur-
rent design value of the minimum bending radius is 150 mm,
with a safety factor of 50% applied.

The port allocation for the NAS is #11 and #18 for the upper
port, #11 and #17 for the equatorial port, and #12 and #18 for
the lower ports. For points A and B, the IEs will be located
inside the port plugs. Other IEs will be installed on the VV
wall with the pipelines routed through the lower level ports
[203]. In total 12 IEs will be installed.

The transfer system distributes capsules to the appropri-
ate locations such as IE, counting station, or disposal dock. It
consists of capsule loader and distribution machine—carousel.
When a capsule is loaded on the carousel from the loader, the
platter inside the carousel rotates to place capsule to the point
connected to the designated place.

The counting station is located outside the tokamak build-
ing, where the neutron flux effect on the detectors is negligible.
Detectors such as HPGe or Nal will be used to count gamma-
rays from the activated samples. The required parameters for
the NAS such as neutron fluence will be evaluated from the
gamma spectrum considering the location of the IE, sample
material and its mass, and irradiation and cooling time.

3.73. Evaluation of measurement accuracy. = The measure-
ment accuracy of the NAS with 12 IEs is estimated using
MCNP calculations. The response of each irradiation location
is evaluated by changing the location and the profile of the
neutron source (see figure 60).

The evaluated result of the neutron source displacement
effect (top part of figure 60) shows that the upper port is the
best position for the irradiation due to its lowest sensitivity
to the plasma position. The induced error due to the vertical
displacement can be even lower when it is compensated with
the measurement at the divertor position, as long as the IE at
the divertor is well characterized during the plasma operation.
It is estimated that the induced error from the neutron source
displacement can be ~=+1% even without compensation from
other diagnostics, from the simultaneous measurement from
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Figure 60. Evaluation of the effect of neutron source position and broadening.

Divertor IE

et
=

Inboard iE

Flexible clamp

Double sliding clamp

Figure 61. Examples of NAS in-vessel clamps CADs and their prototypes.

the upper and divertor position, when the displacement range
is within +20 cm vertically and radially. The equatorial port
position can be used for backup when the data are com-
pensated from other diagnostics.

The effect of neutron source broadening (bottom part of
figure 61) on the measurement, which cannot be estimated dur-
ing the in-vessel calibration, was evaluated. The result also
indicates that the upper port is the best position, because it
has the lowest effect from the neutron source broadening, and
shows good characteristic of depending only on the vertical
broadening. It is interesting to note that the equatorial port
position shows symmetric measurement with the upper port
position. Therefore, the simultaneous measurements from the
upper and equatorial port position are expected to provide the
total neutron production with the broadening error of ~1%
without compensation from other diagnostics, when the profile
peaking factor is in the range of 3 < a < 7.
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The calculations show that the combination of measure-
ments from the upper port, equatorial port, and divertor region
can provide a relatively good evaluation of the total neutron
production in the plasma. In spite of the low reliability of the
measurement from the inboard midplane position, it is reas-
onable to keep these IEs, as they are the only ones capable of
providing the absolute value of the neutron flux coming to the
inboard side.

3.74. Design of the NAS components for ITER.  Thermal
analysis has made significant impact on the design of the
NAS front-end components, as all NAS components installed
inside the VV shall follow the design guideline SDC-IC
(Structural Design Criteria for ITER In-vessel Components),
which requires the maximum temperature of the components
to be less than about 400 °C. In order to guarantee stable
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Figure 62. Components of NAS IEs in equatoril port plug 11.

temperature of the in-vessel components, these tubes and IEs
are clamped to the VV with a maximum pitch of 20 cm. The
clamps (figure 61) are particularly designed to maximize heat
sink and provide cover from stray plasma radiation where
necessary. The material of clamps and IEs is CuCrZn, while
the tubes and the boxes, used for attachment to the VV, are
stainless steel SS316.

Port plug IEs represent coaxial structures aimed at minimiz-
ing dimensions and maximizing cooling features. (figure 62).
Most components will be fabricated from SS316L. The
front part of the IE is enclosed with the coolant housing,
which is connected with the coolant tubing. Two guiding
rings are attached on the outside of the coolant housing
for a smooth insertion of the IE into the DSM. The feed-
throughs will be welded on the closure plate of the port
plugs.

Transfer station consists of many moving components such
as a servo-motor, linear actuators and many solenoid or gas-
driven valves. Pneumatic properties of the transfer system for
transferring the capsule are as in table 23:

Table 23. Pneumatic properties of the transfer system for
transferring the capsule.

Pressure of gas in reservoir: ~8 bars max

Pressure of driving gas 1 —8 bar
OD of sample transfer tube 12.7 mm
Thickness of sample transfer tube 1.25 mm
OD of retrieving gas tube 12.7 mm
Thickness of retrieving gas tube 1.25 mm
Diameter of capsule ~8 mm

Length of capsule ~20 mm

Samples will be transferred to the designated position by
the action of a distribution machine—carousel. A rotating plat-
ter inside the carousel will transfer the sample to the load-
ing position that is connected to the designated IE. When the
samples are ready, the valves behind are opened to shoot them
to the designated positions. A programmable logic controller
will control the operation of the transfer system.
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Figure 63. Radioactivity of samples (a) at the equatorial port
irradiation end by 1 s irradiation, (b) at the divertor irradiation end
by 100 s irradiation.

Counting station measures gamma-rays from the activ-
ated samples. It consists of gamma-ray detector, signal pro-
cessing electronics such as high voltage supply, preampli-
fier, amplifier, and multi-channel analyzer, and data analyzing
software. Many gamma-ray detectors such as gas chambers,
scintillators, and semiconductor detectors are commercially
available. Amongst these detectors Nal detectors and HPGe
detectors are the most commonly used ones for neutron activ-
ation analysis, but other types of detector are also considered.
Appropriate detectors will be chosen for the proper operation
of ITER NAS considering state of the art.

3.75. Performance assessment.  The primary role of the
NAS is to provide the FW fluence. Considering the plasma
shot based operational method of NAS, it is also important to
have a shot-integrated measurement ability regardless of the
performance of the plasma such as the discharge time and the
total neutron yield. NAS is expected to provide the measure-
ment data in the discharge time of 1 s (neutron flux with higher
temporal resolution can be measured by time-resolved neutron
diagnostics such as NFM)—a few hundred sec, and in the neut-
ron yield of 10'*-3.2 x 10?° s~!. Neutron transport and activa-
tion calculations using MCNP and FISPACT code showed that
NAS can measure the whole neutron yield range thanks to the
freedom of selecting the irradiation locations, kinds and mass
of samples, cooling time, etc.

In order to provide necessary statistics and avoid satura-
tion, the radioactivity of the irradiated samples should be in
the region of 2 x 10°-2 x 10° Bq. Preliminary perform-
ance assessment has demonstrated (figure 63) that it is pos-
sible to select necessary activation foil material and size for
all required values of neutron yields [204].

3.76. Summary.  The ITER NAS that has been briefly
presented hereabove is under development by the Korean
Domestic Agency of ITER. Despite the challenges driven by
ITER’s unprecedented thermal, electromagnetic and nuclear
loads, high radiation and activation in full-power operation
leading to very limited personnel access and highest safety
and reliability requirements [6], despite all these aspects the
presented NAS design proves to be suitable to satisfy ITER’s
measurement requirements.
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Table 24. Measurements and their requirements for a HRNS system at ITER, taken from [149].
Measurement Parameter Parameter range Condition Time resolution (ms) Accuracy (%)
Fuel ion ratio in the core n/ng 0.01-10 DT plasma if Pgs >0.5 MW 100 20
NBI Present if n/ng <0.1
NBI absent 7; known
Ion temperature in the core Core T; 5-40 keV Pps >0.5 MW 100 20

3.8. Neutron spectrometers

Neutron spectroscopy is one of the few methods with an estab-
lished capability to determine ion density ratios, n/ng, in the
plasma core. The ITER requirement for the determination of
ny/ng is an accuracy of 20% within a time window of 100 ms
(see table 24). Moreover, this should be accomplished for a
fusion power range of approximately three orders of mag-
nitude, from pure deuterium to 50/50 DT plasmas. To achieve
these requirements, recent developments in neutron spectro-
scopy techniques, DAQ and data analysis methods have been
included in a conceptual design [149] and should to be further
developed in a final design.

The main role of a HRNS system at ITER is to measure
the fuel ion ratio, n/ng, in the ITER core in DT operations. A
secondary role is to contribute to measurements of the fuel ion
temperature in the core. In addition, a HRNS could also con-
tribute to measurements of other operational and physics para-
meters, such as the fusion power, fast ions distribution func-
tions and heating effects and efficiency.

The ability of neutron spectrometry to provide measure-
ments of ny/ng has been reported in a number of public-
ations. For the thin-foil techniques, data from JET DTEl
have been analyzed using measurements from the Magnetic
Proton Recoil spectrometer, MPR [205, 206]. Moreover,
rather recently JET DTEI data from the TANDEM neutron
spectrometer [207-209] were used to make n/ng estimates
using analysis methods similar to those used for the MPR. This
is of ITER relevance since TANDEM uses a neutron detec-
tion technique closely resembling the thin-foil proton recoil
(TPR) technique suggested for the HRNS system. For the time
of flight (TOF) techniques, in recent JET DT operations it has
been shown that n,/n4 can be estimated in minority T plasmas,
D(T) and majority T plasmas, (D)T.

First we give a brief review of the main points of
the proposed ITER HRNS system, then we will report on
some pertinent recent and ongoing instrumental and method
developments.

The case for and a preliminary design of a HRNS at ITER
has been made in the article ‘Conceptual design of the high
resolution neutron spectrometer for ITER’ [149]. Due to the
required performance over a wide range of fusion power, no
single instrument has been found to fulfill the requirements.
Therefore, the proposed HRNS system is composed of a sys-
tem of four spectrometers, employing different detection tech-
niques. From previous experience with other projects and
implementations of neutron spectrometers in fusion, the paper
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concluded that there are several spectroscopic techniques that
have a good, proven record for fusion applications and thus
should be considered for ITER. The proposed ITER HRNS
therefore consists of (i) a set of TPR spectrometers, (ii) a mat-
rix of neutron diamond detectors (NDDs), (iii) a back-scatter
TOF (bTOF) spectrometer and (iv) a forward scattering TOF
(fTOF) spectrometer; the latter is intended for D and D(T)
plasma operations. These four neutron spectrometers can ful-
fill the measurement requirements for an ITER power range of
0.5-500 MW. The conceptual design of the system is described
in some detail in the article, and will only be briefly mentioned
here.

The planned location of the HRNS system is in ITER’s
equatorial port cell #1, and figure 5 in [ 149] shows the layout of
the complete system. This allows for the use of a single radial
LOS into the plasma core. The HRNS shares this Port Cell with
some other neutron/gamma systems, namely the RNC and the
gamma ray camera.

3.8.1. TPR technique. = The TPR spectrometer system is
intended for the highest performance plasmas, in the fusion
power range, Pgs, 100500 MW. It is based on the measure-
ment of forward scattered protons from elastic (n,p) scattering
on hydrogen in a passive, thin CH; foil. A set of two (radially)
segmented Si detectors measure the recoil protons in coincid-
ence in a restricted angular range. The two Si detectors are
arranged as a dE-FE pair (thin dE, thick E detector) in order
to improve proton identification and reduce background. TPR
spectrometers are inherently low-efficiency devices, and there-
fore, in order to boost count rates, the proposed TPR system
consists of three identical sets of CH, converter foil and double
detector arrangements placed one after another in a vacuum
tight cylinder. Figure 6 in [149] shows a more detailed picture
of the TPR system in the HRNS design. The vacuum cham-
ber should maintain a pressure level of about 10~* mbar or
better, as this is sufficient to avoid detrimental energy loss
of the recoil protons in transit from the scattering foil to the
detectors.

Silicon detectors are a well-proven detection technique,
used extensively in high-energy physics experiments, and also
in fusion research. An energy resolution FWHM <2% is
achievable, providing a performance that is sufficient for neut-
ron spectroscopy applications. The estimated count rate of the
Si detectors at the highest fusion power is about 250 kHz,
which when spread out over several segments can be reduced
to comfortable levels of a few 10 s kHz per segment. With
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suitably fast preamplifiers and similarly fast backend DAQ
electronics, processing of signals due to the direct neut-
ron induced events should not pose any serious challenge.
However, a more thorough investigation of background events
due to scattered neutrons and gammas will be necessary for the
final design. An extension of the present, rather thin, radiation
shielding around the TPR system is probably necessary.

3.8.2. NDD.  Diamond detectors for fusion neutrons in
the 14 MeV region (DT plasmas) rely primarily on the
12C(n,)°Be reaction, which produces two charged particles
in the final state. The Q value of the reaction is 5.702 MeV and
it is thus only suited for neutrons from T and DT plasmas. A
matrix of NDDs is proposed as part of the ITER HRNS system,
and a picture can be found in [149], in order to provide redund-
ancy in measurements in the higher end of fusion power,
thereby providing complementary measurements to the TPR
and TOF instruments. It also provides data from an alternat-
ive technique, which could be important to understand specific
issues associated with the other techniques.

The NDD is to be placed inside the TPR vacuum chamber,
behind that system. The resolution of NDDs is about 1% at
14 MeV and allows high resolution 14 MeV neutron spectro-
scopy measurements. For a single NDD element (radius 2 mm,
thickness 0.5 mm) a total count rate of around 100 kHz is
estimated for a Py, ~ 50 MW. To handle higher Py, a reduc-
tion of the NDD element size is required to maintain a total
count rate of approximately 100 kHz in a single detector. To
collect sufficient counting statistics a suitable number of NDD
elements in a matrix are therefore needed. Similarly to the Si
detectors of the TPR, this can be handled with modern, stand-
ard pre-amplifiers and fast, digital DAQ systems.

As they are installed in essentially the same location
as the TPR, also the NDD system would benefit from a
more extensive radiation shield around the TPR/NDD vacuum
chamber.

NDD have been installed in many fusion devices but
quite few relevant physics results have so far been published
from their use in high-performance DT operations. Therefore,
the high-performance DT operations at JET in 2021 should
provide much valuable experience in doing spectroscopy on
the intended (n,a) peak in the NDD pulse height spectrum. It
should be noted that the performance of the NDD devices as
spectrometers of DT fusion neutrons has been convincingly
shown in for example characterization of DT neutron generat-
ors (NGs). For ITER applications, the challenge rather lies in
the expected high count rates, operations over extended peri-
ods of time, high levels of background etc. It is also important
to investigate the effect of the '3C content in NDD elements
for estimating nt/np.

Further developments of the NDD technique for an ITER
HRNS system should include, e.g. careful assessment of their
performance in high-performance DT operations (JET 2021),
tests of detectors, signal electronics and acquisition at the
highest rates envisaged at ITER and neutron transport calcu-
lations to design an optimal radiation shield for the HRNS
TPR/NDD systems.
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3.8.3. TOF technique. = TOF systems for fusion rely on
elastic scattering of a fusion neutron on hydrogen in two sets
of detectors (proton/proton or deuteron/proton), one giving
a start and the other a stop signal for the flight-time meas-
urement. With a known distance between the detectors of
the two sets, and relying on two-body kinematics, the neut-
ron velocity (energy) can be determined. Since it is the neut-
ron that is traversing the system and being responsible for
both start and stop signals, the in-beam material of the TOF
system’s start detectors can be substantially thicker than in
the TPR case, thereby offering much higher efficiency. TOF
systems can therefore offer good performance in plasmas
of relatively modest neutron emission rates. A resolution of
FWHM = 5.8% is obtained for the TOFOR system at JET
for 2.5 MeV neutrons [210]. In recent D(T) experiments at
JET, together with simulations, it has been possible to eval-
uate the performance of the TOFOR spectrometer in a range
of minority T operations. It has then been estimated that DD
neutron spectroscopy can be performed with TOFOR for a tri-
tium concentration of up to approximately 20%, provided that
the count rate capability for TOFOR is not exceeded, corres-
ponding roughly to a signal to background ratio (SBR) for the
DD peak on the order of 1. Such performance is possibly suffi-
cient for the intended use of TOF systems at ITER, but further
investigations should be made.

Two TOF systems are envisaged for the ITER HRNS: a
conventional forward scattering system mainly intended for
D and D(T) operations, and a back-scatter TOF system for the
lower power ranges in DT operations. To reduce the volume of
the full HRNS system, the two TOF systems are intertwined
with each other, as shown in figure 8 in [149]. In order to
extend the operational range of the back TOF (bTOF) it is pro-
posed to install a flexible collimator in front of the system, in
order to reduce the neutron flux on the in-beam detectors in
high-power operations.

Extensive experience with the conventional forward TOF
(fTOF) technique has been obtained at JET in the last dec-
ade through the TOFOR system. The design and operational
experience from TOFOR has shown that TOF systems for
fusion can be reliably modeled using state-of-the-art nuc-
lear simulation codes like GEANT4 [211] and MCNP [212].
Experiments show that important operational parameters, like
the influence of scattered neutrons and gamma background,
the level of random events in the data (in high power oper-
ations mainly due to detection of non-correlated neutrons
in the detectors of the system) and the details of individual
detector response are well understood using modern simula-
tion tools. This builds confidence in designing both the fTOF
and bTOF systems for ITER. With the implementation of mod-
ern digital DAQ electronics, it is possible to somewhat reduce
the influence of random coincidences through kinematic
cuts [213, 214].

The backscatter TOF (bTOF) builds on the successful
implementation of fTOF in fusion, notably the TOFOR spec-
trometer at JET.

The bTOF technique relies on single elastic scattering of
a neutron on a deuterium nucleus in the start detector and
subsequently detecting the same neutron in the stop detector,
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placed at a well-known distance in the backwards direction.
This arrangement has a two-fold advantage for detection of
neutrons in the 14 MeV region: first, it gives a fairly low energy
to the backscattered neutron, reducing its velocity, and thereby
increasing the flight time of the neutron before it reaches the
stop detector; second, it gives a large energy to the recoil deu-
teron, thereby improving the possibility to accurately measure
the timing and energy of that particle. Deuterated scintillators,
in either liquid or solid form, are envisaged as start detectors.
Thus, a bTOF system can be expected to exhibit many per-
formance parameters similar or better compared to a conven-
tional fTOF: the size and flight times would be similar, and
thereby also the achievable time resolution. The high energy
of the recoil deuteron would improve the possibilities to per-
form accurate timing and kinematical cuts. Performance stud-
ies using Monte-Carlo (MC) methods of bTOF systems are
presented in [215].

Further development of the fTOF system should include
assessment of the operational limits in D(T) for perform-
ing n¢/ng measurements. Another line of investigation could
focus on improving the performance of the start detectors.
The solid case for a bTOF system notwithstanding, develop-
ment of a pilot bTOF system and tests in a 14 MeV facility
would be important to gain experimental experience with the
technique [216]. In addition, the space-saving arrangement of
intertwined TOF systems should be simulated in more detail
to assess the possible interference the systems might cause to
each other. Finally, a detailed, overall assessment of the back-
ground radiation environment for the TOF systems should be
made, including both the background from the system’s own
beam dump and background entering the system area from
outside.

3.8.4. Recent developments. In the following we will
report on some recent relevant developments with significance
to the HRNS ITER mission. This includes: (i) method devel-
opment of density measurements using the TOF technique at
JET; (ii) recent work on the TPR technique; (iii) 7; measure-
ments with fTOF in thermal (ohmic heating only) plasmas at
JET.

3.8.4.1. Density measurements using the TOF technique in
D(T) and (D)T at JET.  The operations at JET with signi-
ficant amounts of tritium in 2020-2021, ending with a high-
performance campaign in full 50:50 DT, offers ample oppor-
tunities to develop the n/nq method with the available neutron
spectrometers at JET. Some results have so far been presen-
ted for the fTOF technique, at JET represented by the TOFOR
spectrometer [217]. The fTOF method has so far been applied
to D(T) and (D)T plasmas with trace amounts of up to a few
percent of either tritium in a D dominated plasma, D(T), or
deuterium in a T dominated plasma, (D)T. The results confirm
previous assessments and are consistent, within uncertainties
and other experimental circumstances, with other JET dia-
gnostic systems [217]. An example of TOFOR time resolved
results of ny/(n, + ng) in a (D)T plasma, JET discharge #99093,
is shown in figure 64.
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Figure 64. Time evolution of n¢/(n; +nq) for JET discharge #99 093
as derived from TOFOR (points with error bars) and gas analyzer
KT5P (dashed line with shadowed uncertainty band). Reproduced
from [217]. CC BY 4.0.
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Figure 65. TOFOR time-of-flight spectrum integrated in a time
interval of 2 s (JET time 11-13 s), used to estimate ni/(n; +nq).
Model components of NBI (DT) and NBI (TT) and scattered
neutron are used for the fit to measurement data. Reproduced from
[217]. CCBY 4.0.

The result is for a neutron production dominated by tritium
neutral beam ions reacting with the bulk plasma, mainly con-
sisting of T ions. A roughly constant beam T ion power of
20 MW was injected into the plasma between 10 and 18 s
resulting in a fairly constant n/(n, +nq) result for TOFOR.
Comparing the TOFOR result with the gas analyzer KTSP
[218, 219], an optical diagnostic used in combination with
a Penning gauge located below the divertor, gives a consist-
ent picture, although small systematic differences have been
observed for other pulses. Some differences are to be expected,
considering the different locations of the active measurements
of the two diagnostics.

Figure 65 shows the TOF spectrum for the same plasma dis-
charge after subtraction of the random background. Features
in the spectrum can be associated with neutron emission from
DT and TT reactions, allowing for the detailed time resolved
analysis presented here. The data from JET should make it
possible to assess the limit of the n/ng method using fTOF
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which in previous simulation studies has been estimated at
m/ng < 0.2 [220].

3.8.4.2. Recent work on the TPR technique.  Proton range
telescopes based on silicon detectors is a well-established
technique in nuclear physics and applications. However, apart
from the now mothballed TANDEM instrument at JET, the
technique has not been used at fusion devices, presumably due
to the rather scarce opportunity of DT experiments. Here we
can report on two lines of recent progress in the use of the TPR
technique in fusion: first, we have tested the n¢/nq method on
data from the JET TANDEM spectrometer with good results;
second, we have investigated a pilot set-up similar to that pro-
posed for the ITER HRNS TPR implementation [221].

Analysis of TPR (TANDEM) data from the JET DTEI1
campaign in 1997 [221] has corroborated the previously pub-
lished results from the MPR spectrometer [215]. These A dE-
E setup of two segmented silicon detectors has been tested at
a 14 MeV neutron source at Lund University, Sweden [221].
The detectors were of somewhat poor quality, and only a few
of the detectors radial segments could be equipped with signal
processing and DAQ electronics. Also, further improvements
in pre-amplifier electronics are certainly required. Still, the
results corroborate the main conclusions from earlier simula-
tion studies that coincidence dE-E measurements will be able
to obtain the spectroscopic energy resolution needed together
with background elimination to estimate n/ng for ITER scen-
arios investigated in [149].

3.8.4.3. Ti measurements with fTOF in thermal (ohmic heating
only) plasmas at JET. ~ Measurement of the ion temperature
is a supplementary function of the HRNS system. The meas-
urement relies on the identification and analysis of the pure
thermal neutron emission from a D, T or DT plasma. However,
in most present (pre ITER) fusion experiments, the thermal
neutron emission is only a small fraction of the total emission,
which is normally dominated by emission from fusion reac-
tions between fuel ions from the heating populations and the
thermal bulk. In a few cases when only ohmic heating was
applied has the Ti been possible to determine. This was for
example reported in [222] using the MPR in the DTEI exper-
iment at JET, where an ion temperature of about 3 keV was
reported for ohmic plasmas. More recently, using the fTOF
technique, thermal temperatures of ohmic plasmas at JET in
D operations were reported [223]. The reported values were in
the range 7; = 2.5-3.2 keV and quite consistent with the JET
crystal x-ray spectrometer and with the dependence of react-
ivity on Tj.

3.8.5. Conclusion.  The proposed (enabled) HRNS system
for ITER is based on well-established neutron spectrometry
techniques. The required performance of the included sub-
systems, in terms of energy resolution, count rate etc, has for
the most part already been achieved in systems installed at JET.
The ability of neutron spectroscopy to perform its main (n¢/ng)
and secondary (Ti) functions has been established in a number
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Figure 66. Compact neutron generator VNIIA NG-24.

of published studies using data from D, T and DT operations
at JET. Some recent developments in JET DTE2 and in instru-
mental techniques corroborate these earlier studies and thus
strengthens the case for installing the proposed HRNS system
on ITER.

3.9. In-situ neutron diagnostic calibration

ITER neutron detectors need to be absolutely calibrated in
their ultimate positions in order to eliminate systematic errors
associated with scattering features of the machine. In-Situ
calibrations are routinely performed at nuclear installations
where high precision of neutron yield measurements are
required. ITER project requirements (PRs) state the value of
10% as the maximum allowable neutron yield (and thus fusion
power) measurement uncertainty [224].

To perform in-situ calibration, a neutron source (permanent
radioactive source or a NG) is introduced at different positions
inside the vessel or moved around the torus to form a quasi-
ring-source. The aim is to simulate plasma neutron emission
as realistically as possible. In ITER, only the most sensitive
detectors can be calibrated with compact neutron sources in a
reasonable time. These diagnostics are:

o NFMs (in equatorial ports #1 and #7),
e divertor NFMs,
e micro-FCs and NAS.

The less sensitive detectors will be cross-calibrated during
plasma operation. Compact NG with yields of up to 10"
and 10° n s~! od DT and DD neutrons, respectively, will be
employed at ITER. This decision is driven by performance
(high neutron yield) and safety with respect to a >>>Cf source.

In order to minimize the calibration time, the most
powerful commercially available compact NG VNIIA NG-24
(figure 66) has been chosen.
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Figure 67. Conceptual design of the IVNC-1 NG manipulator.

Three calibration campaigns are foreseen for ITER:

1. In-vessel neutron calibration campaign 1 IVNC1) with DD
NG with strength of 10° n s™!, just before the pre-fusion
power operation 1 (PFPO-1) where neutron yield meas-
urements are required by the Project. The DD NG will be
deployed in limited areas in front of ports 18, 1 and 2.

. IVNC-2 campaign is required before the start of PFPO-
2 due ITER configuration change. This recalibration will
be done with DD NG aiming to minimize machine activa-
tion in the process. Unlike IVNC-1, a full toroidal scan is
planned for the IVNC-2 campaign.

. The IVNC-3 campaign will be performed with 14 MeV DT
NG just before the full power operation (FPO) Phase.

Each of the three campaigns is scheduled to last for 2 weeks
of net NG in-vessel operation time, preceded and followed by
preparation, assembly and disassembly periods. The IVNC-
1 will be performed right after the partial installation of the
blanket modules; therefore human access will be possible
for the preparation, assembly and disassembly procedures.
Conceptual design of the IVNC-1 NG manipulator is shown
in figure 67.

The IVNC-2 and 3 will be performed after the FW modules
have been exposed to plasma. Human access will be prohib-
ited in the VV due to radiation and beryllium hazards. These
campaigns will be performed with the use of a remote handling
tool called the agile remote transporter (ART). The same tool
that will be used for blanket modules replacement and optical
diagnostic calibrations. At the current stage of the project, the
ART is in the conceptual design phase (figure 68).

Studies have been launched with the following purposes:

o development of the high-accuracy NG yield monitoring sys-
tem for DT and particularly for DD NGs;

e minimization of the NG yield anisotropy;

o development of the remote-handling capabilities of the NG
unit with the attached yield monitoring system.

e Optimization of the calibration campaigns.
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3.10. Alternative diagnostic techniques to fuel products
measurements

In addition to neutron diagnostic systems, several other dia-
gnostic systems considered for ITER can provide information
on some of the plasma physical parameters listed in table 12.
Systems discussed in this section include neutral particle ana-
lyzers (NPA), recombination CX spectroscopy (CXRS), and
collective TS (CTS). This section is not intended to provide a
complete assessment of the capabilities of these systems. Here
we will only give a brief summary of the techniques and some
of their problems and limitations. The full description of these
diagnostic techniques is presented in other parts of the chapter
dedicated to ITER-specific diagnostics.

3.10.1. CXRS. It is anticipated that CXRS diagnostics will
provide information on plasma parameters such as plasma
rotation, ion temperature profile, impurity density profile and
alpha particle density profile. Active CXRS spectroscopy
requires neutral beams. In the case of ITER, two types of
such beams are envisaged, the first being a DNB providing
deuterons with an energy of 100 keV and a second neut-
ral heating beam (HNB) providing deuterons with an energy
of 1 MeV.

Probing the plasma with the DNB beam is believed to be
insufficient for high-quality measurements of plasma paramet-
ers in the core. On the other hand, measurements with high-
energy HNB, due to better penetration of the beam, can sample
the distribution functions of the confined « particles up to sig-
nificant energies.

For o particle measurements, it seems that CXRS for DNB
will be able to provide information on the distribution of alpha
particles slowed down to an energy of 0.4 MeV, and when
using HNB to an energy of 0.6 MeV. The limitation of this
diagnostics may be the required small measurement angle.
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Moreover, the presence of the high-energy *He population due
to RF heating may further complicate these measurements.

Results for plasma rotation and ion temperature profile
will depend on plasma impurities measurements. Differences
between measurements for plasma fuel ions by neutron dia-
gnostics and CXRS may occur for fast transients, have been
observed for fast transients, for example at the onset of beam
heating.

3.10.2. CTS. CTS diagnostics probes the ion VDF at the
intersection of the probing and receiving ‘beams’ and in the
direction of the difference between received and the emit-
ted radiation (the detailed description could be found in
subchapter 7, section 7.6). The CTS consists of one or more
combinations of probe beams and receiving antennas in the
microwave frequency range of 100 GHz, e.g. for the ASDEX
tokamak, while the proposed system for ITER will be based
on 60 GHz.

An important feature of the CTS technique is that the signal
strength is proportional to the ion charge in the square (Z;?),
which makes CTS a good candidate for alpha particle meas-
urements (Z;Z = 4), even when such ions have a low concen-
trations. However, the disadvantage of this system will be the
low relative efficiency of fuel ion measurements. Z2=1.

CTS is therefore a good candidate for diagnostics that gives
information on the distribution function of fast ion, in particu-
lar for the fast alpha particle population.

3.10.3. NPA. NPA systems have been installed in many
major fusion devices around the world and have a long his-
tory of providing experimental data. The rate of neutralized
ions reaching the NPA system is a function of essentially the
following factors (integrated at all points within the NPA line
of side (LoS)):

o the local energy distribution of ions with velocities in the
direction of NPA (it is usually considered that the capture of
electrons does not significantly change the speed of the ion),

o the probability of local neutralization,

e plasma transparency for the outgoing atom.

Using measurements and modeling of plasma ion density (and
impurities), temperature profiles, as well as data from atomic
physics, it is possible to compare the measured streams of
neutralized ions with the calculated ones and thus draw con-
clusions about the state of fuel ions in the plasma. To some
extent, the interpretation process is similar to that of plasma
neutron emission analysis, with the significant difference that
for neutrons plasma transparency is equal to one.

Due to the fairly complex plasma modeling required for
the interpretation of NPA data, this diagnostic seems to
provide mainly qualitative data, where differences in the neut-
ral particle flux for different plasma conditions are taken as
an indication of presence or absence of tails of high energy
particle in the plasma. This extensive and complex modeling
so far seems to preclude the NPA from delivering more quan-
tified results on a routine basis on every discharge, although
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quite detailed results are certainly obtained when special ana-
Iytical efforts are made.

Typically, two NPA systems gathering integrated data from
the same LoS are considered. One Low Energy NPA (LENPA)
system covering an energy range of 10-200 keV with the abil-
ity to simultaneously measure neutralized hydrogen (H), deu-
terium (D) and tritium (T) ions. While the second high energy
NPA (HENPA) should measure « particles with energies of
0.1-4 MeV, i.e. over their entire slowing-down energy range.
The LENPA low energy system should provide information on
the energy distribution functions of the neutralized fuel ions
(deuterium and tritium) as well as protons and the fuel dens-
ity ratio ng/n; in the plasma core. In contrast, the main pur-
pose of the HENPA system is to provide information on the
number density and energy distribution function of the con-
fined « particles. Such a tandem system was planned for ITER.
However, both systems have their drawbacks. In the case of the
LENPA low energy system, there is a problem of data analysis
when we are dealing with very flat ionic plasma temperature
profiles and when a clear presence of hydrogen isotope com-
position in the plasma core cannot be expected. In addition,
this system is limited by poor penetration of neutral particles
from the core into the analyzer.

In turn, for the high-energy system (HENPA), a specific
problem is that energetic « particles with energy E,, are indis-
tinguishable from energetic deuterons with energy Eq = E,/2;
it means that deuterons of the NB beam with an energy of
1 MeV limit the usefulness of HENPA for £, <2 MeV. It may
also be a problem using this system to measure high energy
deuteron populations due to the heating of the ion cyclotron
resonance heating (ICRH). In addition, the neutralization of «
particles depends on the impurity ions (such as Be>* and C**)
that act as electron donors, and the density profiles of these
impurities must be known (or modeled) with high accuracy in
order to correctly interpret NPA measurements.

The limitation of this system seems to be the poor ability to
distinguish between ions of different kinds, so that in practice
only the population of fast alpha particles can be measured.
Preliminary evaluations show that the measurement require-
ments for ITER can be met precisely for alpha particles.

3.11. Summary and conclusions

The ITER FP diagnostics provide key information on the ion
populations in burning plasmas. Several measurement tech-
niques have been considered aiming to measure among:

(a) the total neutron emission rate, i.e. fusion power; (FP is the
only diagnostic system able to measure directly the fusion
power/ total neutron emission)

(b) neutron emission profile from different plasma/magnetic
configuration/scenarios, as well the spatial distribution of
ions populations, confined alpha and lost alphas;

(c) the energy features: thermal and fast energies distributions
of the neutrons and ions populations, confined alpha and
lost alphas;

(d) accuracy 10%: particular attention is given also to the
development of the neutron calibration strategy whose
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main scope is to achieve the required accuracy of 10% for
the measurement of fusion power.

ITER is now advancing through the construction phase.
Most of the FP systems are under FDRs and some FP are
already in the manufacturing phase.

This paper provides an overview of the FPs diagnostic sys-
tems and the associated engineering issues.

4. Progress in ITER diagnostics, active
spectroscopy

S. Zoletnik!®, O. Asztalos'®"”, M. Bandyopadhay'$,
P.Bharathi'®, M. de Bock?, O. Ford"’,

M. G. von Hellermann®, D. W. Johnson*!, J. Ko®,

S. Menmuir®, Ph. Mertens*’, A.H. Nielsen®, G.I. Pokol'%'7,
S.V. Serov?, M.J. Singh®, S.N. Tugarinov** and G. L. Vyas'$

4.1. Active spectroscopy diagnostics

Charge exchange (CX) between the beam atoms and the
plasma ions results in excited plasma ions and the spectral
broadening and shift of their radiation represents the ion tem-
perature and velocity. If the CX occurs on impurity ions the
emission intensity can be used to calculate the impurity ion
density. These measurements are called CXRS. Line radi-
ation by the beam atoms contains information on the exciting
plasma electron density (beam emission spectroscopy, BES),
and the Stark split of the spectra by the v x B electric field
can be used for calculating the magnetic field value and/or
direction (MSE). On present-day fusion experiments CXRS is
one of the standard methods for the measurement of ion tem-
perature, flow velocity and impurity concentrations, while the
plasma current distribution is measured by MSE. Density pro-
files and fluctuations are measured by BES [225]. The beams
can be either Heating Neutral Beams (HNBs) or specialized
DNB of the plasma species, or alkali atoms for the plasma edge
measurement.

In all cases the key elements of the setup are the atomic
beam with sufficient penetration depth and particle flux, and a
high etendue optical observation system together with a suit-
able detection system. The location of the observation sys-
tem is also of high importance due to two factors: first the
extent of the intersection area between the beam and observa-
tion channels should be limited, to keep the spatial resolution
at a reasonable value. This would call for near-perpendicular
beam-observation angle and view along the magnetic field
lines. The second factor is spectral discrimination between the
passive plasma radiation and active emission either from the
beam or the plasma. This separation is possible for the beam
emission measurement by utilizing the Doppler shift result-
ing from beam atom velocity and requires sufficiently non-
perpendicular observation.

On ITER active spectroscopy diagnostics are being
developed on both the heating beams and a DNB. However, the
situation will be quite different from present-day devices. The
first problem is the large size and high density of the plasma
which renders alkali metal (Li, Na) beams unsuitable for edge
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measurement due to their shallow penetration. Also, heating
beams must operate around MeV energy to deposit power
deep enough in the plasma. The CX cross-sections typically
have a maximum around 30-100 keV beam energy therefore
these high energy beams have too low CX cross-section and
cannot be used for CXRS. The high beam velocity is a problem
for BES as well, due to the long lifetime of the excited states,
causing spatial smearing. Due to these problems a decision
has been taken to install a DNB with ~100 keV energy for
CXRS on the He ash and other impurities. For MSE both the
HNB and DNB are considered.

ITER also provides limited choice on the observation dir-
ections as all observation systems must be located in a limited
number of ports. Even more problematic is the strong radi-
ation background and expected damage to optical components
by plasma sputtering and deposition. These problems are not
specific to active spectroscopy diagnostics therefore discussed
in subchapter 4 of this paper.

The planned active spectroscopy diagnostics have been out-
lined and their difficulties listed in Donné er al [4]: MSE
is planned on the heating beams for the plasma current pro-
file (safety factor) measurement, while multiple CXRS obser-
vation setups are planned for a dedicated diagnostic hydro-
gen beam. These latter have multiple measurement aims: He
and other impurity concentrations, ion temperature, flow velo-
cities. Additionally, to these primary roles the CXRS setups
might also contribute to other measurements as well. The
plans since the publication of [4] remain basically unchanged,
but problems and possibilities have been understood and
the designs have made considerable progress. The following
sections describe the progress made in key areas of the ITER
active spectroscopy diagnostics since the publication of [4].

4.11 MSE. Itwasrecognized early that the traditional MSE
line polarization (MSE-LP) technique [226] would be difficult
to adapt to ITER, due to the sensitivity of these measurements
to spurious effects on polarization from even very thin mirror
coatings. Due to the time required for effective mirror clean-
ing (see subchapter 9) of this paper and the nonuniformity
of the cleaning, such coatings will accumulate in nonuniform
spatial distributions between cleaning campaigns. Calibration
schemes to compensate for the impact of such coatings do not
exist.

An alternative approach uses high-resolution fitting of the
line splitting and intensity ratios (MSE-LS) in the Stark spec-
trum of D,, to make a precision measurement of the local value
of the motional electric field magnitude at many positions
along the beam trajectory through the ITER plasma [227].
The initial design concept for MSE on ITER featured both LP
and LS techniques. There have been demonstrations of MSE-
LS and comparisons of both techniques on several devices
(JET [228], ASDEX-Upgrade [229], DIII-D [230, 231], C-
Mod [232], MST [233, 234] and most recently KSTAR [235,
236]) that measured that line splitting data are consistent with
expectations based on equilibria constrained by conventional
MSE-LP data. These studies feature only a few spatial pos-
itions, and spectra in which the line widths are comparable
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to the line splitting. (On ITER there is better separation, with
width ~0.5 X splitting).

The ITER MSE diagnostic design strategy called for a
decision point on the viability of both techniques. Leading up
to the decision, there was effort to identify a means to calibrate
MSE-LP measurements, to assess the use of MSE-LS data to
constrain equilibrium reconstructions, and to evaluate sources
of systematic error in the MSE-LS approach.

MSE-LP calibration typically relies on acquiring data with
‘beam into gas’, with varying magnetic field configurations.
This procedure is not permitted on ITER, hence ‘built-in’ cal-
ibration schemes were considered. At the position of the shut-
ter near the FW, a rotating polarizer or a localized plasma
source would be needed. In the latter case, the polarization
direction of the Zeeman 7-line would be analyzed with Fabry—
Perot filters. Both concepts involved front-end components
with high reliability risk in the harsh FW environment and
were hence rejected.

There were two studies assessing the use of MSE-LS data to
constrain equilibrium reconstructions. The first used the ESC
code in the context of ITER parameters to simulate the equi-
librium reconstruction variance when using combinations of
MSE-LP and LS data in the determination of g(r) and p(r)
[237]. A second study investigated the EFIT reconstruction
code modified to implement either simulated or experimental
MSE-LS data on DIII-D [238]. The studies indicate that at
least 20 spatial positions are needed with E/E < 1% in order
to achieve 5% error on g(r) with MSE-LS alone, and that MSE-
LS alone is a better constraint on p(r) than MSE-LP alone.

An ITER MSE simulation code was used to address sys-
tematic errors in the interpretation of ITER MSE-LS data.
Included were errors in the beam energies, aperture locations,
and beam and sightline shifts and tilts. The plan was to look
at HNB1 and HNB2, as well as the DNB. Modeling was done
for all of these. This study estimated the accuracies required in
the above parameters to achieve JE/E < 1%. Beam energies
need to be known to <1%, aperture and object locations to
<10 mm, and sightline and beam angles to <2 mrad. Concepts
for obtaining and cross-checking this data exist, but design
details have yet to be developed.

MSE-LP systems are considered essential diagnostics on
magnetic fusion devices. An MSE-LS system with enough
spatial coverage to be able to constrain an equilibrium recon-
struction does not yet exist. However, experimental data from
many devices and detailed simulations indicate that such a sys-
tem can meet ITER’s measurement requirements, provided the
geometry and beam energy can be accurately known. Hence,
it was decided to proceed with MSE-LS alone, with a design
featuring adequate spatial resolution [239].

Design of the ITER MSE-LS system is progressing, with
present effort focused on integration of port plug compon-
ents. The above decision eases constraints on the design.
For example, the viewing apertures can be smaller, simplify-
ing integration of viewing optics and shutters. The back-end
design is also simpler, since fewer fiber bundles are needed and
polychromators and polarimeters are eliminated. The beams
are viewed with independent optical systems located in two
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equatorial port plugs (EPPs). Both are equipped with mir-
ror cleaning systems. The total number of spatial positions is
expected to be about 30.

Meanwhile, researchers continue to develop the MSE-LS
technique. One example is recent data from KSTAR, described
in the next section.

4.1.2. Example of MSE-LS data on KSTAR. The KSTAR
tokamak has been operating the conventional PEM MSE
polarimeter, MSE-LP, system since 2015 [240, 241]. Along
with this, the feasibility of the MSE-LS approach has been
also investigated based on the spectroscopic measurements.
These activities have been motivated by the need for a test-
bed for ITER MSE research and development [235, 236]. It
is noted that the MSE spectrum measurements at the KSTAR
tokamak have favorable conditions in that the viewing angles
and the beam energies are such that the full energy compon-
ent is well separated from the rest of the beam emission com-
ponents, which means not only the adjacent components like
the half energy MSE multiplets, but also the background-like
components such as thermal and fast-ion deuterium Balmer-«
(FIDA) emissions have little effect on the spectral fitting.

Figure 69 shows an example of the MSE spectra with the
fitting on them to calculate the magnitude of the total mag-
netic field at two time slices of a plasma discharge—one with
a low plasma density (1.8 x 10'® m~3) and the other with
a medium density (3.5 x 10 m—3). The spectrum meas-
urements are made through three channels—core, mid-minor
radius, and edge—out of 25 full MSE channels, the rest being
connected to the MSE-LP polarimeter, so that both LS and LP
measurements are simultaneously possible. A multi-Gaussian
fit model on the full energy component takes into account
the channel-dependent asymmetry around the 60 component,
clearly observed in the measured spectra in figure 69. The
background that includes the FIDA component is assumed
to be linear in wavelength. The Stark splitting and the relat-
ive intensities among the MSE components are treated as free
parameters. The fitting works reasonably well with both low
and medium plasma densities.

The vertical magnetic field can be inferred from the Stark
splitting with a fixed toroidal field, and this is compared with
that from the LP method. This comparison is given in figure 70
where the radial profiles of the vertical field measured from
the MSE-LP polarimetry are plotted along with those from
the spectral fit method illustrated in figure 69 for three MSE
channels (Chs 2, 15, and 23). The profiles from two different
time points correspond to the two time slices given in figure 69
(low and medium densities). It is shown that the vertical fields
inferred from the LS approach are reasonably aligned with
these LP-base profiles. The comparison using two profiles also
implies that with slight offsets, the vertical fields obtained
from the MSE-LS exhibit similar sensitivities as those from
the MSE-LP over two different densities.

Several issues still remain regarding the spectral MSE
research in KSTAR. The spectral fit procedure would be con-
siderably complicated in the cases with multiple ion-source
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Figure 69. Example of the MSE-LS approach in KSTAR—the multi-Gaussian fits for the full energy components of the beam emission at
two different time points (integrated over 0.5 sec)—low (left column) and medium (right column) densities—through three MSE lines of
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Figure 70. Comparison of the MSE-LP (polarimeter) and MSE-LS
(spectrometer) approaches in the measurement of the vertical field
at two different densities. The vertical fields from channels 2, 15,
and 23 are from the spectral fits given in figure.

injections due to the spectral overlaps. The sensitivity of the
spectral approach also needs to be tested further for discharges
where non-monotonic pitch angle, thereby ¢g(r), profiles are
expected such as the cases with internal transport barriers or
off-axis current drive. Such topics are being investigated at
KSTAR associated with the conventional and routine MSE-
LP measurements.

4.1.3. CXRS on ITER. CXRS has been considered already
in the first ITER design [3] as a possible diagnostic for impur-
ity concentrations, thermalized Helium ash, poloidal rotation
measurement using a dedicated diagnostic beam. First feasib-
ility studies for ITER in [3] showed that local measurements
of light impurity densities, ion temperatures, and rotation pro-
files will be possible only outside of #/a = 0.5 with a 0.1 s
time resolution for the highest density plasmas considered. In
Tugarinov et al [242] it was shown that optimized viewing
geometry and spectroscopic equipment will allow increasing
the SNR significantly. The feasibility of CXRS measurements

65

was demonstrated from the edge to r/a = 0.3 for the highest
plasma density 7, = 1.4 x 10?° m~3. Further development for
the CXRS diagnostic for ITER, including design optimization
and modeling, is described in [243-247].

According to the ITER requirements [4] the CXRS dia-
gnostic should measure ion temperature radial profiles, impur-
ity density profiles, and rotation velocity profiles with a
100 ms time resolution and a 10%—30% accuracy. The spa-
tial resolution should be 20 mm for the plasma boundary
(rla > 0.85) and 66 mm for the central part of the plasma
column (0 < r/a < 0.85). Because of the modulation of the
DNB, the time resolution for the ITER CXRS diagnostic is
relaxed to 200 ms when the DNB is operated in ‘burst’ mode
(3s at 5 Hz with a 20 s cooling down period) and to 1.5 s when
the DNB is operated in ‘control mode’ (100 ms DNB pulse
every 1.5 s).

Three CXRS optical views are foreseen [4]; one for the
core and two for the edge/pedestal region. This basic lay-
out has been kept and the progress on them is described
below.

4.14. Progress in ITER core CXRS measurement setup.
The optical layout of the core CXRS diagnostic is now mature,
at the technical level of a PDR. It comprises the following fea-
tures (see figure 71 for the optical layout):

In the port plug:

- a front mirror unit (FMU) which protects and contains
the entrance aperture, the first mirror M1 and its cleaning
system;

- a set of two pairs of mirrors to transport the light to the
vacuum windows assembly (VWA). They are arranged in
the form of two doglegs to allow for appropriate neutron
shielding;

- a separate embedded unit which contains the fast actively

cooled frictionless shutter and its actuator;

a calibration system to monitor the degradation of M1 by

illuminating the back of the shutter blade which, in normally

closed position, is located at the entrance aperture (cf section
on Calibration).
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Figure 71. Core CXRS optical layout and general setup in UPP03, interspace and port cell.

Ex-vessel components:

- a telescope in the interspace, a ‘dogleg’ in the bioshield
and a couple of lenses in the port cell to feed the long
glass fiber bundle to the spectrometers in the tritium
building;

- ancillaries to the port plug systems, like a beam finder to
check the line-of-sight in absence of light from the torus (no
plasma operation, closed shutter) and the pneumatic helium
drive for the shutter.

A full account of the current status is given in [248, 249]. Both
references present an overview of the system.

4.15. Optical performance. More than in the case of CXRS
in the edge plasma, the biggest challenge of CXRS applied
to the core plasma is the detection of signals which become
radially weaker to the plasma center with attenuation of the
observed DNB. Accordingly, the expected photon yield of the
whole diagnostic requires a maximized etendue and transmis-
sion T. The latter reaches about 40% for the plug compon-
ents including the vacuum window assembly, 70% from the
window to the fiber, 82% for the fiber and 35% for a typical
spectrometer. For the complete system, the estimated T is thus
slightly in excess of 8%.

Similarly, the image is sharp enough for the requirements
on spatial resolution to be fulfilled: 67 mm wide channels in
the radial direction for the range r/a € [0,0.6] with a possible
extension to r/a = 0.7, 250 mm in focal depth, within which
the specified a/30 resolution can be realized. A radial over-
lap with the edge CXRS system is achieved. A minimal mod-
ulation transfer function (MTF > 0.6) and a maximum spot
size at the coupling to the transfer fiber were specified. The
risk of vignetting through deformations of the port plug and
displacement of the optical beam at the plug output window
is minimized by adding a margin >10 mm to the free win-
dow aperture. In connection to this, the optical design was
selected to be as robust as can be against distortions of the
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plug optics under loads of all types. It covers the spectral
ranges:

- M460 nm band (He, Be)—around 468 nm which enables
observation of He II, Be IV;

- A520 nm band (C, Ne, Ar, Kr)—around 527 nm, for Ne IV,
Be II, Ne X and Ar XVII/XVI; and

- A656 nm band (Balmer «) with Hy, D, T4 at 656 nm.

The system is thus designed for the visible spectral range with
the blue region, down to about 450 nm, the most difficult to
achieve but also the most important one.

4.2. Other main drivers

A safety requirement and an important design driver of the
diagnostic is the shielding efficiency of the in-vessel optical
layout against neutrons. It is optimized by the second mirror
‘dogleg’ at the back, close to the windows assembly at the plug
closure plate. This allows to protect the magnetic coils and stay
in the interspace below the maximum tolerable shutdown dose
rate.

For investment protection and a long measurement phase
without intervention, the FMU ducts are designed to keep
the front mirror as far as possible from the entrance aper-
ture, which was reduced to 935 mm. The FMU is designed
to accommodate the insertion of a shutter blade which is fast
enough (0.7 s opening or closing time) to follow the main mod-
ulation of the DNB (duty cycle: 3 s on/20 s off). Furthermore,
a cleaning device is installed for the first mirror to remove
deposits by impurities which would have reached the reflect-
ing surface (see section on mirrors).

The remote handling criteria for maintainability are
attained by designing different embedded units as recommen-
ded by the Port Integrator. Each of them can be extracted and
exchanged upon need. Note that no scheduled maintenance
is foreseen, only inspection of the windows and of ex-vessel
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Figure 72. Shutter embedded unit of the core CXRS system.

components, regularly, plus monitoring of the optics transmis-
sion in the plug by means of the calibration system.

4.2.1. Hardware selection and overall performance. The
first mirror, made of rhodium [250], has a reflectance
R = 73%. It resists corrosion and sputtering by impinging
particles from the main plasma (up to 10'® m—2s~!) or ions in
the RF cleaning discharge (<0.2 mA cm™~2). A thin monocrys-
talline Rh plate seems preferable for a more uniform physical
sputtering. See subchapter 9 on mirrors for more details.

The shutter is frictionless to avoid seizing and driven by
a pneumatic actuator which requires only two pipes for the
feedthrough at the plug closure plate. It is a compact embedded
unit in one piece [251], see figure 72. The very first version,
which had two arms and was less compact, was successfully
tested to 10° cycles. It gives confidence about the ruggedness
of this piece of equipment since the lifetime expected for ITER
amounts to about 6.6 x 107 cycles.

The fibers in the bundle are defined with a numerical aper-
ture NA = (0.22 and a core of ¢ 600 m. Unlike the edge CXRS
system they start in the port cell, are therefore less vulnerable
to radiation effects so they are considered a lifetime compon-
ent. The selection of adequate spectrometers is under invest-
igation, with candidates as described in the Section below on
high etendue spectrometers (HESs).

4.2.2. Progress in ITER edge and pedestal CXRS
measurement setup.  With the aim of providing optimum
radial resolution as well as the means for complementary tor-
oidal and poloidal velocity measurements, two observation
periscopes have been designed for the CXRS Edge system in
Eq-port #3: lower periscope for observation in radial range
0.5 < r/la < 1 (Edge observation), and upper periscope for
CXRS observation in radial range 0.85 < r/a < 1 (Pedestal
observation). Figure 73 shows the present layout for the ITER
CXRS diagnostic LOS: CXRS Edge and Pedestal are mostly
toroidal systems with a £10° angle to the horizontal plane.
Similarly to the core CXRS diagnostic the layout of the edge
and pedestal CXRS diagnostic is now mature, at the technical
level of a PDR.

Components of the ITER CXRS Edge diagnostic are dis-
tributed throughout the ITER tokamak complex. The front-
end optics are installed in Equatorial Port 3 (EP3), view-
ing the DNB. The collected light reaches the EP3 Interspace
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through vacuum windows. Then it is transmitted along fiber
bundles to the diagnostic room in the adjacent Tritium build-
ing, accommodating the back end of the CXRS Edge system.
That includes HESs, detectors and Instrumentation & Control
(I&C) cubicles.

The light collection system produces an image of the DNB
in the image plane, located in the EP3 interspace. The plasma
facing element of the light collection system is the flat First
Mirror. Hot plasma particles can significantly modify the
optical properties on mirrors due to erosion and deposition.
That is why a sandwich design is used: single crystal molyb-
denum segments are fixed on poly-crystal molybdenum sub-
strate by hot isostatic pressing (HIP). Molybdenum has a better
sputtering resistance than the rhodium proposed for the CXRS
core, but a lower reflectivity. The latter is acceptable due to the
higher signal levels available at the plasma edge. To extend
mirror lifetime during DNB off time a protective shutter is
used, and a mirror cleaning system is proposed for occasion-
ally removing plasma deposits.

The light collected by the first mirrors is transmitted
through the port plug by mirrors and crosses the vacuum
barrier through optical windows with the biggest available
clear aperture diameter of 160 mm. Each window consists of
two Fused Silica wedged disks, which are also tilted 2° with
respect to the optical axis. This avoids any parallel surfaces to
mitigate parasitic reflections. Fused silica material was chosen
because of its high radiation resistance, high optical transmis-
sion, considerable experience in manufacturing and relatively
low cost.

The ex-vessel lens assemblies produce an image of the
observed area of the DNB. The fiber bundle heads are placed
into the image plane of the light collection system. Special
fiber head alignment systems ensure proper alignment onto the
image. The light signal is transmitted from the port cell via the
interspace fiber bundles to the optical connector on the outside
of the bioshield. Then light is transmitted to spectrometers in
the diagnostic area of the tritium building via the main fiber
bundles.

To meet the radial resolution requirements the CXRS Edge
diagnostic system has 26 spatial channels: 10 core channels
(0.5 < rla < 0.85) and 16 edge channels (r/a > 0.85), while
the pedestal optics has 16 channels. Because core channels
have smaller active signal intensity, they cover a larger area of
the DNB than edge channels. Distances between these strips
were chosen to provide a spatial resolution of 20 mm at the
plasma edge and 67 mm closer to the center. As an example,
the Pedestal system layout is shown in figure 74. The integ-
rated fiber bundle assembly includes: the fiber bundle channels
as per radial locations (for CXRS pedestal, 16 active channels
and 4 passive channels), the bundle to bundle coupling connec-
tions (ISS fiber to main fiber coupling after the bio shield), the
required terminations (for image coupling, for spectrometer
entrance slit coupling), and arrangement of the calibration
fibers (to inject calibration light signal into the light collec-
tion and transmission path as shown in figure 76). The optical
fibers are organized into bundles containing four optical chan-
nels. For ITER-measurements, five bundles to cover the 20
radial locations are needed. The fiber head of each bundle has a
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10 x 4 matrix of fibers. Each column has ten fibers and denoted
as one channel in ITER-CXRS-pedestal diagnostics. In each
channel, nine fibers are for light collection, and one is reserved
for calibration.

In the interspace, fiber bundles are subjected to neutron
and gamma radiation influence. These bundles contain radi-
ation hard fibers (low OH content, H diffused fused silica
[252]), but nevertheless may acquire damages and lose trans-
mission. Partly, light transmission can be restored by anneal-
ing the optical fibers. For this, the design provides an integ-
rated heating tape (at temperatures up to 200 °C-300 °C) to
allow annealing of the radiation damage.

The measurement performance assessment of the Edge
CXRS diagnostic can be found in Serov et al [253]. Several
scenarios, covering all expected baseline operation regimes for
ITER, were used. The modeling was done for various low-Z
impurity (He, Be, C, and Ne) concentrations for the whole
spatial range. Statistical errors for ion temperature, dens-
ity, and rotation velocity were calculated. Minimum concen-
trations, allowing measurements with the required accuracy,
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were obtained. Effort was made to review other non-statistical
error sources for the CXRS measurements, including wall
reflections, multiple tungsten lines in CX spectra, effects on
the active CX line shape, calibration, and positioning uncer-
tainties. Consideration of the major error sources showed that
the CXRS Edge system will be able to meet all ITER meas-
urement requirements, apart from the requirements for the pol-
oidal rotation velocity measurements.

4.3. lon temperature measurement in a carbon-free machine

The transition in ITER wall material away from carbon to
a beryllium-tungsten combination has had implications for
the CXRS measurement of ion temperature (7;) and rotation.
Previously the CVIn = 8-7 CX line at 529.0 nm was routinely
used and benefitted from being the dominant line in a compar-
atively clear spectral region. With a metallic FW the CXRS
situation is less ideal; the CX lines of Beryllium may not be the
dominant feature and the presence of many additional spectral
lines give a more complex background spectrum. The analysis
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of the CX to determine T; must be adapted and developed to
cope with the new circumstances for which the JET experi-
ment offered the best possibilities.

The beryllium and tungsten material combination of the
JET ILW saw the introduction of additional impurities into the
plasma and many spectral lines are observed throughout the
CX spectral regions of interest. These are mainly from tung-
sten and include narrow emission lines of neutral WI [254] as
well as magnetic dipole transitions of various W charge states
[255] and W CX emissions. The lines observed depend on
the conditions in the plasma and the location viewed. Spectral
lines from other impurities are also seen for example due to
transient events. When the CX line is dominant in the spec-
trum then a good determination of 7; and its uncertainty can
be obtained. However, when the CX intensity is less favorable
compared to the background nuisance lines then the 7; and
the quality of T; obtained from the multi-Gaussian fitting of
the spectral region can be affected. There can also be an inter-
play in the fit between the intensity and width of the CX and
nuisance lines. To reduce the influence of the nuisance lines it
is valuable to have a good understanding of what these lines
are; additional constraints can also improve the fit and assess-
ment of uncertainty. Having both red and blue Doppler-shifted
views through the plasma at JET has been greatly beneficial in
identifying and constraining the background spectral lines we
observe. This knowledge can also then feed forward into the
CX analysis on other devices such as on ITER where the dif-
ferent viewing geometry will not offer this opportunity.

The influence of the nuisance lines in the core-CX analysis
can also be reduced by using beam modulation or notching,
where short off notches are introduced in one or more of the
neutral beam injections (NBIs) seen by the CX lines-of-sight.
For the CX analysis we subtract the spectrum measured in the
beam notch from that measured with the beam on, with the aim
to reduce the background and leave a simplified spectrum to fit.
This can bring us back to the situation where the CX is again
dominant in the spectra. It is most effective where the back-
ground lines have not changed, such as in stationary condi-
tions, close to the notch, or using selective matching of the act-
ive and notch camera frames. Including notches in the NBI at
JET requires additional effort by the scientific teams and it can
be a compromise on what is acceptable to the scenario in terms
of disturbing the injected power. Any CX contributions of non-
notched beams are also subtracted, which at JET is a factor
to consider in the use of this technique with the impurity-CX
where the basic intensity may already be low. The extent and
quality of the T; measurement ultimately depends on having
enough CX intensity available. Use of a single dedicated dia-
gnostic beam in ITER will simplify the situation as it does not
require notches in the main injected beam power as well as
removing the complication of multiple beams contributing to
the CX, it is planned that the ITER diagnostic beam will be
modulated.

The switch to the ILW at JET reduced the intrinsic C levels
by at least an order of magnitude compared to the C-Wall
era. Whilst the CVI-CX line is still observed it is difficult
to obtain good T; measurements from the CVI-CX alone in
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most plasma conditions, in particular, in the core region. The
intrinsic beryllium offers the possibility of using the BeIV-CX
lines at 465.8 nm n = 6-5 and 468.5 nm n = 8-6 to derive T;.
These are routinely measured; however, it is challenging to
get an independent T; from the BeIV-CX and so this is mainly
used for ion density. The Be intrinsic concentration is fairly
low and the spectral region of these CX lines again has mul-
tiple W nuisance lines which need to be taken into account.
The BelV-CX analysis can also be further complicated by the
Hell n = 4-3 CX transition at 468.5 nm when there is Helium
present. The Hell-CX itself also has the potential for deriving
T; if the line is strong enough and the spectral region can be
fitted well.

Injecting a small amount of another impurity into the
plasma gives us back more control of the CX intensity than
having to rely on the intrinsic emissions. By adding Neon, the
NeX-CX n = 11-10 line at 524.9 nm can be exploited for T;.
The amount of Neon required for good measurement to the
core depends on the plasma conditions, and the inclusion of
this extra radiating species must be acceptable to the exper-
imental scenario. However, even with low concentration, an
improved T can be obtained to the core. Tungsten nuisance
lines are also present in the NeX-CX spectral region of interest
and can influence the CX analysis unless successfully included
in the fitting or reduced through beam notches. The proximity
of the NeX-CX to the CVI-CX in the spectra means that any
residual CIV-CX present can be used to add constraint to the
analysis. The use of neon for CX has become routine in many
JET experiments [255]. Adding an impurity species such as
neon will be even more important for ITER where there will
be even less or no carbon CX available.

The main ion (H,D,T) n = 3-2 CX emission at 656 nm is
now also routinely measured at JET [256]. The relative posi-
tion of the CX line and beam emission spectra influence where
good T; can be obtained. Where there is a mix of fuel iso-
topes the contributions from all isotopes must also be included.
The beam notch analysis technique to simplify the spectra,
typically by selectively matching active and notch frames, is
required for analysis of this CX. At JET beam notches may not
be suitable or wanted in the experimental scenario which can
limit the availability of this 7; measurement; with its dedicated
modulated diagnostic beam ITER will not have this constraint.

Without carbon we can no longer rely on the old standard
CVI-CX for core ion temperature measurement. The flexibility
of having multiple systems and techniques available at JET has
proven beneficial to maximize the potential for and reliability
of obtaining good Tj. Injecting a small amount of neon as an
additional impurity gives more control of the CX intensity than
relying on the intrinsic impurities present and can enable good
T; measurement into the core. Having a sufficient intensity of
the CX line is crucial. The use of notches in the NBI to help
separate the CX from the background spectra and exploiting
the main-ion CX for 7 have also proven valuable. It has been
essential to develop the CX analysis to take into account the
increased complexity of the spectral regions of the CX lines, to
reduce the influence of the nuisance spectral lines which could
otherwise affect the T obtained.
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4.3.1. Advanced spectral evaluation methods. ITER CXRS
measurements become complicated because of the low SNR
due to strong attenuation of the DNB, caused by the large size
and high density of the plasma. Other complicating factors are
the presence of other spectral lines due to CX reactions with
the edge neutrals [257] (passive CX line) and due to the elec-
tron impact excitation [258] (edge lines) and multiple tungsten
lines [254].

Therefore, modeling is important for the development of
the CXRS diagnostic. For this purpose, the simulation of spec-
tra (SOS) code [259] could be utilized. It was developed for
predicting beam-induced spectroscopy diagnostic perform-
ance on fusion devices. In particular, it has models for all main
CXRS spectrum components and could also be used for spec-
tra fitting and error estimation. The spectrum is constructed
from the following components, modeled separately: active
CXline, passive CX line, edge electron impact excitation lines,
bremsstrahlung continuum, and statistical noise. The obtained
spectrum is fitted using least-squares minimization procedure.
Intensity, temperature, and rotation velocity errors are calcu-
lated from the active CX line fitting 95% confidence intervals
(corresponding to £20). The main source of atomic data is the
ADAS database [260, 261].

The SOS models were validated using experimental data
from several tokamaks, e.g. JET [261], TEXTOR [262] and
EAST [263]. The benchmarking process will not be discussed
in this paper. Results of the benchmarking against JET experi-
mental data [264] demonstrate that the SOS code allows reas-
onable CXRS spectra predictions and could be used for active
spectroscopy diagnostic development for ITER.

4.3.2. High-etendue spectrometers. Due to the low act-
ive light intensity and high background the spectrometers for
the CXRS diagnostics should have high etendue and high
transmission combined with the necessary spectral resolution
in a few limited spectral ranges. These requirements cannot
be fulfilled with commercial spectrometers; therefore, special
devices need to be developed.

To provide plasma parameter measurements according to
ITER requirements the CXRS edge diagnostic system spectro-
meter should be able to collect spectra in wavelength regions
indicated above. To fulfill the above requirements the high
etendue, high resolution spectrometer (HES) of the CXRS
Edge system will have three channels, covering all the lines
listed: blue (468 + 5 nm), green (529 £ 5 nm) and red
(656 4= 6 nm).

A multi-channel HES spectrometer prototype, based on
transmission gratings, was designed and built for the CXRS
Edge system. The principle scheme of the HES spectrometer
is shown in figure 75, while table 25 lists the technical spe-
cifications obtained during the laboratory tests. These labor-
atory tests were done without the light traps/viewing dump,
which are shown in figure 74. Light traps and shields will be
installed for further spectrometer properties improvements. In
addition, interference filters will be installed in front of the
image plane in each spectral channel in order to reduce the
stray light level. One more future step is the improvement of
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Figure 75. Principle scheme of the optimized multi-channel HES
spectrometer: entrance slit (1), collimator objective lens (2),
holographic transmission gratings for 468 + 5 nm, 529 + 5 nm and
656 £ 6 nm spectral ranges respectively (3), camera objective lenses
(4), sSCMOS XIMEA cameras (5), light traps/viewing dump (6).

Table 25. Technical specifications of the prototype HES
spectrometer.

Dispersion (blue/green/red), 3.4/3.6/5.0 A mm—

Transmission (blue/green/red) 35/34/25%
Max. spectral resolution ~0.1 A
F-number 3
Magnification 1

Entrance slit width 0.4-1 mm
Entrance slit height 20 mm
Image plane size 20 x 25 mm
Contrast >750 000

the diffraction and transmission efficiency of the holographic
gratings. It is expected that the diffraction efficiency could be
increased up to 50% and the transmission efficiency up to 85—
95%. More details about the CXRS edge spectrometer can be
found in Tugarinov ef al [265].

For the spectrometer design of the core CXRS diagnostic
a different approach was adapted. A prototype spectrometer
was designed by TNO company, Forschungzentrum Jiilich and
the Eindhoven University of Technology [266]. As designed,
it meets the ITER design requirements of 1 mm? SR etendue
for a single optical channel of the core CXRS optics, accept-
ing light from NA = 0.22 fibers at the input. A single large
lens is used for both collimation and focusing and a single
grating used for all three spectral channels, providing meas-
urements of hydrogen and its isotopes, carbon, neon, helium
and beryllium simultaneously. The spectrometer was tested
initially at TEXTOR and then moved to ASDEX Upgrade
where it was used predominantly for helium measurements
[267] including a feasibility assessment of measuring fast-
helium from fusion reactions on ITER [268]. More recently,
the spectrometer was moved to Wendelstein 7-X where it is
now the primary CXRS spectrometer [269]. The spectrometer
was notably easy to reassemble and to align due to the excel-
lent mechanical design and clean separation of the input stage,
slits and of each spectral channel. This results from the par-
ticular optical design which also separates the focusing, mak-
ing it easy to achieve good wavelength resolution across the
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Interspace

Control room

Figure 76. The scheme of the developed technique for transmission and wavelength calibration of an optical circuit. Indicated: shutter with
retroreflector (1), first mirror (2), vacuum window (3), out of vacuum optics (4), image plane (5), main fiber bundle with an additional fiber
(6), spectrometer (7), illumination system optics (8), calibration light source (9), neon lamp (10), detector for light source control (11),

movable Fabry—Pérot interferometer (12).

entirety of all three wavelength bands and across all spatial
channels. The separation allows the slit width to be independ-
ently changed for each spectral channel with ease. A small
amount of cross-talk between spatial channels is observed at
W7-X due to their dense packing but this would likely not be
significant in the ITER case. Experience has shown the spec-
trometer to be very stable, with a drift of only 10 pm over a
day due to temperature changes, making pre- and post-shot
calibrations sufficient even for long pulse operation.

Both spectrometer designs for the ITER CXRS diagnostics
basically fulfill ITER requirements on etendue, spectral res-
olution and throughput, which demonstrates that construction
of suitable spectrometers is possible. However, the necessary
total etendue of all observation channels can be fulfilled only
by multiple devices, therefore the decision on the final spec-
trometers will surely be affected by cost limits.

4.4. Calibration methods

Three calibrations can be considered for the spectroscopy dia-
gnostics: spatial, wavelength and intensity. The spatial calibra-
tion of the diagnostics is assumed to rely on optical tests before
installation and device metrology during installation, no spe-
cial spatial calibration procedures are assumed to be built into
the diagnostics.

For intensity calibration one should consider that the CX
signal intensity Icxrs of an impurity line depends on the
product of local beam and impurity density. Calculating beam
attenuation from plasma parameter profiles the impurity dens-
ity can be obtained from the measured line intensity, there-
fore a method for transmission calibration is necessary to
compensate for the change in the reflectivity of the first mir-
ror, transmission of lenses and most importantly the optical
fibers. The calibration procedure should test the whole optical
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chain from the first mirror to the spectrometer and should
be repeatable during the ITER lifetime without the need for
access to the diagnostic. The calibration requirements are
somewhat relaxed by the fact that the beam light emission sig-
nal (Iggs, H,, for the DNB) depends on the product of the beam
intensity and the electron density. If the BES light is collected
from exactly the same volume as the impurity radiation the
relative density of the impurity becomes [246]:

nz _ lcxrs Oges
ne  Iggs Ocxrs

where Opgs and Qcxgrs are atomic emission rates dependent
on plasma parameters. Therefore, the calibration process need
not be absolute, but only relative between the BES and CXRS
wavelengths.

It is unlikely that there will be any means of positioning
a calibrated uniform source, typically an integrating sphere,
within the VV after operations have commenced — possibly
not even during installation and adjustment where it is highly
desirable. Other schemes like bremsstrahlung-based calibra-
tion, branching ratio calibration (between different Balmer
lines) were considered but were not found to be suitable as the
main calibration tool. In the two CXRS systems a somewhat
different setup is considered although both are based on col-
lection of a calibration light transmitted through the collection
system.

4.4.1. Calibration in the edge CXRS system.  For the edge
CXRS systems the calibration principle is based on the use
of a light reflecting element (retroreflector or mirror), which
is placed on the back side of the first mirror’s shutter plate.
The scheme of the developed technique for transmission and
wavelength calibration of the optical circuit is presented in
figure 76. An additional optical fiber is added to the main fiber
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Figure 77. Schematic view of the calibration system of the core-plasma CXRS. A-object region with diagnostic neutral beam; B-aperture
stop (entrance pupil) and shutter blade with diffuser coating on the backside; C: main optics for observation; D-overlap of illumination and
radiometer systems in the front mirror unit; E-illumination path in vessel; F-idem ex-vessel; G-radiometric optical path.

bundle (6). The main fiber bundle is connected directly to the
entrance slit of the spectrometer (7), which is placed in a dia-
gnostic area in tritium building. The additional optical fiber
is illuminated by a light source (9) in spatial angle accord-
ing to the spectrometer’s light transmission ability. Light from
the additional fiber passes through the entire aperture of the
light collection system (5—4—-3-2) and reflects from the retrore-
flector (1). Then reflected light goes back through the entire
optical circuit and illuminates main fiber bundle in the image
plane (5).

The idea is that by illuminating one fiber from the dia-
gnostic area we could illuminate all the other fibers using
reflected light, which will be transported to a spectrometer
where it can be detected and analyzed. This scheme will allow
periodical transmission calibrations for the system and could
also be used to perform a wavelength calibration of the spec-
trometer. For this purpose, a special calibration technique,
described in Shabashov et al [270], could be applied. It uses a
combination of the fringe pattern created with a Fabry—Pérot
interferometer (12) and a neon lamp (10) spectrum for accur-
ate wavelength calibration.

The possibility of this calibration scheme was demonstrated
using both modeling and laboratory tests.

4.4.2. Calibration in the core CXRS system. The calibra-
tion scheme for the core CXRS system aims at measuring the
transmission of the optical system, it provides the conversion
factor between detector signal levels and spectral radiance (a
photon intensity in units similar to photon/m*s Srnm). As a
minimum, the calibration must provide the relative sensitivity
as a function of wavelength but an absolute calibration is fully
advisable.

The original proposed concept uses a white light source loc-
ated at a distance of ~5.2 m from a diffuser located on the
back of the diagnostic shutter, as shown in figure 77. Some of
the scattered light is collected by a radiometer which thereby
measures the absolute spectral radiance of the diffuser. The
calibration scheme uses a bent light path, in fact a single mir-
ror in a tightly baffled light path, to introduce light onto the
shutter/diffuser equally in both its open and closed positions.
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When open, the diffuser radiance is measured by the directly
viewing radiometer and we rely on this radiance being the
same when the shutter is in the closed (calibration) position
to collect the light through the full observation path of the dia-
gnostic. A slight tilt of the diffuser plate in the order of 20°
with respect to the plane of the shutter blade, in the direction of
the illumination and radiometer channels, increases the spec-
tral radiance of the diffuser by almost a factor of 3.

The initially planned location for the source and the
radiometer was the interspace (IS), close to the two windows
through the closure plate of the port plug. However, con-
cerns were raised regarding access to the IS for maintain-
ing the system. As a result, a scheme for relocation of the
light source and radiometer in the port cell was developed
on the basis of either optical fiber or mirror relay optics.
Both options are conceivable. Furthermore, a bare tungsten-
halogen lamp without intervening optics between it and the
shutter could be used but it is anticipated that alternative light
sources will provide considerably higher irradiance levels at
the shutter. Such sources, for instance high-brightness laser-
driven light sources, are worth considering and ought to be
tested. A 1:2 prototype of the whole system is proposed for
assessment.

With the proposed calibration system, which intrinsically
represents an absolute calibration, we gain — over the pure
ratio between the beam-emission and charge-exchange (CX)
wavelengths — the potential to measure the bremsstrahlung or
Z.g profile, impurity influxes, measure the DNB attenuation,
monitor the rate of deterioration of the first mirror, with the
possibility of limiting the use of the diagnostic, if this is severe,
and evaluate the efficacy of in-situ mirror cleaning. This cal-
ibration method is, however, more challenging to technically
integrate and its implementation is under review.

4.5. Additional measurement possibilities with active beam
techniques

The active spectroscopy diagnostics on ITER aim at a few
main purposes, but the optics and beams would provide the
possibility for some additional measurements which are being
used on present-day devices. Although they are not part of the
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Figure 78. Atomic emission rate for fast ion CXRS on He2+ and
D +.

approved ITER diagnostic set, but they are already included or
proposed as a supplementary use of the diagnostics.

4.5.1. Fastion CXRS (FICXS) for confined and escaping alpha
particles.  Four separate FICXS cases are usually addressed
by spectral modeling codes: Confined fusion « particles,
escaping « particles, *He™? minority heating and finally,
slowing- down beam ions (also known as Fast-Ion D-Alpha
or FIDA).

The common feature is the procedure of calculating the
observed CX spectrum from the convolution of a three-dim
VDF with a collision velocity dependent CX emission rate
function. Recently revised ADAS [260] emission rates are
shown in figure 78. The VDFs can be isotropic as for the
case of slowing-down fusion alpha particles or anisotropic
for slowing-down beam ions [271]. The main-goal of FICXS
modeling is the deduction of fast ion densities, verification
of slowing-down velocity distribution features, assessment of
fast ion losses and associated anisotropic issues.

Absolute fast ion density modeling is linked to the calcu-
lation of a fast ion source rate which in the case of confined
fusion alpha particles is based on toroidally symmetric profiles
for ng, ny and T;. By contrast, an anisotropic Fokker—Planck
beam injection model (see [271]) applies for slowing-down
beam ions. Numerical treatment of Source rate calculations
may differ significantly in different simulation codes such as
TRANSP [272] or SOS [259]. A particularity for the Beam
Fast Ion CXRS modeling of a broad-band Balmer Alpha spec-
trum (or FIDA, Fast Ion Dalpha spectrum) is the dual role of
the beam as a source of fast ions and at the same time as a probe
beam for the diagnosing CXRS process. Figure 79 through
figure 82 illustrate characteristic features for the four types
of FICXS spectra: confined and escaping alpha particles, He3
minority heating and NBI slowing down ions.

4.5.2. Measurement possibilities for turbulence and MHD
waves.  Currently, millimeter-wave reflectometry is envi-
sioned as the primary diagnostic for the measurement of
plasma density fluctuations [273]. In the SOL high amp-
litude fluctuation (blobs) are an essential element in setting
the divertor heat load [274]. At the high fluctuation amplitudes
interpretation of reflectometry measurements is complicated
[275] and the lifetime of Langmuir probes is questionable.
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Therefore, at the edge and SOL it is worthwhile consider-
ing fluctuation BES as an alternative to measure blobs [276]
and MHD waves. Such a fast BES diagnostic could use the
CXRS periscopes viewing the DNB. Two observation geo-
metries were considered for fluctuation BES: the pedestal and
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Figure 83. Modeled channel arrangement for feasibility study of
fluctuation BES. (A) The studied arrangement for the pedestal
system shows dedicated channels for BES (blue) between the CXRS
channels (green). (B) The studied arrangement for the core BES
system is proposed to piggy-back on the existing CXRS field of
view (blue).

the core observation. The fluctuation BES system could either
piggy-back on existing optical fibers [277] or rely on extra
fibers that can be installed to utilize the part of the beam image
not used by the CXRS systems. The analysis presented here
employed the first approach for the core system and the second
approach for the pedestal system for ITER scenario 2 as shown
in figure 83. It has to be noted, that in this configuration obser-
vation of the DNB is limited to r/a < 1, therefore SOL turbu-
lence cannot be measured in this scenario. However, a slight
modification of the plasma configuration might allow study of
at least near-SOL turbulence.

For any fluctuation BES diagnostic three factors are import-
ant: separation of beam light from edge plasma radiation, SNR
and spatial resolution resulting from the intersection of beam
and observation.

The fundamental challenge with ITER BES observations
lies in optimizing the narrow wavelength filter to maximize
SNR and the SBR. The sheer size of ITER and harsh con-
ditions result in observation geometries with small etendue
and complicated optical systems with low optical transmission
rates. ITER is also expected to feature high background plasma
radiation foreshadowing challenges regarding the SBR. To
study possibilities the SOS code [259] was used to model the
expected light spectra for each detector channel. To achieve
the desired filter spectral profile for each channel, a realistic
filter characteristic resembling a three-cavity optical filter was
shifted in wavelength. The flat-top region of the filter profile
was kept at 90% throughput. Examples of the modeled spec-
tra and the corresponding optimized filter characteristics are
shown in figure 84.

By applying the optical filters on the simulated spectra
(figure 84) one arrives to the filtered beam emission and corres-
ponding background components, which in turn can be used to
calculate the SBR of each channel (figure 85). The filter effi-
ciency is calculated as the ratio of filtered beam emission to
the unfiltered beam emission for each channel. The core CXRS
features a perpendicular view of the DNB at p = (.15, so in the
central region the optimized filter can only utilize a side peak
of the MSE spectrum to avoid the edge background radiation.
This, combined with the large continuous background, results
in an unfavorable SBR «1. For the outer channels of the core
system, the Doppler shift is sufficient (as seen in figure 84(a)),
and thus the SBR rises to a tolerable value (figure 85). The
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pedestal observation geometry features a decreasing Doppler
shift towards the LCFS, resulting in a significant drop of filter
efficiency. However, even the worst-case filtering (as shown
in figure 84(b)) yields a sufficiently high SBR due to the
steadily decreasing background. SBR values in general are
sub-optimal, and necessitate a careful methodology for back-
ground subtraction. The forthcoming analysis introduces two
approaches to background correction. The ‘optimistic’ back-
ground scenario considers a background that is steady on the
time scale of the studied fluctuations, and therefore it can be
measured with a negligible statistical uncertainty. The ‘conser-
vative’ approach assumes a fluctuating background that needs
to be measured by a parallel fast detector system with a meas-
urement uncertainty comparable to that of the fluctuating BES
signal.

Considering the photon current values computed by apply-
ing the optimized filter throughputs on the simulated spec-
tra, two detector types were considered for the ITER fluctu-
ation measurements. An avalanche photodiode (APD) for the
core observation geometry and multi pixel photon counter for
the pedestal observation geometry, both at 500 kHz sampling
frequency. To assess the expected noise, the SNR depend-
ency on the photon current was used for the above stated
detectors [278, 279]. An optimistic SNR estimate is calcu-
lated by assuming negligible background light fluctuation,
while a conservative estimate assumes similar relative amp-
litude fluctuation for the background than for the beam light.
Figure 85(b) shows the expected SNR values, where the real-
istically achievable values probably lie in between. The SNR
range for the pedestal observation geometry is not very favor-
able, as the values range from 2 to 10 depending on the loca-
tion and the above approaches to estimation. The SNR estim-
ates for the core system outside of p = 0.4 are much bet-
ter. Figure 85(c) shows the relative amplitude threshold for
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BES systems plotted against the normalized minor radius. (a) Filter
efficiency and SBR for each channel. (b) Range of expected SNR
values. (c) Range of expected detection limits for individual
fluctuation events in relative amplitude.

detection of individual transient events, as calculated from the
corresponding SNR values. The core observation geometry is
predicted to assess relative amplitudes as far as below 10%,
while the pedestal observation scenario is predicted to be able
to detect relative amplitudes of 10% in the best-case scen-
ario or above. The actual detection limit greatly improves for
stationary fluctuations, where statistical averaging or spectral
methods can be applied.

Regarding the spatial resolution, the pedestal system should
be capable of resolving the 2D structure of field-aligned
perturbations, as the LOS are well aligned to the magnetic
field lines across the beam [280]. The quantitative measure
of the emission smearing resulting from the slight misalign-
ment between magnetic field lines and LOS is characterized
in figure 86. The smearing effect decreases from the LCFS
towards the core, from values in the range of 15 mm, down to
5 mm. Furthermore, emission smearing due to the finite life-
time of excited states for the pedestal diagnostic was calcu-
lated to be 5 mm at the pedestal and 3 mm towards the core.
Finally, accounting for the 10 mm radial width of the detector
projections, the system’s effective radial resolution is valued at
18 mm at the innermost edge, while 30 mm close to the LCFS.
Similarly, an overall poloidal resolution range of 22 mm to
24 mm was estimated. Despite the considerable beam width,
the proposed setup presents a reasonable spatial resolution,
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Figure 86. Spatial resolution of the pedestal fluctuation
measurement for field-aligned perturbations. Poloidal projection of
the proposed detector array and the extension of a field-aligned
perturbation due to misalignment of LOS and magnetic field lines.
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Figure 87. Poloidal snapshot of edge density turbulence simulated
by HESEL, and the poloidal projections of possible fluctuation BES
LOS of the pedestal CXRS viewing the scrape-off layer in
inward-shifted scenario.

with the capacity to resolve plasma density fluctuations and
filaments in a width range starting from 1-2 cm.

The close-to-vertical LOS of the core system view result
in a poloidal resolution in the range of 100-150 mm, and a
35-50 mm of radial resolution in the outer region, where the
signal quality was shown to be favorable. Therefore, a fluctu-
ation BES system on the core CXRS periscope will not be able
to detect turbulence, but it can be considered for the detection
of MHD waves in the outer core region.

4.5.3. Synthetic BES diagnostic. ~ In order to assess the
measurement possibilities of a fluctuation BES system a syn-
thetic diagnostics workflow was set up to provide synthetic
signals [281] for SOL/edge turbulence using the HESEL code
[282], and the synthetic fluctuation BES signal provided by
RENATE [283]. Figure 87 shows a snapshot of the simulated
turbulent 2D poloidal density field for Scenario 2 plasma, and
the channel projections of the pedestal fluctuation BES sys-
tem (as show in figure 83(a)) overlaid, assuming a slightly
inwards shifted plasma. Emergent SOL filaments, as predicted
by HESEL, will be smoothened as a result of the spatial smear-
ing of the diagnostic system, but are still sufficiently large to
be spatially resolved.
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Figure 88. Turbulent density fluctuations in the SOL simulated by
HESEL, and the corresponding response in BES signal amplitudes.

This conclusion is illustrated in figure 88, which shows the
time evolution of the density along the central detector array of
figure 87, and the time evolution of the corresponding BES sig-
nals without detector noise added. Tilted structures emerging
from the LCFS are clear indicators of radial filament propaga-
tion, although the resolution might not suffice for accurate
velocity measurements, it does suffice for the assessment of
SOL filament statistical features as well as filament identifica-
tion as long as they are sufficiently large to pass the detection
threshold.

Measurement possibilities have been further analyzed by
the introduction of realistic simulated measurement noise, by
considering the deterministic signal as expected values [284].
First analysis shows that the low SNR values predicted for the
pedestal fluctuation BES system significantly affect the sig-
nal statistics, therefore comparison of measurements with syn-
thetic diagnostic signals is essential [285].

4.5.4. Diagnostic beam development.  As described in
section 1, for measuring active spectroscopy signals with good
SNR and good spatial resolution, a 100 keV hydrogen DNB
is considered for ITER [4]. The beam parameters desired to
meet the ITER-CXRS diagnostics requirements [246, 252,
287] are listed in table 26. The injector consists of a 100 keV
RF based negative ion source which produces energetic beams
with controlled optics using a three-grid extractor and accel-
erator system, coupled to the source. The stringent require-
ment of beam divergence <7 mrad is met by using optim-
ized aperture shapes, inter grid spacing, voltage tuning and
appropriate control on the beamlet deflections due to various
factors like the magnetic and filter fields, beamlet—beamlet
interactions, etc [288]. Considering 60% neutralization effi-
ciency of negative ions, transport losses over lengths of 21.7 m
due to beam divergence, deflections and reionization losses,
the desired extracted current from the RF source is 60 A @
100 keV. However, for achieving a good SNR of CXRS sig-
nals, a neutral beam current of ~20 A at 100 keV beam energy
will be injected into ITER plasmas either with a modulation
frequency of 5 Hz, 3 s ON/20 s OFF duty cycle (burst mode),
or as a 100 ms pulse every 1.5 s continuous throughout the
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Table 26. Parameters of the ITER DNB [286].

Parameter Value

Beam energy 100 keV

Beam species H

Extraction area ~0.2 m?

Beam divergence <7 mrad

Accelerated ion current 60 A

Accelerated current density 30 mA cm ™2

Beam power at ~20.7 m 2 MW

Modulation 5 Hz during 3 s ON time
Duty cycle 3 son, 20 s off

discharge (control mode). The passive signals recorded during
beam off period will be used for an efficient background cor-
rection to retrieve the active signal which are otherwise con-
voluted with a strong passive signal.

The extracted current passes through a 3 m neutralizer
placed at 1 m from the source. The mixture of ion and neutrals
is separated in the 1 m long residual ion dump (RID) placed
at 0.75 m from the neutralizer. The neutral beam exiting from
the RID is characterized with a calorimeter having two panels
arranged in a V shape that can open and close under evacu-
ated conditions. Considering the huge power and power dens-
ities of ~10 MW m™—2, the panels of the calorimeter are made
of a stack of CuCrZr elements working on the hypervapotron
concept. Once characterized, the two arms of the calorimeter
are opened to allow transport of the beam to the plasma.

There are large cryopumps (pumping speed: 10° 1 s~1)
installed, beginning from the neutralizer exit to the end of
the injector, to pump out the Hydrogen gas. The reionization
losses from the exit of the RID to the point at which the beam
enters the ITER machine are estimated to be ~20%. The ions
born out of reionization of neutrals and deflected by the stray
magnetic fields are collected on the frontend components and
the duct which are lined with suitable liners. The design of the
liner surface takes into account the heat loads and maximum
power densities of the incident deflected ions on the surfaces
due to focusing effects of the stray fields.

In order to establish the operation and performance of the
DNB injector prior to its onsite commissioning at ITER, and
to provide the beam operational database for supporting mod-
eling and expected S/N ratios during CXRS measurements
at ITER, an INdian Test facility (INTF) is conceptualized
and is currently under commissioning at ITER-India laborat-
ory, Bhat Gadhinagar. This is a voluntary task undertaken by
INDA with a unique facility of transporting and characteriz-
ing ITER like beams over 21.5 m, similar to the beam trans-
port path length at ITER. The operation of beam is optimized,
and the performance is assessed by deploying several invasive
and non-invasive diagnostics. An overview of different dia-
gnostics, planned for INTF operation is shown schematically
in figure 89 and a more detailed description can be found in
[289-291].

The beam divergence and beam uniformity are measured
by a Doppler shift spectroscopy (DSS) diagnostic. The negat-
ive ion density in the source and its uniformity near the large
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Figure 89. (a) Deployment of various diagnostics in INTF for characterizing the DNB. Figure 1(b) shows the details of the line of sights of
Doppler shift spectroscopy diagnostics and the placement of the CFC based inertial calorimeter for the beam divergence and beam
inhomogeneity measurements. Reproduced courtesy of IAEA. Figure from [291]. Copyright (2019) IAEA.

extraction plane will be monitored by cavity ring down spec-
troscopy. The beam power, power density and beam spatial
divergence are measured using a water cooled V shaped calor-
imeter placed at ~5.9 m and at 20.67 m from the Grounded
Grid (GG), an inertial calorimeter (placed at ~1 m from GG)
made up of carbon fiber composite (CFC) with an IR cam-
era will be used for imaging the beam footprint. Near to
the beam duct and beam focusing location, arrays of visible
cameras are placed to obtain a tomographic reconstruction of
the beam emissivity [229, 230]. These beam characterization
experiments will essentially aid the ITER-CXRS diagnostics
to benchmark the actual DNB current that will be available to
them for measurements when the DNB is operational.

4.5.5. Present status of ITER- DNB.  The Indian efforts to
operate and characterize beams for ITER follow a parallel path
of beam and technology development. The road map for DNB
development involves experiments on two additional test beds,
ROBIN and TWIN.

The ROBIN test bed is established under a memorandum
of understanding (MoU) with IPP Garching. It has a single
RF driver source test bed where H- beams of 2 A with extrac-
ted current densities of 27 mA cm™2 have been established
in a surface assisted Cesiated source [292, 293]. In the recent
years ITER like H- current densities >30 mA cm™2 with e-
/ion ratios <1 have been achieved. At present the ROBIN test
bed has been upgraded to a neutral beam test bed to under-
stand and operate neutral beams using ITER like electrostatic
ion deflector (ERID) for separating the ionic component of the
beam from the neutrals post neutralization.

The TWIN test bed is 1/4th of the DNB source in terms of
its extraction area. It consists of a two-RF driver based indi-
genously developed ion source, using a coil configuration and
connection to the RF generator similar to the one envisaged
for the DNB source. TWIN is designed to operate in both air
(where the RF drivers are exposed to air) and vacuum (where
the entire ion source is inside a vacuum chamber, similar to
ITER configuration) modes [294]. The aim is to learn power
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coupling to two drivers from a single RF generator, simulat-
ing thereby to a large extent the experiments with the full-sized
source on the INTF and later at ITER. RF power to the tune of
~70 kW have been coupled to produce plasma in the source.
The source also has a 3-grid extractor and accelerator system
with optics similar to the DNB 1 segment 3 grid extractor and
accelerator system. The same has been manufactured and cur-
rently under assembly at the test bed.

The INTF is a replica of the ITER DNB beam line with a
21 m path length with an aim to generate database related to the
availability of the neutral current at the location of the meas-
urement using CXRS [287]. The facility consists of a VV, an
8 m long, 4.5 m diameter one with double O ring sealed open-
able top lid, and is coupled to a 12 m tapered duct consisting
of cylindrical sections with reducing diameters. Ten modules
of cryopumps each having a pumping speed of 10° 1s~! have
been installed in the vessel. The beam source and the beam line
components viz the neutralizer, ERID and the calorimeter shall
be housed in the vessel to carry out the desired experiments of
neutral beam production for ITER like parameters. The beam
line components have been manufactured and installed in the
VV. The source assembly and integration is underway at the
factory with the delivery expected by the end of 2025. The
2nd calorimeter housed at the end of the beam line to determ-
ine the neutral beam characteristics after a traversal path length
of 21 m has been procured and is currently under installation.
Interfacing of the desired auxiliary systems like the hydraulic,
gas and multichannel DAQ and control system along with the
desired multi megawatt power supplies is underway. Table 27
provides a comparison of the important parameters related to
the source and the beam characteristics.

4.6. Summary

Although active spectroscopy diagnostic on ITER will be
possible only from the Pre-Fusion Power Operation Phase
2 (PFPO-2) good progress has been achieved in all active
spectroscopy diagnostics. Physics, modeling, and technology
background of all techniques have been clarified, but for more
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Table 27. Parameters of the ITER DNB test devices.

Design Parameters INTF TWIN ROBIN
Number of RF plasma drivers 8 2 1
Maximum RF power @1 MHz (kW) 800 180 100
Beam extraction area (cm?) ~1970 ~492 ~73
Number of beamlets (exposed to plasma) 1280 320 146
Plasma grid aperture diameter (cm) 1.4 1.4 0.8
Beam energy (keV) 100 50 45
Beam current (A) 60 15 2
Extracted electron-to-ion ratio <1 <1 <1
Negative ion beam current density (mA cm™2) >30 >30 >30

details measurements are still being done on existing toka-
maks. Detailed design of the observation and detection sys-
tems is ongoing and is expected to be finished on time. A key
element is the diagnostic beam, of which laboratory tests are
progressing towards the final parameters.

In recent years it has been recognized that active spec-
tra on ITER will contain more information than originally
considered, therefore modeling has started for determining
the possibility of extracting information on fast particles
and turbulence. The results indicate that with modest exten-
sions of the detection systems these measurements could be
implemented.

5. Passive emission diagnostics for high
performance metal tokamaks

M. G. O’Mullane®, Ling Zhang?®, R. Barnsley?,
R. Tieulent?, D. Mazon', D. Colette' and V. S. Neverov®’

5.1 Importance of passive spectroscopy

Building theories and models to interpret the emission from
plasmas has a long history and is still the only feasible
approach for understanding the behavior of non-terrestrial
sources. The quantum theory of the atom was uncovered to
explain the spectra from both emission sources, stars, arcs,
filaments, flames etc, and the absorption of gases [295].
Increasing sophistication in the instruments for measuring
emission in different regions of the electromagnetic spectrum
validated the theories and enabled more precise measurements
of plasma parameters, which in turn led to ways of controlling
plasmas based on a robust physical picture of the plasma.
Magnetically confined plasmas for fusion rely on a control-
lable plasma with characteristics bounded in n7-T space, an
extension of the Lawson criterion [296], where r is the plasma
density, T the temperature and 7 is the confinement time. For
ignition this means n7 > 10**m—3s at 7> 10 keV. Such opera-
tional requirements also set the size of the plasma, with the cur-
rent largest machine JET having a plasma volume of ~80 m?
and ITER a factor of ten larger at ~ 830 m>. The size of the
machine also determines the ease of access for diagnostic sys-
tems. Most current fusion devices are relatively accessible and
their suite of diagnostics evolved in an ad hoc fashion. Newer
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machines incorporated diagnostic provision into the design of
the machine, e.g. W7-X [297], and notably ITER has con-
sidered its diagnostics as an integral part of the design process
[3]. The complexity introduced by the blanket and cryostat, the
deleterious effects of the neutron flux from fusion DT products
and the reliability requirements of licensing a nuclear facil-
ity introduce constraints on diagnostics not present in current
devices. The accessibility constraints for DEMO may be even
more restrictive [298] so it is important to maximize the cap-
abilities and interpretation methodology of the diagnostic data
from ITER.

A wide angle view of the JET plasma in the visible part
of the spectrum, shown in figure 90, illustrates the scope
and complications of using passive spectroscopy to diagnose
fusion plasmas. All regions of the plasma, core, edge, SOL and
divertor, emit radiation. The local plasma conditions in these
regions vary widely and in the edge and divertor the gradi-
ents of the plasma temperature and density profiles are large.
The degree of ionization and the energy of the local, back-
ground electrons is the main determinant of the type, and hence
wavelength, of the emission. Generally visible light arises
from the more loosely bound electrons of the neutral to a few
times ionized ions, and therefore is more likely to occur in the
lower temperature edge and divertor regions. VUV, SXR and
x-rays are more characteristic of the confined plasma inside the
last closed flux surface (LCFS). The central electron temper-
ature of a high performance ITER plasma will be at ~25 keV,
sufficiently high to fully ionize argon, iron and xenon. The
ionization potential of tungsten is 80.8 keV so will always
retain bound electrons, which has negative implications if the
operating scenario does not prevent impurity accumulation.
For safe operation and maximum scientific return, measure-
ments must be taken from all these regions of the plasma.
Figure 90 also demonstrates that all, purely passive, instru-
ments will give a measurement that is integrated along its LOS.
To obtain profile information, multiple LOS or some form of
scanning of a single LOS must be engineered in addition to
an analysis workflow which can invert the measured signals,
e.g. [299] for a visible system and [300] for an x-ray instru-
ment. However single LOS instruments can be simpler to build
and are more robust in use and their measurements do have
value. In particular the primary role of some survey spectro-
meters is to detect what impurities are in the plasma, so just
their presence or absence of a signal above the noise floor is
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Figure 90. Interior of JET illuminated by its plasma emission,
contaminated following a sodium influx. The yellow color shows
that post-pulse analysis may not always be necessary. The complex
interior surfaces and the sharp outline of the last closed flux surface
can be seen.

a sufficient indicator. The vessel walls will emit black-body
radiation but this review is confined to emission originating
from the plasma.

ITER will be a well diagnosed machine in keeping with
its research remit and may well be the last burning plasma
device with an extensive suite of general purpose spectro-
scopy systems. The choice of instruments is pragmatic and is
based on the roles of MP and BC, AC and for physics under-
standing, in that order of importance. A set of measurement
requirements determined the instrumentation as described in
[4, 6]. Passive spectroscopy has a primary role in detecting
and quantifying impurity content and an important second-
ary role, to provide redundancy and resilience, in many other
measurements. Figure 91 shows the location and observation
cones of ten systems based on visible, VUV or x-ray emission.
Complete coverage of the plasma, in all wavelength regions,
is impossible but a mixture of imaging and narrow LOS will
sample emission from the core, edge and divertor plasma with
time resolutions of the order of tens of milliseconds and spatial
resolution in the centimeter range. The measurement expecta-
tions given in the early overview of the spectroscopic systems
[301] are still relevant but, 20 years on, there are many detailed
papers on the design and implementation of the various instru-
ments. Table 28 lists the suite of passive spectroscopy dia-
gnostics and some of the publications of note.

This is not an exhaustive review of passive emission dia-
gnostics for a fusion machine; there are many general reviews
and some specialized subsets dedicated to diagnostics in dif-
ferent wavelength regions e.g. [315-318], but rather reports
on developments of interest to large tokamaks with metal
plasma facing surfaces. The choice of ITER for a beryl-
lium FW and tungsten tiles in the divertor [319], along with
excluding carbon as an in-vessel material, prompted many
investigations into the emission of tungsten at ITER condi-
tions. The ILW at JET is the closest analogue [320] to the
ITER concept but there have been numerous supplement-
ary studies on different aspects of the behavior in a plasma,
deficiencies in atomic data, investigation of transport and
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Figure 91. The port location, in upper (UP), lower (LP) or
equatorial (EQ) ports, of the passive spectroscopy instruments of
ITER with the extent of the cone of view for each instrument. See
table 28 for measurement roles.

measurement/instrument challenges. The following sections
review the current knowledge of tungsten spectral emission
from neutral to highly-ionized systems, the investigation of
radiation hard energy-resolved detectors and the emission
model used to aid the design of many of the passive emission
diagnostics in ITER. Finally the inverse problem of turning
these measurements into useful engineering and operational
quantities is outlined.

5.2. The spectroscopy of tungsten

ITER will be a metallic tokamak with a beryllium FW [321]
and a tungsten divertor [322]. Beryllium getters oxygen and,
as a low Z element, a significant quantity can be tolerated in
the plasma. Tungsten can accept very high power loads and
does not retain tritium [323] which is the principal reason for
excluding carbon which would otherwise be an excellent PFC.
Tungsten was used in the aperture limiters of early tokamaks
and the first tungsten spectral feature reported was a ‘quasicon-
tinuum’ (QC) x-ray feature at A ~5 nm, from ORMAK [324].
This was attributed to 4 194 f* — 44%4ft! 4d'95d" trans-
itions of Ag-like to Rh-like tungsten ions. Figure 92 shows
that this is a characteristic signature of tungsten in all toka-
mak plasmas and that spectrometers with high spectral resol-
ution have enabled contributions from individual ions to be
identified [325].

The map of the strongest tungsten lines as a function of
ionization stage in figure 93 shows that emission from tungsten
is primarily in the VUV and x-ray spectral regions, which has
the implication that any spectroscopic instruments for ITER
must be vacuum coupled and designed to minimize the flux of
neutrons onto any optical components and detectors.

The minimum electron temperature required to ionize the
tungsten stages in the A~5 nm feature is ~1 keV and its struc-
ture and shape is sensitive to temperature. The long pulse
lengths of WEST enabled a spatial scan corresponding to
a peak temperature profile change of 2.07-3.35 keV [328]
and the analysis confirms that at the higher temperatures the
maximum charge state was W4T but the lower temperature
emission zone was dominated by W33+ and W34+ and lower.
Radial profiles of W#3T-W** were measured with a space
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Table 28. The suite of passive spectroscopy diagnostics to be installed on ITER. The internal naming convention (PBS) is given for
convenience and the primary role is taken from the latest measurement requirements (accessed October 2022). Each instrument will also
have supplementary and backup roles. Their location on the ITER tokamak is shown in figure 91.

System PBS Primary role Recent references
H-« monitor 55.E2 C, O influx [302, 303]
Be influx distribution
ELM radiation
L-H step change
D +T chamber influx
Divertor impurity monitor 55.E4 Position of ionization front [[304], subchapters 6, 7]
Flux of D, T, Be, C and W
T'on profile
VUV survey 55.E3 Be, C, O, Cuand W [95, 305]
relative concentration
Extrinsic Ne, Ar and Kr relative concentration
VUV divertor 55.EG Flux of Be, C and W [96]
VUV edge 55.EH Fractional impurity content for Z < 10 and Z > 10 [97]
Core x-ray 55.E5 Tion profile [306]
Poloidal velocity
Toroidal velocity
Fractional impurity content
forZ > 10
Visible spectroscopy 55.E6 Continuum measurement [307, 308]
Reference system 55.ED Be, C, O, Cu and W influx and relative concentration [309-311]
Survey x-ray Extrinsic Ne, Ar and Kr influx and relative concentration
Edge x-ray 55.EI Poloidal velocity [312]*
Edge Tion profile
Radial x-ray camera 55.E7 By/<B> MHD mode [313,314]

ELM temperature transient

Runaway current

Transient radiated power profile

# Not the principal subject of paper.

resolved VUV instrument at EAST [329] and shows a wide
profile for these ions (up to p ~ 0.4) and profiles which dis-
play a variation to core temperatures changes between 2.9 and
3.3 keV. This feature will be a key measurement for ITER but
unlike ORMAK, ASDEX Upgrade, WEST, EAST and JET
where the emission occurs in the confined plasma this will
be an edge, or possibly pedestal, feature and thus may behave
more like an influx measure.

The efficiency of tungsten radiation and its consequences
for plasma viability were recognized even from simple
average-ion calculations [330] so tungsten was not used in
the next generation of large tokamaks such as TFTR, JET
and JT-60. There were advances in atomic physics calcula-
tion capabilities of high-Z ions but experimental comparis-
ons for tungsten came mainly from laser experiments, e.g.
[331], or from occasional injection of heavy impurities into
tokamaks [332]. A series of experiments at ASDEX Upgrade
in the late 1990s [333] suggested that tungsten surfaces in
a high density, low temperature divertor had advantageous
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sputtering and re-deposition characteristics and that a radiat-
ive mantle and ICRH heating could be used to mitigate any
accumulation. These findings prompted renewed interest for
tungsten in tokamaks leading to significant experimental pro-
grammes: the near 90% tungsten FW of ASDEX Upgrade
[334], JET installed the ILW with a beryllium FW and tung-
sten divertor [58] and WEST repurposed Tore Supra to mimic
ITER divertor heat flux [335] and EAST is now a full metal
wall device with a molybdenum FW and tungsten upper and
lower divertors [336]. Since the selection of tungsten as the
primary divertor PFC in ITER almost every tokamak has a
tungsten related programme.

Until this revival of interest detailed measurements and
atomic structure calculations for other ionization stages of
tungsten were patchy. Spectra of WI [337] and WII [338]
from arc spectra were well known and there were more
limited analyses of WIII-W VIII but then there was a gap until
WXXVIII, the Ag-like system from the tokamak observa-
tions. The most current compilation of evaluated energy levels
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Figure 92. The A ~5 nm tungsten feature from ORMAK (1980), JET (2020) and EAST (2021). The JET example shows a simplified 2
temperature zone fit to the feature—the spectrum was smoothed (Savitzky—Golay filter), with the background removed and normalized
before fitting. The EAST spectrum identifies many of the contributing ionization stages. Reprinted figure with permission from [326],
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Figure 93. The wavelengths of contributing stages of Ar, Fe and W
in the VUV and x-ray spectral ranges as a function of ionization
stage. The An = 0, 1, 2 transitions are indicated by open squares,
open circles and filled circles. The 20 strongest transition per stage
were given by the photon emissivity coefficients taken from the
calculations used in [327] but there is no ionization balance to rank
their relative contribution due to the differing widths of each ion’s
emission shell.

and wavelengths is the NIST energy levels and lines database
[339] and a comprehensive summary of tungsten data pro-
duced between 1980-2007 is described in [340].
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The development of the electron beam ion trap (EBIT)
revolutionized spectroscopy by enabling precise isolation of
individual ionization stages. An early result from the Tokyo
EBIT was a measurement of the neon-like W+ spectrum at
abeam trap energy of 20 keV [341]. As will be seen in the next
section some of the seven lines from the 25> 2p% 'S, — 2s? 2p>
3n! transitions, spanning 0.1158-0.1492 nm, can be used to
measure ion temperature and rotation velocity profiles [342].
Accurate wavelengths are essential when designing crystal
based instruments since the wavelength bandpass of such
instruments is dependent on the 2d lattice spacing and can
therefore be quite narrow.

There have been many EBIT experiments filling-in the
spectra of the unknown tungsten ions and table 29 shows the
range of results and the different spectral regions required to
make use of tungsten emission as a diagnostic. The EBIT
plasma is very different from that in a tokamak being two
orders of magnitude lower in density and with a very nar-
row range of electron energies, unlike the Maxwellian elec-
tron energy distributions of tokamaks. Even so a collisional-
radiative model is required to interpret the observed intensities
in EBIT spectra [343, 344]. Some metastables, see [345] for an
example in Ti-like W32F, can build up significant population
and become extremely long lived. These are unlikely to occur
in tokamak conditions because of the wider range of energies
of the background electrons.

The EBIT observations have been used to disentangle
the quasi-continuum features observed in tokamaks [358,
359] and employ grating and crystal spectrometers which
are broadly similar to the designs for ITER. The EBIT
observations in the visible spectrum are from forbidden M1
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Table 29. Summary of EBIT results for tungsten ions. Multiple ions are reported in many papers and the wavelength range tabulated may
be wider than measured but is given to indicate which diagnostic would be most suitable to observe in a tokamak.

Ion stage Wavelength (A) Machine Year References
Wt — wit 180-280 EBIT-I 2015 [346]
Wit — Wit 180-250 SH-HtscEBIT 2022 [347]
W7+ — W8+, W10+ 4200-6400 SH-HtscEBIT 2015 [348]
wit — wist 160-270 SH-HtscEBIT 2015 [349]
w26t 2600-5020 SH-PermEBIT 2014 [350]
w3+ 3300-4000 SH-HtscEBIT 2014 [351]
w2t — wHt 45-70 Berlin 2001 [352]
Wt w3t 15-35 CoBIT 2013 [103]
W3+ _ WA 40-200 NIST 2007 [353]
WA+ _ w30+ 5-6 LLNL 2004 [354]
W wiae+ 5.19-5.26 Shanghai 2018 [355]
Wt _ wolt 27-41 LLNL 2013 [356]
Wo 0.9-1.77 Tokoyo 1996 [341]
WS+ Wi+ 6.5-7.7 SuperEBIT 2009 [357]

transitions in the ground state term. Originally predicted in
[360] that there may be a Ti-like line at 354.61 nm, thus
allowing a simpler visible spectrometer to measure a highly
charged tungsten ion, it has not yet been observed in a toka-
mak plasma. However the iso-electronic lines in krypton,
molybdenum and xenon have been measured in LHD [361],
although the temperatures required to ionize W>>* were not
achievable. The research programme at LHD has observed
other M1 lines from W2t and W2+ (e.g. 4f23F, — 3F; at
333.7 nm) [362] with a 44-LOS visible spectrometer. The
advantages of a visible spectrometer over vacuum coupled
instruments are clear for DEMO and assessing the capabilities
of using such transitions should be part of the ITER physics
programme.

Measuring the influx of impurities into tokamak plasmas
has usually relied on observing lines in the visible spectrum
and relating this photon flux to a particle flux, typically via an
ionizations per photon coefficient, S/XB where S is the ion-
ization rate, X the excitation rate and B is the branching ratio
[363]. Properly the S/XB coefficient is formed from the excit-
ation part of the collisional-radiative matrix coefficients [364].
As an example, the erosion profile of a tungsten surface caused
by ELMs in DIII-D is measured by converting the emission of
the W° 400.9 nm via a suitable S/XB coefficient [365]. This
line, first identified by dedicated experiments at PSI-I [366]
and confirmed in a tokamak setting in ASDEX Upgrade [367],
has become the mainstay of tracking the influx of neutral tung-
sten into tokamak plasmas.

Characterizing this line has been one of the larger recent
endeavors in passive spectroscopy, spanning fundamental
atomic physics, numerous tokamak experiments and inde-
pendent measurements of the S/XB coefficient. As seen in
figure 94 the line is well isolated but this is not a ‘simple’
transition. The Grotrian diagram of figure 95 shows that the
lower level is not the ground level and this complicates the cal-
culation of an S/XB coefficient. There are other complexities
which affect theoretical atomic calculations.
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Figure 94. The WI line at 400.9 nm in a JET discharge during and
between ELMs. The lines is well isolated but other tungsten lines
are blended with lines from oxygen. Figure from A. Meigs.

Firstly, there is some disagreement in the identification of
the upper level. The NIST database shows it as 5d°(6S)6p’Py
based on a raie ultime argument [368]. However analyz-
ing arc spectra with different isotopes of tungsten did not
show the large isotope shift expected from a pure s — p
transition [369] and concluded that the upper level is >85%
5d*6s6p’P,. This agrees with later calculations [370, 371]
and is also the designation in the ADAS dataset used in
[365]. Secondly for W? ionization cross sections there are few
experimental measurements [372] and unsatisfactory conver-
gence in the theoretical cross sections [373] (there is better
agreement for direct ionization but not from excited levels).
Finally modeling, with ERO, of W° emission profiles in the
PSI-2 linear device following sputtering by argon required
following the evolution, and interplay, of the 5d*6s>D and
5d°6s’S metastables [374] which indicates that there is not a
simple relationship between the emission and particle influx.
Practically, this unfinished theoretical understanding of the
atomic physics of neutral tungsten, has resulted in empirical
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Figure 95. Grotrian diagram for neutral Wi showing the upper and
lower levels of the 400.9 nm lines used for influx measurements.

estimations of the S/XB coefficient to apply to the 400.9 nm
line [375-377].

However, such a ‘rule of thumb’ approach is not ideal for
first principles modeling of tungsten behavior. Emission lines
of neutral tungsten originating from the ground term are in
the near-UV region, ~230-350 nm [378] but many of these
lines connect different spin systems. This is also a difficult
spectral region for diagnostics because the means for moving
the optical components out of a direct LOS are not effective:
UV fibers attenuate too quickly and the efficiency of reflectors
is very poor at these wavelengths. Nevertheless direct obser-
vation of these lines at DIII-D and CTH [379] coupled with
improved theoretical calculations [380] may be able to place
the 400.9 nm line on a much more secure theoretical basis. A
similar approach is underway for W+ [381] with new atomic
data of similar quality [382].

With increasing charge state the spectral emission tends
to lower wavelengths. Figure 96 shows modeled emission of
the first three ionization stages of tungsten from VUV to vis-
ible (100-700 nm). The atomic structure is calculated with the
HFR +CP approach of [383] which gives a reasonable accur-
acy of better than 5%. There are usable lines in the visible for
neutral tungsten, which is confirmed in many tokamak experi-
ments. However W is mostly in the near-UV and by W?* the
dominant spectral region is firmly in the VUV region with no
usable visible lines. As shown in [384] it may be important to
follow the ionization pathways of W0 — W+ — W2+ — W3+
to correctly determine the re-deposition of tungsten follow-
ing sputtering. Measured emission from W3+ — W4+ may be
needed for the higher densities of the ITER divertor.

Any model of the behavior of tungsten, from its influx to
possible accumulation in the core, ideally requires measure-
ments from all parts of the plasma. In practice this means
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Figure 96. The spectral region of expected emission from
WO0-W2 +. The photon emissivities for prominent lines are
calculated from ADAS adf04 data based on an atomic structure
following the HFR +4-CP approach of [383]. This method has a
wavelength accuracy of better than 5%. Figure from [381].
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Figure 97. The wide variety of shapes of a tungsten spectral feature
from the horizontal viewing SPRED VUV spectrometer at JET over
a campaign. The background and contaminating nickel and
chromium lines have been removed.

that emission from nearly all stages of tungsten must be used.
Additionally, knowledge of the composition of these spec-
tral features is essential. Many of these observations will be
isolated lines but the quasi-continua also contain significant
information. There is a prominent tungsten spectral feature at
150-250 nm which is attributed to tungsten ionization stages
below W20+ [358]. Its emission zone temperature is lower than
the A ~ 5 nm feature, so it reacts to edge conditions, as seen in
the variation of shapes seen over a JET campaign in figure 97.
The partially filled 4f subshells of these stages remains a diffi-
cult atomic structure problem so precise observations are still
required and recent reports from HL-2A [385] and LHD [386]
have identified some components of tungsten in this spectral
region; lines from W3T and W3 have been identified. In very
low temperature, T.~0.5 keV, plasmas at EAST, where tung-
sten accumulation is present, spectral lines from W>T-W38+
become prominent.
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Figure 98. A part of the VUV spectrum along a line of sight
looking through the outer leg of the JET divertor following a
tungsten influx. The emission is mainly from WIV-WVII. Full
identifications are in [389]. The lower figure shows similar tungsten
stages in a low temperature (~0.5 keV) EAST plasma from a line of
sight through the core. Reproduced from [389]. © The Author(s).
Published by IOP Publishing Ltd. CC BY 4.0.

Probable overlaps in the spectrum arising from stages in
different spatial locations, which may be very close in the
edge plasma due to large gradients in temperature, has promp-
ted atomic structure calculations, laboratory experiments and
detailed analysis of spectra from tokamaks. The line identifica-
tions from vacuum arc spectra of W7+ between 190 and 500 A
[387, 388] have recently been observed in a divertor spectrum
[389] in typical JET operational conditions. 303 tungsten lines,
from W3t—W’+ have been identified, with a further 44 unat-
tributed tungsten lines, in the divertor plasma of JET. Figure 98
shows a small portion of the 150—1325 A range and detailed
spectroscopy such as this is essential in building a set of obser-
vations which will be needed to fully understand the behavior
of tungsten.

The design choices for the VUV spectrometers of ITER
were made before the desirability of measuring emission from
the first 5 stages of tungsten was apparent and are constrained
by location and the wavelength response of optical elements.
The Divertor Impurity Monitor (DIM) [304, 390] covers 200—
1000 nm and the suite of main chamber VUV spectrometers
have a number of spectral channels covering 2.4-160 nm for a
single LOS of the main plasma [95], an imaging system over
17-32 nm in the upper edge plasma [97] and an imaging sys-
tem over 14.4-32 nm viewing the divertor [96].

5.3. A common emission model for diagnostic design

Many of the passive spectroscopy diagnostics for ITER are
refinements of existing technology and can be tested on exist-
ing machines, e.g. [96, 310]. However present day devices can-
not achieve the same conditions as ITER so a flexible model
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of the expected emission is essential when developing dia-
gnostics. Predicted signals can then be converted into prac-
tical units to show how successfully the system can achieve
the measurement requirements. Apart from helium gener-
ated from fusion, doped pellet injection and gas puffing, all
other impurities will originate from plasma surface interac-
tion. Although sophisticated codes for modeling the edge
plasma are used extensively in divertor design and scenario
development [391] they are computationally expensive and do
not have robust models for transient events. The models also
rarely address the richer mix of impurities that will be present
in ITER. Furthermore, the diagnostic systems are expected to
measure a much wider range of possible conditions not con-
sidered in the models.

A common emission model has been used to support the
design of x-ray [309, 342], VUV [96], bolometry [72] and
SXR cameras [392] diagnostics. All these systems measure an
emission integrated along a LOS. In general the intensity of an
atomic line from an element is,

1) = / Ne () [N (€) PeC™ (€, )

LOS

+NGEFD (£) PeC™™ (¢,0)| d€

where N (€) is the electron density, N° T (€) the ionization stage
density and PEC the photon emissivity coefficient which is an
atomic quantity depending on the local electron temperature
and density [364]. There are separate PECs for excitation and
recombination and the emission profile is integrated along the
LOS ¢ of the instrument. Additionally there will be a back-
ground from the continuum emission contributed by this ele-
ment and all other elements radiating in the LOS. The emission
depends on the temperature and density profiles as well as the
ionization balance at each point along the LOS. The ionization
balance profile is determined by plasma transport but theoret-
ical descriptions, although much improved, still give qualitat-
ive rather than quantitative predictions for these profiles [393].
Therefore for this diagnostic work, the impurity transport code
used to predict spectroscopic line emission has three con-
sidered, but imposed, inputs: the time evolution of the influx,
the final concentration in the confined plasma and the descrip-
tion of the transport coefficients. Using typical values, based
on the experience of other machines and the more complete
edge modeling, is sufficient for design needs because the dia-
gnostics signals must not be marginal and adequate headroom
to deal with unexpected behavior is also a design criterion.
The first use of the approach described here was for a design
study of a high resolution x-ray spectrometer [394]. The tem-
perature and density profiles were calculated with the ASTRA
1.5D transport code [395] where its self-consistent transport
coefficients were adjusted to match the confinement time of
what is now the ITPA global H-mode confinement database
[396]. The profiles were available for one time-point in the flat-
top of a high performance (Q > 10) DT discharge. The proven-
ance of these background profiles, essential for diagnostic
assessment, was unsatisfactory until the development of the
integrated modeling & analysis suite (IMAS) [397] and the
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Figure 99. A range of modeled temperature and density profiles for
ITER operational scenarios used as the steady-state background
plasma for forward modeled impurity emission in support of
diagnostic design.

policy that IMAS is the preferred way to support the develop-
ment of the ITER research plan and diagnostics [398]. Some of
the profiles in this work are available via IMAS and figure 99
shows the range of scenarios considered.

The different plasma scenarios will affect the profiles of
the ionization stages giving rise to the emission. Note that this
effect is of limited importance to the light elements since they
exist at low electron temperatures and should emit irrespective
of the core conditions. Figure 100 shows the change for iron,
krypton and tungsten profiles between the high performance
15 MA and the half-current 7.5 MA H-mode scenarios. Using
the iron H-like Fe>>* transition as a diagnostic will work for
either H-mode scenario. The increased core electron temperat-
ure brings the H-like krypton and Ne-like tungsten stages into
greater prominence and hence their usefulness as a diagnostic.
What is not shown in the figure is the relative abundance
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Figure 100. Profiles of the ionization stages for krypton, iron and
tungsten for 7.5 MA (top) and 15 MA (bottom) H-mode ITER
plasmas. The stages which give the strong, isolated lines are
highlighted.

between the two scenarios. Figure 101 compares the emission
profiles of the most prominent x-ray lines, i.e. those with one or
two active electrons: the H- and He-like iron and krypton and
Ni- and Ne-like tungsten detailed in table 29. The concentra-
tions, in the confined plasmas inside the LCFS, are set to ‘typ-
ical’ values but the profiles will scale linearly with concentra-
tion. The behavior of these three elements in an L-mode scen-
ario is markedly different in that the Ne-line W stage is not
ionized and the Ni-like Wt becomes a core, rather than edge,
emitter. The emission zone of the iron and krypton x-ray lines
also move inwards but the He-like and H-like lines of these
elements still have a reasonable spatial coverage. The tungsten
lines show the greatest separation with plasma conditions, not
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Figure 101. X-ray line emissivity profiles for iron, krypton and
tungsten in full and half-current H-mode plasmas. The
concentration is set to be the same for both scenarios.

unexpectedly since only the 15 MA plasma attains conditions
sufficient to strongly ionize the Ne-like shell. Krypton also
shows that the H-like and He-like sample different regions of
the core plasma so measuring both lines will be important to
ensure full coverage [399-401].

Iron and tungsten are intrinsic impurities of ITER but
operational priorities are likely to minimize their pollution
of the confined plasma by adjusting gas fuelling which has
been shown to reduce tungsten erosion and thus penetration
[402]. The resulting concentrations may not be sufficient to be
usable by diagnostics. Adding a known quantity of an extrinsic
impurity is one method to mitigate emission from impurities
falling below the detection threshold. The noble gases offer the
most control on shaping the influx either by admixture with the
fuel or via a dedicated injection system [403]. The choice of
which gas to use is determined by measurement requirements,
operating conditions and physics and engineering constraints
of the diagnostic. As an example, the x-ray spectrometers have
a role in measuring the ion temperature profile. This immedi-
ately excludes argon as a suitable impurity to diagnose a wide
spatial coverage. Figure 102 compares the radial extent of the
original choice of krypton with xenon lines and normalizes the
relative intensities by fixing the additional radiation to 1 MW,
assuming that this is a reasonable non-perturbing value and
that the gas introduction systems are sufficiently responsive to
maintain the required concentrations. These are 5 x 107> and
1.6 x 107 for Kr and Xe in the 7.5 MA scenario and lower at
1.2 x 1073 and 3.8 x 1079 in the high performance plasma,
highlighting the greater efficiency as a radiator of the more
ionized charge stages. There are other trade-offs: the factor of
3 lower emissivity of Xe3!'* to Kr*** in the core (1/a < 0.4)
can be offset by the factor of 20 higher reflectivity of a ger-
manium crystal at 0.3 nm than at 0.09 nm. The suggestion
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Figure 102. X-ray line emissivity profiles for krypton and xenon in
full and half-current H-mode plasmas assuming that each element
contributes 1 MW of radiated power in each scenario.

for considering xenon [404] has prompted measurements in
exciting machines [405] and has informed the design of spec-
trometers for use in CFETR [4006].

Impurities may have deleterious effects by diluting the fuel
or, for high-Z elements, by reducing the temperature via radi-
ation with the latter effect dominating with increasing nuc-
lear charge. Such radiation is not always unwelcome. High
performance discharges in ITER will rely on neon radiation
to remove excess energy in the SOL and divertor [407] and
xenon is under consideration for the same role in DEMO [408]
where the dissipation needs are greater (40 MW vs 450 MW).
Bolometers and SXR cameras are used to measuring and the
same emission model used for spectroscopy can be used for
energy-integrated radiation. The precision of modeling, and
later interpreting, of the radiation measurements depends on
the precision of the ionization balance and the power coef-
ficients. For light elements the uncertainty on these atomic
data is low [364] and there are efforts to rigorously quantify
the uncertainty [409]. This is not the case for the high-Z ele-
ments. The choice of tungsten as a PFC for ITER also promp-
ted new fundamental atomic cross section measurements. A
storage ring measurement of the dielectronic recombination
(DR) rate coefficient of W2+ showed that low energy res-
onances influence the rate at temperatures of its peak abund-
ance in hot, fusion plasmas and that existing calculations of
DR underestimated the rate by a factor of 4 [410]. A decade
of new measurements [411], empirical adjustments to exist-
ing rates based on tokamak ion balance studies [358] and
new calculations [412-414] have converged to improve the
understanding of tungsten. Including sufficient pathways from
stages with open 4d and 4f shells was required for DR cal-
culations and the complex atomic structure has large effects
on the radiated power also. Systematic studies of the atomic
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configurations needed so as not to underestimate the cooling
function of high-Z elements [415, 416] are being used, in con-
junction with spectroscopy, to diagnose the metallic plasma
content of JET [417]. Figure 103 shows the advance in the
theoretical abundances and radiated power of tungsten from
the time of the ORMAK spectra to today. There is a relat-
ively small spread in the total (equilibrium) power for the
core ions which reduces any atomic uncertainty in the con-
fined plasma predictions. The greatest change among the lower
charge ionization stages corresponds to temperatures up to
~3 keV which spans the important SOL and pedestal region
for ITER. Verifying the radiation from these stages by inde-
pendent experiment is more difficult but the identification of
spectra from Wt—W3%+ in EBITs and fusion experiments
will enable this [418].

The spatial profile of emission is largely determined by
the local electron temperature and impurity transport. There
is a lesser dependence on the local electron density through
the effective atomic coefficients. For the emission model
described here the evolution of an ionization stage, ., is given
by the continuity equation

1 0
VoY
where v is the flux surface, n, the electron density, S the ion-

ization rate and « the recombination rate. The particle flux is
given by an empirical ansatz,

On, _ _

ot WF )+n€ (nz—lSz—l—>z+nz+laz+l<—z)
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where D can be considered as a diffusion term and v describes
a convection process. In the absence of a robust, predictive,
model for impurity transport a sensitivity analysis is used to
quantify the effect of transport on the predicted emission.
Figure 104 shows the modeled emission of iron x-ray and
VUV lines for a set of transport coefficients which fall into an
envelope of values which should include the ‘real” value. The
D and v coefficients are paired to give a set of np X n, com-
binations and the influx to the simulation is adjusted to give
the same concentration, 10~*, for each transport. This nor-
malization results in a spread of total radiated power between
3.5-8.5 MW for the high performance scenario. Coronal equi-
librium, corresponding to no transport, is a hard limiting case
and falls within the envelope of possible emission. Since the
spatial variation in the resultant emission is not of the same
order of magnitude as the transport variation, the dependence
of the modeled emission on transport can be taken to be not a
primary driver and a generic set of coefficients may be safely
used for the purposes of diagnostic design.

The typical transport used for previous emission model-
ing for diagnostic design, adopts a shaped diffusion profile,
consistent with many experimental results, and an edge con-
vection in the outer plasma (shown in red in figure 104). In
the core where diffusion dominates (0 < r/a < 0.7) there is
little difference from the coronal and constant diffusion mod-
els, although the radiation is 1%—-5% smaller due to the lower
diffusion inside #/a ~0.4. The biggest difference is as the edge

r,=-bD +v.ng,
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Figure 103. The fractional abundance and radiated power (cooling
curve) of tungsten from the current ADAS recommendation, the
empirical adjustment of ADPAK [358], FLYCHK [419] and the
average ion method [329]. The dashed line shows the radiation
fraction in the SXR energy band for a diagnostic with a 250 pym
beryllium window and a Si-diode detector.

and is wholly due to the inclusion of the convection term. A
number of papers analyzing JET transport [420—422] show an
outward pinch, or positive convection, in the outer part of the
plasma, peaking at /a ~ 0.8. Including this effect gives a dif-
ferent distribution of ionization stages, although the effect on
the total volume-average power is modest.

For SXR and bolometry the mixture of impurities is an
additional choice since the current designs integrate over
energy and therefore cannot discriminate between different
impurities. The power coefficients are filtered over any trans-
mission function, foil absorption and reflection in bolometers
[423] or combined window and detector response in SXR cam-
eras, similar to the JET system [424]. The emission model
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Figure 104. A transport sensitivity analysis for x-ray and VUV iron
lines in a 15 MA high performance scenario. The coefficients in red
are generic values used for most of the simulations. The transport
was varied and the concentration normalized to 10~*.

can be extended in the time domain to simulate sawteeth and
ELMs. Figure 105 shows the predicted response of a saw-
tooth crash on the SXR emission for a typical mix of ITER
impurities.

5.4. Quasi-spectroscopy of energy-resolved SXRs

A map of the energy-resolved radiation profile, in figure 106,
for a likely species mix in ITER shows the potential to extract
enhanced diagnostic information if the SXR imaging system
was extended in energy space, i.e. moving towards coarse
spectroscopy but having a much wider energy overview than
the narrow bandwidth of spectrometers. The shape of SXR
emission in the core could be used to measure the temperature
profile, simplifying multi-energy SXR analyses such as [425]
by removing the need to disentangle SXR emission mediated
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Figure 105. The SXR response of the emission from a plasma with
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13.8 MA hybrid ITER plasma. The SXR energy range is set by a
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Figure 106. The radiation profile for a high power 15 MA ITER
plasma with an expected impurity mix. The radiated power is split
into 256 energy bins with the energy is distributed in bins of equal
spacing in log-space.

by different foil thicknesses. Furthermore, depending on the
resolution, dominant spectral lines many be measurable.

The proposed SXR camera for ITER [313] is a conventional
design optimized for a fast temporal response when measuring
MHD activity, disruption precursors and ELMs. The emission
is integrated over a large energy range bounded by a beryllium
window which filters emission below ~2 keV and a silicon
diode detector which decreases in efficiency with increasing
energy from near 100% at 4 keV to ~1% at ~30 keV [426].
Similar systems are in use in present day machines and oper-
ate successfully within their, potentially detector damaging, x-
ray and gamma ray environments. I[TER will have much larger
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intensities and detectors will be exposed for much longer
so enhanced radiation hardening may be required. There are
significant advances in detector technology so an upgrade is
envisaged before the DT phase of ITER operations.

The high x-ray luminosity of synchrotrons and particle col-
liders has led to the development of radiation hardened semi-
conductor detectors. The PILATUS3 detector from Dectris
Ltd is an array of 195 x 487 photodiode pixels built on a
450 pm n-doped silicon substrate and is sensitive to x-ray
photons between 1.6 and 30 keV. An imaging, multi-energy,
SXR pinhole camera with this detector has been demonstrated
at MST [427] where line emission and the SXR background,
and even hard x-rays from runaway processes, has been clearly
measured.

In astrophysics a spectral resolution of a few eV in the keV
energy x-ray emission is required to address certain outstand-
ing questions. Framing diagnostic needs, and the precision of
other inputs such as atomic data, in such a fashion is typical
[428]. Space borne instruments need to be radiation hard
and microcalorimeters have been developed to provide the
necessary resolution and robustness. The SXS high-resolution,
high-throughput spectrometer on the ill-fated Hitomi Satellite
had such a detector with an energy resolution of ~7 eV at
6 keV and a range of 0.3—12 keV [327], although this is tuned
to a narrower range of a few 100 eV for each observation.
Microcalorimeter detectors have been proposed for the ITER
core x-ray spectrometer [429] and were prototyped at MST
[430]. However there is a concern that the neutron flux may
cause a temperature rise in the microcalorimeter absorbers and
thus affect the measurement.

In addition to high x-ray photon fluxes, tokamaks during
DT operation will also generate a large flux of neutrons. The
preliminary tritium experiment at JET showed that Si diode
detectors would suffer neutron-induced noise to the signal
and lasting damage [431]. Operating these diodes with a 3 V
reverse bias reduced performance losses arising from radiation
damage but a pinhole arrangement with concrete shielding
[432] was required to enable successful measurements during
the first JET DT experiments [433, 434]. This configuration
was retained for the 2021 JET DT experiments. The DT neut-
ron fluence onto the JET detector (~ 103 necm—2 [432]) is a few
orders of magnitude lower than the fluence expected for ITER
(~10"®ncm=2 [173]). Therefore, SXR detectors in ITER must
also mitigate neutron damage.

A minimalist approach is to remove the detectors from a
direct LOS to behind extensive shielding but this requires a
method to guide x-rays of energies 0.1-15 keV (0.08—12 nm)
along a light guide. The SXR wavelengths have a length
scale similar to the lattice constants of crystals that can be
considered as transmission guides but polycapillary lenses,
which are thin hollow tubes of borosilicate glass, can be used
to manipulate x-rays via multiple total external reflections
at grazing incidence. However the transmission losses can
exceed >99.9% [435]. The impurity mix in figure 106 results
in a volume average power of 54 MW of which 35 MW is
in the SXR 2-25 keV energy band. This results in a flux of
52kWm~? through the LCFS so even though the transmission
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Figure 107. The measured counts per 50 ms from a pinhole imaging
camera with GEM detectors on WEST for two shots. The channels
start (#1) on the high field side and terminate on the low field side
(#85). Reproduced from [440]. CC BY 4.0.

fraction of the polycapillary lens is small, the viewed flux is
substantial. A study of the ITER SXR system with polycapil-
lary x-ray transport concluded that their use in an ITER context
is feasible [436]. However this loses the many advantages of a
multi-energy measurement.

Detectors based on the interaction of tokamak originated
x-rays and pressurized gas chambers such as the low voltage
ionization chamber (LVIC) [437] and Gas Electron Multiplier
(GEM) [438] have the potential to be extremely resistant
to neutron damage. However unlike the semiconductor and
microcalorimeter based detectors, these systems may need
more post-processing to separate the photon energy into con-
venient bins.

GEM detectors operating in a photon counting mode can
discriminate on the energy of the impinging photon [439]. An
energy resolved measurement from an lower hybrid current
drive heated WEST plasma [440] is shown in figure 107. This
plasma is dominated by tungsten emission and good energy
and spatial resolution has been demonstrated. The robustness
of GEM detectors to neutron effects was examined in a post-
mortem analysis of a test system at ASDEX Upgrade which
showed that internal parts were activated by the neutron flux
(DD so many orders of magnitude lower than ITER) and added
noise to the signals [441]. All materials are affected to some
degree but it may be possible to engineer a device for ITER to
minimize this form of instrumental error.

The neutron resilience of LVIC detectors is based on their
simplicity, being a simple tube with gas under pressure (up to
5 bar). Energy resolution may be achieved by adding multiple
anodes [442]. Figure 108 shows the arrangement of 5 anodes
placed along a 150 x 2 mm chamber. The positions at 1, 3, 10,
35 and 100 mm respond at increasingly higher energies. The
response of the deeper chambers is dependent of the preceding
ones viz.,
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Figure 108. The spectral response of an argon filled LVIC with
anodes placed at 1, 3, 10, 35, and 100 mm from the entrance which
is a 250 pum beryllium layer. Reprinted from [442], with the
permission of AIP Publishing.

i—1

ni (hv) =T (hv) A; (hv) H (1—=Ag(hv)),

k=1

where T is the transmission of the beryllium filter and A; the
absorption of the ith chamber (defined in terms of the gas dens-
ity and photoionization probability at the energy of the incom-
ing x-ray photon hv (section III-A of [442]). There are no
measurements with multi-anode LVICs of SXR emission from
tokamaks but the response of the detector to mono-energetic
x-ray emission from a synchrotron has been characterized.
The saturation voltage response of a prototype was measured
at the Shanghai Synchrotron Radiation Facility [443]. There
was good agreement with a model of the device for energies
between 15 and 20 keV but the calculated responsivity was
60% overestimated at 10 keV. The results are promising but
improvements are possible by reducing leakage current and
choosing an optimal gas mixture. Further synchrotron exper-
iments are planned before a prototype diagnostic is tested in
a tokamak. This optimization, and future analysis, of LVIC
measurements is best undertaken by constructing a synthetic
diagnostic with controls over the LOS and the arrangement of
the sub-chambers in each detector. This approach is relevant
for all diagnostics and such work on passive spectroscopy is
addressed in the next section.

5.5. Analysis and determining physics quantities

The measured signals must be transformed into usable quant-
ities which for ITER are classified by their role in MP, plasma
control or physics evaluation. A comprehensive set of meas-
urement requirements details the desired measurement, resolu-
tion (spatial and temporal) and accuracy needed to achieve the
measurement [4]. Different levels of sophistication in analysis
are needed to achieve the various requirements from the pass-
ive spectroscopy diagnostics. For survey spectrometers just
the appearance of a spectral line is sufficient to identify an
impurity in the plasma. However even this most simple ana-
lysis depends on a good wavelength calibration and the tabu-
lation of transitions, preferably previously observed in other
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tokamaks. Apart from tungsten, the plasma facing materials
of ITER are well characterized, and the many spectroscopic
investigations of tungsten outlined in section 2, have ensured
that this analysis is well prepared for ITER plasmas.

Not all spectrometers in use on present day tokamaks are
calibrated for intensity. However, a reliable intensity calibra-
tion is essential for quantitative measurements and periodic re-
calibration may be required to account for changes over time.
Possible causes are due to mirrors or windows being coated by
plasma detritus, degradation in detectors, optical fibers, cables
and electronics from the x-ray and neutrons produced by the
plasma (see other articles in this review).

Some of these issues are not present in vacuum-coupled
systems, such as x-ray spectrometers, but the accuracy of the
result is also determined by the precision of the atomic data
used in the analysis. Inner shell x-ray transitions in Ni-like
and Cu-like tungsten, have been used to estimate the tungsten
concentration in JET (~107> in ELMy H-mode) [444]. That
analysis used photon emissivities calculated with the relativ-
istic distorted wave code FAC [445]. Figure 109 compares the
PEC for the W#+: 3p®3d!0!'S — 3p>3d'°4d(3/2,5/2)] = 1 line
with Breit-Pauli distorted wave and a relativistic R-matrix with
radiation damping calculation [401]. The plot follows the style
of figure 4 of [444] showing the PECs across the JET plasma
profile. The spread in values between the FAC and R-matrix
models could be used as an error bar on this part of the ana-
lysis, which would suggest a contribution of ~20%. However
the analysis in [444] is more refined in that it also uses a sim-
ilar inner shell line from W** and Nelike W3** lines. More
than one ion brings in a dependence on the ionization balance,
which introduces a further uncertainty as seen in the differ-
ent models of fractional abundance in figure 103. It is likely
that propagating the uncertainties of the atomic data can be as
important, and may be even more dominant, than considering
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the usual instrumental uncertainties. Historically computation
effort in atomic data was directed to improving the scope of
the atomic models but there is a growing activity to produce
assessed uncertainties on ab initio atomic data, e.g. [446] for
astrophysics. A number of technical meetings and workshops
organized by IAEA have fostered this uncertainty quantifica-
tion (UQ) effort in the fusion community [447].

Theoretical and computational improvements are still
required for atomic data models. For example, it should be
noted that there is no R-matrix data available for the equivalent
inner shell transitions for W4, Another example is that dif-
ferences of up to 40% in the S/XB coefficients for Ar™ trans-
itions were found between simple R-matrix and R-matrix with
pseudo states (RMPS) models [448]. The later model includes
coupling to the continuum levels which are important for neut-
ral and near-neutral ions. In this case using the theoretical
spread of values would give a severe over-estimation of the
atomic error.

Spectral features, such as the quasi-continuum of figure 92,
are composed of many thousands of spectral lines from a
number of ionization stages (W't —W** for the 4-5 nm
tungsten feature). The large number of transitions are due
to the many possible energy levels when coupling partially
open d and f shells. Combining the radiated power from lines,
resolved by J total quantum number, of the lowest lying con-
figurations with configuration-average rates for the rest is reas-
onable for total radiated power, or data for energy-resolved
SXR emission [415]. However this approach may not be suf-
ficient for a spectral prediction to be confronted with experi-
ment. Furthermore, configuration interaction effects alter the
shape of the QC features without affecting the total power
radiated. An example from laser plasmas, a little higher in
electron density than tokamak plasmas, shows that transitions
between excited configurations also affect the shape of these
QC features [449]. Including these, in the necessary J-resolved
resolution, adds orders of magnitude more lines [450]. The
shortcomings in the atomic spectral model can be seen in
the, deliberately simple two-temperature zone model, with the
ADAS fractional abundance data of figure 103 and distorted
wave generated feature photon emissivities (f-PEC). The qual-
itative nature of a dominant low temperature part at ~1.6 keV,
with some emission from a higher ~3.5 keV component, is
compatible with the temperature profile and the cooling effect
of a large tungsten influx. The identification of the contrib-
uting stages to the spectrum in [325] confirms that the miss-
ing piece of the modeled QC feature is due to emission from
W26+ W2+ A more adaptive partitioning scheme in the
atomic model will be needed to enable the modeled spectral
feature to be fully used in a predictive capacity.

However, the QC feature can still be used in a prag-
matic manner because of the nature of the emissivity coeffi-
cients. The photon emissivities of the many lines of similar
wavelength from the different ionization stages vary little in
temperature, a few percent between 1 and 15 keV, across the
group so any changes in the measured spectrum can be attrib-
uted to changes in the relative abundances. Furthermore, the
ratio of the power in the 5 nm QC band to the overall power
also has a modest dependence on temperature. In a plasma with
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a flat density profile and little transport, the concentration of
tungsten (cy) is simply,

Pt = cwN?L(Te,Ne),

where Py is the power contributed by tungsten and L, is the
cooling curve (figure 103). The factor linking the intensity of
the QC feature to the concentration of tungsten in a specific
calibration measurement can then be extended to a wider range
of conditions by adjusting the fractional abundance along the
LOS of the observation. This method has been used at ASDEX
Upgrade [358, 451] and JET and gives a robust measure of the
tungsten concentration without the necessity of a high fidelity
fit to the spectrum.

The energy binning of a wide coverage, multi-energy SXR
(ME-SXR) detector may not be sufficient to resolve the 5 nm
QC feature but the desirable characteristics of 2D imaging and
fast response to MHD events remain. Tomographic techniques
are used with current SXR diagnostics [69] and the consider-
ation of the detector response is via filtered cooling rates. The
fraction of radiated power filtered by the beryllium window
and Si-diode detector is shown in the dashed (SXR) curve in
figure 103. The SXR emission is moderately sensitive to the
filter function, as seen in the mis-matched beryllium window
widths of the vertical (250 pm) and horizontal (350 ym JET
SXR system [424]. The difference in response can be accoun-
ted for in the tomography with a, computationally expensive,
correction factor in the contribution matrix. Other effects such
as the different energy signatures of each impurity can also be
used to improve the SXR analysis [452]. However true ME-
SXR requires that the detector response is properly included
in the analysis. Incorporating the detector energy behavior into
the tomographic analysis has been demonstrated at WEST.
The GEM detector response over 1.5-10 keV was used to
include a transport model which enabled the tungsten emis-
sion at different positions to be disentangled from the SXR sig-
nal (utilizing the variation similar to that in [453]). Figure 110
shows that a 5-position LVIC ionization chamber can recon-
struct the energy dependent radiated power signature, includ-
ing lines and the shape of the continuum background, in the
1-100 keV region for a high performance ITER plasma [442].
Figures of merit (FOM) for each pixel in the tomographic ana-
lysis are good in the core (p < 0.8) for strong line emission
and for the background above 15 keV but are poor in the edge
region. The 200 pum beryllium window cuts off much of the
edge emission but the good core FOMs show the potential of
ME-SXR for measuring general impurity content and as a way
to measure the electron temperature profile at very high core
temperatures where TS becomes difficult.

Extracting useful information from some measurements
does require a sophisticated model of the emission. A meas-
urement common to all tokamak plasmas is the visible Balmer-
a line from hydrogen or its deuterium and tritium isotopes.
Even before the current metallic wall choice for ITER, the dif-
ficulties caused by contamination of the signal due to reflec-
tions from the wall in DIII-D (CFC tiles) and Alcator C-
Mod (molybdenum) was quantified as being small (<10%)
for divertor views but could be significant (up to 50%) for the
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Figure 110. The reconstruction of the upper 20% (1-100 keV)
radiation of the high performance ITER plasma of figure 106. The
modeled LVIC detector chamber is filled with xenon at atmospheric
pressure with anode sizes of 5, 30, 60, 100, and 150 pm behind a
200 pm thick beryllium window. Reprinted from [442], with the
permission of AIP Publishing.

main chamber [454]. A model of the reflections of Balmer-« in
an ITER scenario based on the measured BRDF of Inconel™
tiles from JET showed that diffuse reflection, in addition to
specular, was significant [455]. A practical mitigation strategy
is to terminate the LOS on a viewing dump but this is not
always possible so a good synthetic model of the feature is
necessary.

An additional complication for main chamber Balmer-«
is the strongly non-Maxwellian VDF caused by recycling in
the SOL. The effect of both recycling and stray light contam-
ination is seen as an asymmetric line profile that requires a
HES and a reflection propagation model to disentangle the
contributions and provide a clean measurement. A model of
the Balmer-a: emission is constructed and used to solve the
inverse problem [456]. Strong constraints from Zeeman split-
ting separate the low and high field emission regions and a
semi-analytical description of the shape of the stray light from
the divertor, assuming multiple specular reflections of a homo-
geneous divertor source [457], makes this a robust model for
fitting. This approach has been successfully validated with JET
observations and figure 111 shows the variation in shape of the
line from a limiter view of JET [458]. The contributions of the
SOL emission from the high field and low field are very differ-
ent at different phases of the discharge and there is significant
emission due to stray light reflections from the divertor.

An additional complication for main chamber Balmer-«
is the strongly non-Maxwellian VDF caused by recycling in
the SOL. The effect of both recycling and stray light contam-
ination is seen as an asymmetric line profile that requires a
HES and a reflection propagation model to disentangle the
contributions and provide a clean measurement. A model of
the Balmer-a: emission is constructed and used to solve the
inverse problem [456]. Strong constraints from Zeeman split-
ting separate the low and high field emission regions and a
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Figure 111. A fit to the Balmer-a spectrum from the inboard limiter
in the octant 8 of JET (pulse 87 638 with KSRB spectrometer)
during plasma ramp-up (¢t = 4.1) and at steady state with [CRH
heating ( = 13.9 s). The fit parameters for the SOL light from the
high field side (HFS) and low field side (LFS) are show, along with
the contribution of stray light from the divertor (DSL). Reproduced
from [458]. © 2016 EURATOM. All rights reserved.

semi-analytical description of the shape of the stray light from
the divertor, assuming multiple specular reflections of a homo-
geneous divertor source [457], makes this a robust model for
fitting. This approach has been successfully validated with JET
observations and figure 111 shows the variation in shape of the
line from a limiter view of JET [458]. The contributions of the
SOL emission from the high field and low field are very differ-
ent at different phases of the discharge and there is significant
emission due to stray light reflections from the divertor.
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Reflections are typically modeled by optical ray-tracing to
produce a transfer matrix relating the reflected light originat-
ing from different sources to each point in the plasma volume
[459]. Tomographic techniques can then be used to incorpor-
ate this contribution in a diagnostic analysis. The accuracy
depends on knowing the reflecting properties of the tokamak
vessel’s interior materials (BRDF) and the source and axisym-
metry of the originating light—from the divertor, SOL or core.
The reflectivity of in-vessel components will change during
operations, via depositions and roughening (see subchapter 9
on mirrors) so ideal, or even measured pristine surface BRDFs
may not be useful. However, ideal, rather than real, reflectiv-
ities are sufficient to determine favorable locations for dia-
gnostics, as done with the Visible Spectroscopy Reference
System (VSRS) diagnostic for ITER [307]. Calibrating the
reflectivity response with a small volume plasma has been
demonstrated on COMPASS [460] but this method may not
be feasible to mimic the intense radiation from the divertor.

Combining a comprehensive emission model with a
verisimilar reflection model produces a Balmer-a synthetic
diagnostic [456]. The use of synthetic diagnostics, which is a
methodology to generate numerically what the diagnostic sys-
tem will see, can be used to test the success of the algorithms
used to recover the desired MP. Many spectral emission mod-
els are being incorporated into the CHERAB [136] spectro-
scopy modeling framework, which uses ADAS as a primary
source of atomic data. This implements an, optimized-for-
tokamaks, ray tracing code Raysect [461] to model the reflec-
tions in a realistic geometry. Figure 112 taken from [462]
shows how well a good synthetic diagnostic could be used
to tune an analysis applied to assessing the best placement of
the fields of view (FoV) for the DIM. The results are depend-
ent on the environment and in particular on the unmeasured
and uncharacterized BRDF. With a synthetic diagnostic the
effect can be quantified by adjusting the roughness in the
reflection model and a more refined error estimate, calculated
for each FoV rather than a single overall percentage, may be
determined [463].

A synthetic diagnostic for each spectroscopy system
enables enhanced utilization. Two aspects are explored in
detail in later chapters. Combining diagnostics provides a
much fuller picture of the plasma performance, but its suc-
cess relies on a good description of each input. A synthetic
diagnostic may be parameterized, either by a reduced model
or via machine learning, which enables complex analysis to
be performed in real time.

5.6. Summary

Much of the worldwide effort in passive spectroscopy since the
last ITPA review has revolved around preparing to make quant-
itative, high quality, measurements of the emission expected
from ITER. The ITER environment with significant neutron,
gamma and x-ray fluxes, and long duration discharges, will
pose a challenge to deploying reliable and stable diagnostics.
The spectroscopy of tungsten will be a defining aspect of the
passive emission from ITER because it will radiate from all
parts of the plasma and will be a mixture of quasi-continuum
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spectral features and individual lines. The 74 electrons of tung-
sten, and the need to consider in detail at least 70 of its stages—
even ITER will not be hot enough to ionize the He- and H-like
stages—has been a grand challenge to calculate atomic data
which underpin the models and the analyses that flow from
them [419].

Plasma experiments, dedicated spectroscopy programmes,
new detector technologies, diagnostic system prototypes, fun-
damental atomic data calculations, atomic cross section meas-
urements and the development of better algorithms and soph-
isticated analysis codes have been undertaken in recognizable
fusion institutes but also in many universities and other labor-
atories so that useful measurements will be possible from the
first ITER plasma.

6. Laser aided diagnostics

R. Scannell®®, H. Liu®S, E. Mukhin®, E. Yatsuka'?,

A. Gorbunov?’, L. Giudicotti®®, G. Kurskiev®®, J. Chen'?,
M. A. Van Zeeland®, D. Finkenthal’!, R. Imazawa®?,

D. Brower™, A. Sirinelli®, T. Akiyama", T. Carlstrom?,
D.W. Johnson®!, M. Lesher®, C. Watts® and M. Bassan?

6.1. Introduction

The required plasma measurements to make ITER a success,
of which laser diagnostics are a crucial component, flow from
the ITER overall PRs document [464]. The PRs document
details what must be achieved by the ITER plant based on
the underlying physics. From this document, the particular
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requirements for individual diagnostic systems are derived
and detailed in the ITER diagnostics requirements document
[197]. The means of meeting the measurement requirements
for ITER was initially addressed in [3] for the full diagnostic
set and in particular for laser diagnostics in section 3.3 of
this document. Further progress in diagnostics systems with
specific examples was last set out in 2007 and published
in [4].

This current paper details the status of the various laser dia-
gnostics that will be used to meet the measurement require-
ments. Each section contains links to relevant background to
properly introduce each diagnostic system.

As well as describing the various diagnostic systems them-
selves relevant techniques are also discussed. Polarimetric and
dual laser TS techniques which are particularly useful for
TS systems on ITER are introduced. Neither are routinely
employed on existing tokamaks but they are being tested with
a view to application on ITER. The polarimetric technique in
particular has developed considerably since the last update to
the ITER physics basis.

The Laser Induced Flourescence (LIF) diagnostic which
will be integrated into the DTS diagnostic is a new advance
also relative to the ITER physics basis published in 2007.
The Toroidal Interferometer Polarimeter (TIP) system, which
is planned to be used for real time density control at ITER,
has recently been prototyped and deployed in a test capacity
at DIII-D. While the PoPola (Poloidal Polarimeter diagnostic
has been in the ITER diagnostic set for some time, it is pro-
posed use for magnetic fluctuation measurements and plasma
vertical control are a recent development. The final diagnostic
discussed is the Dispersion interferometer which is another
recent innovation. Due to its configuration, it is highly resist-
ant to vibrations making it a very robust measurement tool and
motivating its application for ITER.

6.2. Core TS

The ITER core plasma TS (CTPS) diagnostic was originally
envisaged as a LIDAR design [465]. However, the design has
been modified to follow a conventional TS layout, shown in
figure 113, which operates at high scattering angle. A detailed
design trade-off between the LIDAR and conventional design
solutions was considered in making this decision. Some of
the main factors motivating a conventional design were easier
availability of detectors and laser, higher spatial resolution and
longer beam dump lifetime.

The CPTS diagnostic must meet requirements on its per-
formance which derive from the ITER PRs [464]. The CPTS
diagnostic has a number of common elements with the edge
TS diagnostic, since both systems are conventional sys-
tems based on Nd:YAG lasers operating at high scatter-
ing angle. Particularly important common elements include
the beam dump [467, 468] and solutions for laser beam
combination [469] as well as laser and collection optics align-
ment. Particularly important differences with the edge system
are the more challenging optical labyrinth (neutron attenu-
ation) trade-off for CPTS, larger first aperture and hence shut-
ter requirement for the CPTS and requirement for the CPTS
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rights reserved.

to measure to higher electron temperature and hence lower
wavelength.

The main components of the proposed system are a 5 J,
100 Hz, 4 ns laser system, envisaged to consist of at least 2
lasers for redundancy, an optical system collecting at F/14.7
at rla ~ 0.02 at ~167degrees varying to F/7.6 at v/a ~ 0.85
at ~155degrees. The CPTS system design has capability for
measurement of ‘p’ as well as ‘s’ polarized scattered light,
originally proposed by [470] and detailed further in [471]. The
proposed CPTS system also includes a 1319 nm 10 Hz 2 J laser
operating in conjunction with the main 1064 nm laser. This
multi-laser approach has been suggested for each of the ITER
TS diagnostics motivated by requirements for calibration and
to reach high electron temperature; a recent consideration has
been made in [472].

In order to achieve good optical performance and neutron
shielding, freeform optical elements have been included in
the new optical design. These are challenging to implement,
in particular in conjunction with the requirement for a mir-
ror cleaning system for the first mirror but promise benefits
in performance. Considering simulated ITER profiles, density
and temperature gradients imply that higher spatial resolution
is required in the mid-radius and outboard region than in the
core. This higher resolution is naturally achieved for a fixed
fiber bundle size due to the change in collection F/#.

The main challenges facing the diagnostic are in terms of
survivability of PFCs in the harsh operating environment, the
long duration of 4700 h of operations and the inaccessibility
during this operating period. Some of these key engineering
challenges are listed below:

e Survivability of the first mirror in a harsh and unknown
plasma environment where deposition is expected [473].

e Demonstration of a mirror cleaning system compatible with
the first mirror [474], particularly if free form.

e Engineering implementation of a mirror protection shutter at
high reliability. This shutter must contain cooling channels.

e Active alignment of the scattering lasers to the beam dump
to maintain sub-cm alignment during plasma pulses.

o Survivability of the laser beam dump.
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Figure 114. Optical transmission of the CPTS diagnostic including
full information of spectral transmission of the various collection
optic elements, the detector EQE and optical fiber transmission. The
optical fiber transmission includes expected degradation for the
‘intermediate’ OH fiber after 10 kGy of radiation. The ‘at risk’
region, which may suffer further transmission losses is highlighted.
Reproduced from [466]. © 2017 ITER Organization. Published by
IOP Publishing Ltd on behalf of Sissa Medialab. All rights reserved.

As well as diagnosing electron temperature profiles more gen-
erally, one of the particular key goals of the CPTS diagnostic
is to measure the peak core 7. value. This peak core 7. will
be an important indicator of ITERs success. This implies that
the diagnostic must measure to the lowest possible wavelength
~400 nm see figure 114. There are a number of factors that
make measurement at this very low wavelength difficult, in
particular first mirror reflectivity losses are expected to be high
in this region, as will transmission losses for optical fibers
and Cerium doped lens elements in the interspace. Also, there
is significant line emission in the lower wavelength region.
However, there are new diagnostic advances that should aid
the CPTS in these crucial measurements and help distinguish
from any spectral transmission uncertainty at the edge of
the wavelength region. These advances are ‘Polarimetric’ TS,
measuring the polarization of the scattered light and use of a
1318 nm Nd: YAG laser. The theoretical concepts behind these
techniques have been further developed in the last few years.
Polarimetric and two-wavelength T'S are now being prototyped
and tested on existing machines.

6.3. Edge TS (ETS)

ETS has an important specification to measure the region of
rla > 0.85 with a spatial resolution of 5 mm in order to meas-
ure the steep electron density and temperature gradient in H-
mode discharges. The electron temperature range covered by
ETS is 0.05-10 keV. This temperature range is measured from
590-1060 nm with six-channel polychromator spectrometers.
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Figure 115. Configuration of the ETS collection optics. Inside the
port plug, it consists of only mirrors, and outside the port plug, it
consists of mirrors and lenses.

To detect enough photons, the F-number of the ETS collection
optics varies from F/15.2 to 21.7. While using such a high col-
lection optical system, it is a challenge to minimize chromatic
aberration over the above-mentioned wavelength band and to
be compatible with radiation shielding. The key engineering
challenges are the same as the five listed in the CPTS section.

The optical path of the collection optics forms a labyrinth
in the port plug to pass the collected light and to shield neut-
rons from the plasma. No lens is used in the port plug to avoid
fracturing of glass due to vibrations during plasma disruptions.
The collection optics are capable of collecting light from a nor-
malized minor radius range between 0.80 and 1.08. The outer-
most LOS corresponds to the face of the DFW [475]. In order
to suppress aberrations, the angle of incidence on the curved
mirror was made as small as possible. Figure 115 shows the
configuration of the ETS collection optics. Considering the
radiation environment near the port plug, it is desirable that the
field of view of the collection optics can be adjusted without
human intervention. Light propagating in the opposite direc-
tion from the optical fiber hits the bracket near the upper port.
By observing the vignetting of spots projected on the blanket,
the relative relationship between DFW and the observation
position can be maintained.

The laser beam dump is mechanically installed on the inner
blanket. The space provided for the beam dump is 60 mm wide,
115 mm high and 77 mm deep, including a flange for mount-
ing on the blanket. If the laser beam dump fails, the entire
FW structure of a blanket module must be replaced by remote
handling maintenance equipment. In order to reduce the risk
of laser beam dump failure, the beam diameter should be as
large as possible. For this purpose, the beam has to always be
incident on the center of the laser beam dump. ETS achieves a
temporal resolution of 100 Hz by alternately firing two 50 Hz
laser beams. The use of two lasers enables us to perform the
TS measurements at a temporal resolution of 50 Hz in case that
one of the laser systems stops functioning. In order to maxim-
ize the light receiving surface of the laser beam dump, allow
use of two laser beams, and suppress the streaming of neut-
rons along the beam optical path, it is necessary to align the
two beams coaxially. Since the scattering angle is about 140
degrees and the measured electron temperature is up to 10 keV,
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Figure 116. (@) Bird’s eye view and (b) concept of the laser beam
dump.

the depolarization of scattered light is at most a few percent.
In order to improve the ratio of Thomson scattered light to
the background light of randomly polarized light, a polarizer
is installed in the collection optics. The functional require-
ments for laser incidence and laser beam dump are summar-
ized below. The two horizontally polarized beams must be
coaxial and always incident at the center of the laser beam
dump. The laser beam dump needs to survive for a long time
under the severe heat load of ITER.

A rotating half-wave plate provides a lossless method
for combining beams together with stable beam pointing.
The polarization extinction ratio of the combined beams can
exceed 1000 [476].

In order to inject the probing beam into the center of the
laser beam dump, a method for detecting the beam position is
required. The beam position at the laser beam dump is mon-
itored by four alignment laser beams which propagate paral-
lel to the probing Nd:YAG laser beam and imaging systems
installed outside the port plug [469].

ITER is scheduled to operate for about 4700 h of plasma,
and when the beam is incident at a repetition rate of 100 Hz,
the number of pulses on the beam dump will be on the order of
10°. The laser beam dump is made of molybdenum alloy and
is designed to withstand high heat loads. To reduce the risk of
laser induced damage, the internal structure of the laser beam
dump has been proposed as shown in figure 116 [467]. It has
a structure in which a large number of 0.5 mm molybdenum
alloy sheets bent at several points are arranged in parallel with
a clearance of 0.6 mm. In this structure, S-polarized beams are
incident at a large angle of incidence (wide area). Therefore,
the beam energy absorption density can be reduced to about
1/20 as compared with the case where the angle of incidence
is 0. It has been experimentally shown that this structure is
advantageous for the survival of the beam dump [468], and it
has been confirmed that it can be manufactured [475].
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for the different YAG probing wavelengths with various T spectra
overlaid. Reproduced from [472]. © 2015 IAEA, Vienna. All rights
reserved.

In order for the laser beam to be injected into the plasma, it
passes through a vacuum window. The vacuum window is also
the confinement boundary for tritium and beryllium. Vacuum
windows are expected to be exposed to a total gamma dose of
several MGy. A 10 MGy gamma ray irradiation was performed
on fused silica windows with an antireflection coating, and
then a laser injection test was performed. It was confirmed that
the laser-induced damage threshold did not deteriorate [477].

6.4. Multi-color TS

The main calibration laser candidates for the core TS are:
second harmonic of Nd:YAG 532 nm and the alternative
Nd:YAG lasing wavelengths 946 nm and 1320 nm. Using dif-
ferent probing wavelengths also leads to an effective increase
in the number of spectral channels (see figure 117). This
can enhance the diagnostics capabilities if the electron VDF
deviates from a Maxwellian for example under a strong
ECRH/ECCD [472]. For the temperature range 0.5-40 keV
the calibration coefficient for each channel can be determined
with an accuracy of about 10%. This is not enough since the
calibration coefficients should be determined with an accur-
acy better than 1%—-2%. Therefore, averaging over a hun-
dred pulses is required, that poses a problem for usage of a
three level Ruby laser with a suitable wavelength of 694 nm
which has a low repetition rate. Due to the extremely wide
T, range there is no optimal choice of a supplementary laser,
each choice has its own pros and cons. The use of both addi-
tional 1320 nm and 946 nm lasers seems to be preferable
because this (a) allows successful operation when the spec-
tral sensitivity changes quickly; (b) allows calibration of the
system in the entire temperature range; (c) improves the accur-
acy in the case of non-Maxwellian electron VDF. Usage of a
1320 nm laser is sufficient for system calibration and accur-
acy improvement both for high 7. measurements and non-
Maxwellian VDF. The Nd:YAG 532 nm laser is relevant for
calibration only in special ITER regimes within the limited 7
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range. The benefits of additional lasers can be summarized as
follows [472]:

e Nd:YAG 1320 nm—advantages: significantly increases
accuracy for high temperature measurements 7. > 10 keV,
spectral calibration is possible for 7. > 1.5 keV, increased
accuracy in the case of non-Maxwellian electron VDF.
Nd:YAG 1320 nm—disadvantages: the laser is not yet com-
mercially available, poor T accuracy in double laser mode
for T. < 1.5 keV, different spectral channels will be calib-
rated at different temperatures.

Nd:YAG 936 nm—advantages: calibration is possible over
the full temperature range, could be used as the main laser
if required.

Nd:YAG 936 nm—disadvantages: poor T, accuracy in
double laser mode for T, > 10 keV, not useful for non-
Maxwellian electron VDF determination, different spectral
channels require calibration at different temperatures.
Nd:YAG 532 nm—advantages: availability, all channels can
be calibrated at one temperature, but this range is very short.
Nd:YAG 532 nm—disadvantages: good T, accuracy in two
laser mode only for 6 keV < T, < 15 keV, spectral calibra-
tion is possible only for 8 keV < T, < 20 keV, not useful
for non-Maxwellian electron VDF determination.

Measurements of T’ as high as 40 keV in the plasma core of a
large fusion device such as ITER encounter a number of issues.
The most reliable techniques that can be used are TS and ECE
diagnostics. In case of ECE a large relativistic and Doppler
broadening will have a significant impact on the spatial resol-
ution of the measurements. For example for regimes with core
T<(0) = 30 keV obtaining the required spatial resolution of
a/30 will only be possible for the outer region of the plasma
column, r/a > 0.5 [273, 478]. In case of TS diagnostics, the
main issue is a significant blue shift for backscattering geo-
metry, see figure 118, while the operational wavelength range
is bounded on the blue side (400-500 nm) due to the collec-
tion optics transmission and the strong background radiation
[472, 479]. The problem will be made worse due to the dark-
ening of the collection optics and fibers under strong neutron
and gamma irradiation. In the worst case scenario the lower
wavelength limit could be increased to 700 nm thus limiting
the TS system dynamic range to a few keV [466, 472]. At
high T the o7./T values expected from the 1064 nm laser are
limited by the ability to determine the shape of the spectrum,
in particular it becomes more difficult to distinguish between
increasing temperature and density. Possible solutions to this
problem include using an alternative geometry with lower
scattering angle, depolarization measurements (see section 2
for details) or using an additional probing wavelength shif-
ted deeper to the near IR range. Nd:YAG lasers have emission
lines at 1319 nm and 1338 nm. Using large scale Nd: YAG crys-
tals together with high-power laser diode pumping allows one
to realize such lasers operating with pulse energy as high as
1-2 J and a repetition rate of 50-100 Hz. At present a TS sys-
tem is currently being prepared for experiments at Wendelstein
7-X [480] using a 1319 nm laser. The main advantage of such
an approach is the effective shift of spectral channels, see
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0 = 170° and T. = 20-100 keV. The spectra are normalized by the
integral in the wavelength range ‘A’. (b) The ratio of integrals in
wavelength ranges ‘A’ and ‘B’ versus T.. Tor high T, the uncertainty
drastically increases due strong interdependence of 7 and nc.

figure 119. This allows to significantly reduce the temperature
and density error correlation for 20-40keV fora 1319 nm laser
in comparison with a 1064 nm laser thus increasing the meas-
urement accuracy of n, and T.. Moreover, the other advantage
of this technique is the inherent in-sifu spectral calibration.

6.5. Polarimetric TS

Polarimetric TS is an advanced technique for the analysis of
TS spectra that exploits the depolarization of the scattering
radiation [470]. This is an effect barely noticeable in present-
day fusion plasmas, but becomes important in plasmas with
T of the order of tens of keV, as it is expected in the high T
regimes of ITER [479]. Polarimetric TS has been suggested as
a method to mitigate the loss of accuracy of the ITER CPTS
system due to the fact that in the high T regimes of ITER the
spread of the TS spectrum exceeds considerably the spectral
region considered to be useful for the detection of the TS sig-
nal. This is the wavelength region 400 nm < A < 1060 nm
and its limits are determined by the drop of the silicon APDs
quantum efficiency on the long wavelength side and by the
region of high background plasma light on the low wavelength
side. The spectral region 400 nm < A < 650 nm while also
used is considered ‘at risk’ of transmission loss due to dark-
ening of windows and fiber optics from neutron irradiation.
When the plasma T is high and the TS spectrum spreads out-
side the useful detection region, the reconstruction of the shape
of the TS spectrum becomes difficult and the expected meas-
urement errors increase. Polarimetric TS provides a method to
mitigate this, contributing to keeping the 7. and n. measure-
ment errors low in the high 7. regime [471, 481]. Recently
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the depolarization of TS radiation has been experimentally
observed in JET [482].

In order to describe the polarization properties of the scat-
tering radiation it is convenient to use the Mueller calculus
[483]. Theory shows [481] that the wavelength integrated
radiation scattered by a high T, relativistic plasma is par-
tially polarized and its Stokes vector can be written as
S :CPLSPL+CNPSNP in which SPL = (17SI,SZ7S3) andSNp =
(1,0,0,0) are unit Stokes vectors representing the completely
polarized and the unpolarized components of the radiation
and Cpp and Cyp are their intensity coefficients. The quant-
ity P = Cpp/(CpL + Cnp) is the degree of polarization and
D = 1-P is conventionally called ‘depolarization’ [484]. Both
are functions of the electron temperature only. The Stokes vec-
tor of the wavelength integrated scattering radiation is com-
puted as S (7¢,0) = M (T.,0) Sy where Syy is the Stokes vec-
tor of the incident laser beam and M (T¢,0) is the Mueller
matrix of TS [485]. The scattering signal detected in a given
spectral interval can be calculated from the spectral Stokes
vector Ss (A, Te,8) = Mg (A, Te,0) Sy in which Mg (\, Te,0)
is the spectral Mueller matrix of TS that can be calculated
either numerically [484] or by a semianalytic method [486,
487]. Note that these expressions are valid for any polariza-
tion state of the incident laser beam. Let us now consider these
quantities for TS from an ITER plasma. Figure 119 shows the
dependence from T of the intensities Cp;, and Cnp and of the
degree of polarization P of the scattering radiation from a pos-
ition near the center of the scattering region in the ITER core
plasma.

The unpolarized component increases steadily with 7. and
at T, = 40 keV accounts for up to 20% and to 25% of the
intensity of an input beam with linear (as is typical) or cir-
cular polarization, respectively. For each input polarization
the depolarization D has a very weak dependence on the
wavelength but in any spectral interval it is only a function of
Te. Polarimetric TS allows the determination of 7. by meas-
uring D. The technique can be implemented in any spectral
interval and therefore does not suffer from limitations of the
useful detected spectral range.

One way to exploit this depolarization effect in ITER is to
include an additional polarimetric channel into a conventional
filter polychromator as in figure 120 [481].
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Reproduced from [481]. © 2017 IOP Publishing Ltd and Sissa
Medialab. All rights reserved.

The purpose of this polarimetric channel would be to detect
the component of the scattering radiation with the polarization
perpendicular to that of the incident laser beam, covering a
spectral region as wide as possible within the useful detection
range. This will provide an additional signal that, contrary to
those of the conventional spectral channels, will be increasing
with T, thus contributing to reducing the measurement error
in the high T, range. In figure 121 we show the expected effect
of such a polarimetric channel on the accuracy of the measured
T, in ITER assuming that it has the same spectral extent of the
full set of spectral channels [481].

These calculations show that the inclusion of the polar-
imetric channel becomes significant at about 20 keV and
at T. = 40 keV can decrease the 7, and n. measurement
errors by about 30% and 50% for an incident laser beam
with linear and circular polarization, respectively. In these cal-
culations the possibility of performing TS with a circularly
polarized laser beam has been considered. In fact, in TS from a
plasma, an incident beam with polarization different from lin-
ear perpendicular to the scattering plane has never been done.
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The reason for this is that linear input polarization maximizes
the scattering signal for any scattering angle. However in the
almost backward scattering condition of ITER the difference
between the scattering signal detected with linear and circular
polarizations is hardly appreciable. In fact figure 121 shows
that the accuracy of the spectral measurement is virtually the
same at low T, whereas the inclusion of a polarimetric channel
is more effective at high T, if the scattering is performed with
a circularly polarized laser beam. In ITER however a polar-
izer, either linear or circular, depending on the polarization
of the laser beam, must be inserted in the collection optics,
to separate the two polarization components before the fiber
optic bundles, as these will destroy the polarization of the scat-
tering light [466, 488]. Such a polarizer must be sufficiently
achromatic to operate on the entire detected spectral range and
compliant with the requirement of neutron irradiation. A prob-
lem that may arise with an input circular polarization is due to
the damage threshold of the laser beam dump, whose design
was specific for a linearly polarized laser beam [489].

A second possibility to implement polarimetric TS in ITER
is to use a double pulse technique, in which two laser pulses
with different polarizations either linear horizontal/vertical or
circular right/left are sent on the same path into the plasma
with a small time delay. In this way only a single fiber bundle
is necessary and also the polarimetric channel can be omitted
because the unpolarized component will be measured by the
same set of spectral channels on the second laser pulse. In this
case however it is necessary to measure the power of the two
pulses with good accuracy, and also introducing a beam dump
of a different design. In conclusion, including a measurement
of the unpolarized component of the TS signal may effectively
improve the accuracy of the TS measurements at high 7. in
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metry limit the advantages of polarimetric TS. An alternat-
ive access providing a more favorable scattering angle might
become available for the ITER later experimental campaigns
when the highest temperatures are expected.

6.6. DTS

The ITER DTS measures 7. and n. in the outer divertor
leg providing the link between upstream and target para-
meter measurements (e.g. from Langmuir probes). The dia-
gnostic measurement requirements are presented in table 30.
At the very low temperatures, corresponding to the region in
which strong recombination and thus divertor plasma detach-
ment will occur the requirement on measurement accuracy
is reduced. This is reasonable in the sense that one of the
most important roles of the DTS will be to provide experi-
mental evidence that strong recombination is occurring in the
target vicinity and to validate plasma boundary code simula-
tions of the detachment behavior. Since the recombination rate
increases more rapidly in the region with T, below ~0.5 eV in
comparison with the interval ~0.5-1.0 eV, it suffices for code
validation that experiments provide a measurement, which can
distinguish roughly between these regions [490].

The required temporal resolution is based on particle con-
finement times in the divertor plasma. In ITER, these times-
cales equate to ~10 ms defining the minimum timescale upon
which ‘global’ changes might be expected in the divertor
plasma (not including, of course, very fast turbulent processes
occurring on small spatial scales). The baseline time resolu-
tion of the DTS system of 20 ms (50 Hz) seems reasonable,
especially given the possibility of achieving, if necessary, a
factor of two higher resolution (10 ms) through simultaneous
application of the spare laser system. The DTS optical lay-
out uses crossed probing and viewing beams with front-end
laser launcher located beneath the divertor cassettes. The laser
chords (see figure 122) enter along the bottom of the divertor
cassette and, then, travel upwards into the outer divertor SOL,
passing through an ~20 mm gap between adjacent divertor
cassettes. Several interchangeable probing chords with com-
mon collection optics improve the diagnostic reliability.

Laser chords #1 are very close to the separatrix, coincid-
ing with the main stream to the outer divertor leg, and are
the most informative for detachment monitoring and control.
Laser chords #2 and # 3 are less informative but are launched



Nucl. Fusion 65 (2025) 113001

Review

#1

Lower Upper

i

62,28

Figure 122. DTS probing chords and spatial channel arrangement
on two fiber bundles. Numbering starts from the bottom of the
divertor leg.

from mirrors located further from the outer divertor target but
better protected from plasma interactions.

The standard processing of the TS spectrum assumes that
the spectral width depends on T, while the total scattered
signal intensity is linearly proportional to n.. When study-
ing a sufficiently dense and cold divertor plasma the Debye
length approaches the differential scattering vector and the
deviation of the TS spectral shape from Gaussian becomes
very pronounced [491]. The intended processing of TS spec-
tra is fitting the measured spectra with theoretical expectations,
estimating the n, and T, measurement errors from simple ana-
Iytical equations [472]. The DTS measurement capabilities
were assessed by estimation of n. and T relative errors for TS
spectra with pronounced collective effects using the following
algorithm:

(a) estimation of TS signals in spectral channels based on the
known engineering parameters;

(b) multiple inverse problem solution (103 runs) recovering 7
and n. from the TS signals simulated for given n and T,
with allowance for random deviations, where k ~ 2.5 APD
excess noise, N; and Npg i—number of signal and back-
ground photoelectrons in ith spectral channel, Nypyp ~ 50
contribution of the detector and amplifier noise reduced to
the input of detector (minimal error of the scattered signal
was assumed as 2.5%, taking into account probable sys-
tematic errors due to calibration);

estimation of the T, and n. standard deviations from the
obtained distributions of T, and 7.

(©

The assessed relative errors of the measured T. and 7.
for the probing chord #1 are summarized in figure 123.
Figures 123(a) and (b) show that the measurement errors of
both 7. under n, = 2 x 10%° m—3 and of n, under 7. = 0.3 eV
satisfy the requirements (plasma parameters near strike point).
The same analysis for plasma parameters typical for upper part
of the divertor leg is presented in figures 123(c¢) and (d).

The most important divertor plasma parameter is the
degree of plasma detachment/attachment to divertor tar-
gets. Detachment requires ion—electron recombination in the
plasma volume and this in turn requires the achievement of
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Figure 123. The expected d7c/Te and dne/ne for run #1514 of the
SOPLS 4.3 software package corresponding to a peak power flux
density of 8 MW m~2. The background radiation intensity scaled
from matching n.? dependence with five-fold overestimating. The
dashed lines mark acceptable accuracy. (a) §T/T. at

ne =2 x 10% m~3. Solid curves are analytical approximation,
crosses—errors estimated in a numerical experiment; (b) dne/n. at
Te = 0.3 ¢eV; (¢) 6T/Te at ne = 10" m™>—minimum density for
the top of the divertor leg; (d) 6Te/Te at ne = 5 x 10'° m™>—the
minimum density for the bottom of the divertor leg. The curve
dashed line takes into account the blackbody radiation of the
divertor tiles at a temperature of 2000 °C.

very low plasma temperatures (<1 eV) at which there is a
transition from ionizing to recombining conditions. The ioniz-
ation front location does not directly reflect the level of plasma
detachment if there is at the same time a vertical displacement
of the magnetic configuration, which can occur, for example,
as a result of control errors or plasma instabilities. If these two
effects can be sufficiently deconvoluted, it is possible to envis-
age the DTS as a potential sensor in a control loop designed to
affect the degree of detachment. The profiles of 7. along the
DTS probing chord #1 are shown in figure 124. Arbitrary ver-
tical shifts of —50 mm, 0 and +50 mm have been applied to the
profiles, simulating strike point movements. The figure 124(b)
shows that the ratio of areas under curve taken for the upper
and lower regions of the probing DTS chord gives a matrix
of points representing the extent of movement and ionization
front position. An operational diagram of this type could be
envisaged as a way in which the peak heat flux could be con-
trolled by DTS.

In the presence of inaccessible components (e.g. vacuum
windows, mirrors inside the vacuum system), the spectral
characteristics of the in-vessel optical components, which
may change with time, have to be calibrated. For DTS, the
procedure must include relative calibration for the temper-
ature, to validate the relative spectral response curves and
avoid incorrect measurement of the TS spectrum shape, and
absolute calibration for the density, which requires absolute
sensitivity. The relative calibration of slowly varying spectral
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Figure 124. Illustration of deconvolution and decomposition of the
influence on the plasma parameters in the outer divertor leg of two
phenomena—different plasma detachment and different vertical
displacement of the magnetic configuration. (a) 7. as a function of
distance L along the probing chord, modeled for three runs of
SOLPS #1511, #1514, #1540 with different degrees of detachment
and, therefore, different peak stationary target power flux density on
the target (10, 8, 6.5 MW m’z) and for three vertical displacements
of the magnetic configuration —50, 0 and 450 mm; (b) relationship
between (Integral A) and (Integral B) of the T, curves. Reproduced
from [490]. © 2014 IAEA, Vienna. All rights reserved.

transmission is done comparing in different spectral chan-
nels the TS signals from two laser wavelengths [490]. The
spectral channels used for measurements in the 5 eV-500 eV
range can be calibrated using ratio of the TS signals from the
1064/1047 nm. If the T range is increased up to several keV’s,
e.g. during ELM activity in which toroidally asymmetric struc-
tures carrying plasma with temperature characteristic of the
H-mode pedestal, the corresponding spectral channels can be
can be calibrated using signal ratio of 1064/946 nm.

Recent experiments carried out using two diode pumped
Nd:YAG and Nd:YLF lasers have demonstrated a possibility
to measure T, within the range 7. = 0.02-1 keV [492], see
figure 125. The electro-optical shutters of the lasers were syn-
chronized thus making it possible to detect TS signals with
time delay of a few tens’ nanoseconds. The characteristics of
the probing and measuring system that was used allow multi-
laser TS measurements in a steady-state regime, even for the
case when the spectral characteristic of the collection optics
was artificially distorted.

The absolute calibration of the diagnostic as a whole,
including the entire optical path will use a light source with
known intensity under the same geometry and alignment
conditions. The main approach is to use Rayleigh and/or
Raman scattering on a gas target. Both have advantages and
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Figure 125. A comparison of the electron temperature measured at
the Globus-M2 tokamak measured using multi-laser approach
(spectral calibration of the system was not used, Nd: YAG 1064 nm
and Nd:YLF 1047 nm lasers with 50 ns time delay) and
conventional technique.

disadvantages. The main limitation in calibrating by Rayleigh
scattering for the DTS is stray light. The expected stray light
delay is longer than the DTS laser pulse duration (3—4 ns)
and potentially can be temporally separated. The TS/Rayleigh
scattering cross-section ratio for Nj is 2210 at 1064 nm, which
determines the signal value from the gas target with a density
of 2.2 x 10'® cm™3 (0.8 mbar) equivalent to the TS signal
corresponding to 1, = 10'3 cm™3. The practical advantage of
the less intensive Raman compared with Rayleigh scattering is
in its broad spectrum, which makes it suitable for both abso-
lute and relative calibration of the spectral channels (see detail
in Mukhin ét al [490]). Temporal shapes of LIF-derived Hel
fluorescence can also be used as an extra method for absolute
calibration of the collection system transmission. The fluor-
escence duration varies from 10 to 100 ns over the n. range
1017-10%! m—3, its dependence on T, from 0.3 to 200 eV is
much weaker [491].

A well-known practical problem facing optical diagnostics
on large fusion devices, especially in ITER divertor, is the
eroded first-wall materials deposited on the front-end optics
during normal operation, when shutters are unable to protect.
This leads to decreasing diagnostic signals and can result in
substantial errors in the interpretation of the data. There are
several mitigating techniques for this. The plasma sputtered
materials can reach the divertor diagnostic optics during pres-
sure jumps of ~1 ms pulse duration, when plasma blobs with
core plasma parameters strike the divertor targets. The eroded
material transport by diffusion is estimated using the MC code
KITe (Kinetic Impurity Tracing) [493]. The impurity transport
caused by convection flows will be minimized by a dust pro-
tecting box, situated between plasma and laser launcher fol-
lowing: (1) deviation of the hydrodynamic flow away from
the optical axis and (2) absorption/pumping on the box walls
[494-496]. The front-end laser optics will be thin quartz win-
dows, which have to be self-cleaned by the laser ablation
[497, 498]. The front-end collection optic will be cleaned by
RF plasma [499-507]. The innovative diode-pumped Nd: YAG
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allowed transitions and subsequent measurement of fluores-
cent signals. LIF allows measuring of densities (r,, #;) using
corresponding collision-radiative models (CRM) and provides
information about electron temperature (7) and density ().
Other types of LIF measurements are related to pumping spec-
tral line scanning with a narrowband tunable laser: temperature
of the atoms/ions from Doppler broadening, projection of the
particle velocities from Doppler shift, the magnetic field from
Zeeman splitting etc.

The LIF diagnostic shall measure helium density (ny.) and
ion temperature (77;) in ITER divertor according to the require-
ments specified in table 31. The main role of LIF is to meas-
ure helium density distribution, characterizing the efficiency
of the helium ash removal. In combination with a vacuum
pumping system data and gas analyzer, LIF allows monitor-
ing the helium ash level in the main plasma. Besides this,
LIF is a backup diagnostic used for measurements of 7. In
combination with a DIM, which is the primary 7 diagnostics,
LIF allows knowing the ion temperature distribution along the
probing chords. The T; distribution is essential for evaluating
the pressure balance in the divertor plasma [514].

The diagnostic is combined with the DTS by using com-
mon laser-injection and signal collecting optics. The beams
will be launched into the outer leg of the divertor close to the
separatrix with laser mirrors arranged beneath the divertor cas-
settes (figure 122). Both the DTS and LIF signals will be col-
lected through the gap between neighboring divertor cassettes
providing more than 20 independent spatial points. Separation
of LIF and DTS signals will be carried out in the diagnostic
room with selective mirrors transmitting LIF and reflecting
DTS spectral range. The similar measurement chords of LIF
and DTS allow using n, and T, from DTS for evaluation of
npe With CRMs from LIF signals.

The LIF allows measuring both helium atoms (nyer) and
hydrogen-like ions (nyer) densities. The measurements of ry,;
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Figure 126. Relative errors of nyer (top) and npenr (bottom)
measurements (left ordinates) and nyer, nHenr densities respectively
(right ordinates) for #2505 (DT) and #2327 (He) SOLPS runs.
Reprinted from [516], Copyright (2019), with permission from
Elsevier.

can be realized by two spectroscopic schemes: a triplet—laser
pumping the 1s2s *S — 1s3p 3P transition (388.9 nm) and
viewing fluorescence in 1s3d *D — 1s2p *P (587.6 nm), and a
singlet—pumping 1s2s 'S — 1s3p 'P (501.6 nm) and viewing
1s3d 'D — 1s2p 'P (667.8 nm) [514, 515].

Hey; ion has a hydrogen-like structure of excited states lim-
iting a set of spectroscopic schemes suitable for LIF. A new
LIQ approach was developed for diagnostics of hydrogen and
hydrogen-like ions [514]. LIQ for Hey is based on quenching
the most intense line in the visible range 468.6 nm (n =4 — 3
transition) by laser pumping to the upper n =5 state (transition
n=4 —5,line 1012.3 nm).

1 kHz pulsed OPO is suitable both for nye; (LIF) and nyey
(LIQ) measurements. Figure 126 shows the expected measure-
ment accuracy for DT and Helium scenarios of ITER. OPO
gives nyer and nyeyp relative errors <20% in the lower and
middle parts of the probing beam, where nye; > 10" m—3.

Measurements of the ion temperature can be carried out
on the main DT plasma impurity—helium ions. The measure-
ment requires a tunable laser with a spectral width of about
ten times narrower (at least) than the absorption line width.
The SNR for T; should be higher than for density measure-
ments. A short-pulse laser (like OPO) does not provide the
required SNR; thus, the time-modulated laser is proposed to
achieve the accuracy by the signal accumulation over the long
time. The transition n = 4 — 5 (1012.3 nm) is chosen for the
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Figure 127. Simulation of the 1012.3 nm Hell spectral line shape
for estimation of the 7; measurement accuracy. Reprinted from
[516], Copyright (2019), with permission from Elsevier.

468.6 nm Heyy line quenching due to minimal required laser
power [516].

CRM calculation of the expected quenching and back-
ground signals allows estimating the accuracy of the 7 using
numerical simulations (figure 127) for Helium and DT ITER
scenarios. The spectral line shapes were simulated considering
calculated signals and noise sources. Doppler broadened emis-
sion spectra, once separated from Stark and Zeeman broaden-
ings, provide a convenient means of making 7; measurements.
The laser beam is linearly polarized to reduce the intensity
of - component and of corresponding influence of Zeeman
splitting.

Results of the AT; estimations are shown in figure 128.
The T; relative errors were calculated for the LIF/DTS
ITER divertor geometry using the following equation:
AT; = (Tinit — Trmeas)/ Tinit, Where Ty is the temperature
taken from the SOLPS and Tes 1S determined from the sim-
ulated spectral line shape. The simulation was carried out
10* times for every observation point. The n. and T, (from
DTS) were used to consider Stark broadening. Zeeman split-
ting was estimated for the magnetic field B = 5 T and for the
toroidal laser polarization.

The calculations show that the ability to measure 7; with
relative errors <20% in the lower part of the probing chord
is limited by the pronounced Stark effect. In the upper part of
the divertor leg, the measurements are complicated by the low
Hey; ions density.

The LIQ technique can also be applied for hydrogen (deu-
terium, tritium) diagnostics in the ITER divertor [491] The
laser pumping of one of the Paschen lines (e.g. P, = 1875 nm)
quenches H, = 656 nm. Compared to the conventional LIF
for hydrogen with laser pumping and viewing of the fluores-
cence in H,, or laser photoionization (LII) of Hz = 486 nm
by TS laser, LIQ combines benefits of both LIF and LII. The
LIQ requires a low-power laser and allows spectral line scan-
ning based measurements like LIF. The wavelength shift of
detected radiation versus pumped transition reaches hundreds
of nanometers and the laser stray light can be easily blocked
as well as in LI
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Figure 128. Relative accuracy (right ordinates) of 7; LIQ
measurements and 7' distributions (left ordinates). Reprinted from
[516], Copyright (2019), with permission from Elsevier.

The CRM assessments of the hydrogen density LIQ
diagnostic in ITER divertor show possibility to measure
nm > 107 m—3 with relative errors better than 20% by 1 kHz
pulsed OPO. Using a time-modulated narrowband tunable
laser allows scanning of the pumping P, = 1875 nm spec-
tral line shape. Therefore, LIQ gives the possibility to measure
local ny/np, np/nt ratios.

LIQ diagnostics of hydrogen atoms was already tested at
Globus-M tokamak. The H,, signal was suppressed by laser
radiation with A = 1005 nm exciting transition n = 3 — 7
(using OPO laser: AX =2000 pm, 7 = 10 ns, E = 2.2 mJ). As
well as OPO, the time-modulated fiber laser with A = 1875 nm,
AX = 1200 pm, P; = 5 W and repetition rate of 1 MHz
was specially designed and manufactured for the ny; measure-
ments in SOL and divertor plasma of Globus-M. The experi-
ments show the possibility of measuring ny; > 10'® m=3 aver-
aging quenching signals over 10 ms in SOL plasmas.

Another useful approach of LIF in ITER is the electron
density measurements basing the analysis of Hel fluorescence
pulse shapes [491]. The CRM developed for ny| describes the
temporal behavior of the fluorescent signals depending on the
laser pulse shape, exciting transition and local values of n, and
T.. Particularly, LIF can be used to measure 7, in the range of
10"-10?! m—3 under T, = 0.3-200 eV by using pulsed OPO
laser.

The CRM simulation shows that the fluorescence dura-
tion (FWHM) varies from 10 to 100 ns over the n. range of
10'-10?! m~3 while dependence on T in the range of 0.3—
200 eV is much weaker. The lower limit of n. > 10" m~3 is
determined by reduced dependence on n, since relaxation of
the excited level and hence the fluorescence signal duration
is determined mainly by spontaneous emission. Test meas-
urement of n. was carried out in Globus-M tokamak using
TS collection optics. The LIF signal temporal shape satisfies
ne = (2.00 £ 0.65) - 10" m—3 that correlates well with the
TS-data n. = (2.4 £ 0.2) - 10" m—3.

Comparison of n, by LIF with n. by DTS, which depends
on the collection system transmission, can also be used as an
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extra method for absolute in-situ calibration of the collection
optics transmission in ITER.

6.8. Toroidal interferometer-polarimeter (TIP)

The primary system planned for real-time density control in
ITER is the five channel combined TIP. TIP will also contrib-
ute to density profile reconstruction and play a secondary role
as a diagnostic of core density fluctuations [4]. Initial design
studies of the TIP were carried out in 1998 [517] and, in 2013,
a more detailed design was published [518] following the suc-
cessful CDR at ITER. The TIP presented at the CDR fea-
tured a traditional two-color vibration compensated interfer-
ometry measurement [519-523] with the 10.59 ym CO, and
5.42 pm CO laser lines combined with a 10.59 pzm CO, polar-
imetry measurement of Faraday rotation using the R and L-
wave technique [524-526]. Following prototyping activities,
it is now envisioned that the CO laser will be replaced by a
4.6 um QCL on ITER [527].

The two-color interferometry approach on TIP is an estab-
lished technique that relies on using two separate colinear
interferometers operating at different wavelengths to decon-
volve dispersive plasma-induced phase shifts and motion
induced phase shifts. In the cold-plasma approximation, the
line-integrated density from TIP will be given by
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where re = 2.82 x 10" m, ); and ¢; are the wavelengths and
interferometric phase shifts respectively of each laser. Plasma-
induced phase shifts of the 10.59 pm CO; laser beams in ITER
are expected to be 10°~10* degrees and motion-induced phase
shifts will likely be 10* Deg. (1 mm) or larger [518]. In con-
trast, the polarimeter measures a phase shift given by

- —
G pol = 2CpAcor” / neB - dL

with Cp = 2.62 x 107" rad T~! and B is the local magnetic
field, from which the Faraday rotation or field weighted line-
integrated density can be obtained. Because polarimeter phase
shifts are expected to be less than 180 Deg. [518] and the mag-
netic field is known, the inclusion of polarimetry allows the
two-color system to recover unambiguously from fringe skips
at all densities, up to and beyond the Greenwald limit as well as
the potential to use the polarimeter itself for feedback density
control.

The present TIP layout on ITER is shown in figure 129,
where it can be seen that each of the five TIP chords will
originate in the diagnostic hall from five independent optical
tables. The plasma leg beam lines will be enclosed and trans-
mit each chord to and from the ITER vessel through mul-
tiple containment zones. In equatorial port 9 (EP9) an optical
labyrinth will transmit each chord through the FW where they
will fan out and be sent to a set of corner cube retroreflectors
that are placed in either of the other equatorial ports or neutral
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Figure 129. TIP Layout on ITER. (a) View showing TIP layout
spanning various zones. (b) TIP chords in ITER vessel and
retroreflector (CCR) locations.

beam ducts. The optical train in EP9 features five independent
first mirrors and a common FW hole, to minimize penetration
sizes and to reduce risks associated with deposition, erosion
and neutron streaming.

While elements of TIP including separate CO2 laser-
based two-color interferometry [520, 521] and R&L-wave
polarimetery [528, 529] had been made previously, at the time
of the CDR, no previous system had been demonstrated with
the combination of characteristics required for TIP, i.e. com-
bined two-color IR interferometry and polarimetry measure-
ments, long ~100 m beam paths and steady-state ~1000 s,
low-noise measurements. In 2015-2016, a fully functioning
TIP lab prototype with the scale of that expected in ITER
was constructed and tested [527]. Those tests included sev-
eral phases, from bench testing to a full 120 m beam path
with FPGA-based DAQ and a feedback alignment system that
was subjected to motions typical of an ITER bake cycle. Over
the course of the testing, the initial conceptual design was
refined significantly as issues were identified and overcome.
As mentioned, a major change was the shift from a CO to
QCL used as the shorter wavelength vibration compensation
laser (a 5.22 pm laser in lab tests but planned as a 4.6 ym
laser for ITER). Following lab tests, the TIP prototype was
moved and installed on DIII-D with encouraging initial res-
ults; DIII-D TIP prototype measurements compare well with
expectations and the system design is capable of meeting ITER
measurement requirements.

The DIII-D TIP prototype layout is shown in figure 130,
where the ~100 m roundtrip beam path for the plasma and
reference legs can be seen. A detailed description of the table
and components are given in Van Zeeland et al [527] and
[530]. A key element not shown is the optical table enclos-
ure which reduces airflow, dust and regulates the temperat-
ure to help maintain alignment of the components. Like the
ITER TIP, the DIII-D prototype features a tangential view
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TIP prototype measurements of a DIII-D plasma are shown
in figure 131, where the interferometer and polarimeter meas-
urements are shown in figures 131(a) and (b) respectively
along with the measured phase shifts. During DIII-D dis-
charges, the measured phase resolution for the polarimeter and
interferometer is 0.05 Deg. (100 Hz bandwidth) and 1.9 Deg.
(1 kHz bandwidth), respectively [530], which are to be com-
pared to the ITER target values of 0.1 and 10 Deg [518].
The corresponding line-integrated density resolution for the
vibration-compensated interferometer is n = 1.5 x 10" m~2,
and the magnetic field-weighted line-integrated density from
the polarimeter is nBL = 1.5 x 10" Tm~2. Both interfero-
meter and polarimeter measurements compare well to expect-
ations based on calculations using a synthetic TIP diagnostic
which takes as inputs TS measured density profiles and EFIT
magnetic equilibrium reconstructions [530]. As described in
[531], the TIP prototype active feedback alignment system
was essential to obtaining these low-noise data. In addition
to line-integrated equilibrium density, 1 MS s~! TIP proto-
type data clearly demonstrate the ability to resolve core density
fluctuations such as Alfven eigenmodes in the 100 kHz range
(see figure 7 of [531]).

While TIP prototype results are encouraging, several open
issues and design questions remain. TIP faces many of the
same issues discussed in the context of other laser-based dia-
gnostics discussed in this summary including primarily first
mirror degradation. At present, no shutter or mirror clean-
ing is envisioned, passive mitigation through the use of IR
wavelengths, a single small aperture and a novel retroreflector
design is the planned approach. An important issue that was
identified in testing is atmospheric interaction and specific-
ally, dispersion causing uncompensated interferometric phase
shifts due to environmental variation. An example of this effect
is given in figure 30 of [527], where a 0.5 C change over
~40 m of the air-filled beam line caused an uncompensated
phase shift of about 25 Deg. or 250% of the TIP interferometer
error budget. R&D work will be needed to identify a path
forward to handle significant temperature variations but one
option includes positive pressure in the beam lines with clean
dry air and monitoring temperature variations then removing
the uncompesated phase shifts through some experimental fit

105

Figure 131. TIP prototype measurements of a DIII-D plasma. (a)
Two-color interferometer. (b) Polarimeter.

to the effect. A similar approach has been employed on W7-
X [532]. An alternative but difficult approach is the evacu-
ation of the beam lines. Another open issue is the TIP primary
vacuum window; leading candidates are BaF, and ZnSe. BaF,
has been used on several devices including the DIII-D TIP pro-
totype, has acceptable transmission and a low Verdet constant;
however, it is sensitive to thermal shock and water exposure.
While ZnSe is stronger than BaF,, its higher index of refrac-
tion requires an AR coating (which use proprietary coatings
with no guarantee of reproducibility) and Faraday rotation in
the window must be corrected for to meet polarimeter meas-
urement requirements. Presently, neither window material has
been formally approved for use on ITER.

6.9. PoPola

PoPola injects thirteen far-IR (FIR) laser beams (wavelength:
119 pm) into the plasma as illustrated in figure 132. PoPola
measures the polarization change of the FIR laser beams
attributed to interaction between the plasma and the FIR
laser beams. An equilibrium reconstruction code estimates the
profile of plasma current, or equivalently safety factor g(r),
by using the PoPola measurement data together with other
diagnostics such as magnetics and CPTS. The ¢ profile is
used for physics, real-time suppression of neo-classical tear-
ing modes (NTMs) and real-time reverse shear control. The
design activity has been carried out, and progress has been
made, for instance a retroreflector [533], a FIR laser, gamma
and neutron irradiation tests of a piezo actuator, magneto-
optic effect of quartz (window material), remote alignment
method of laser beam position and passive stabilization of laser
beam position (called as ‘flexible light guide’) [534-536].
This section focuses on two topics; equilibrium reconstruc-
tion taking into account both T, effect and coupling between
the Faraday effect and the CM effect, and a measurement
technique.



Nucl. Fusion 65 (2025) 113001

Review

Figure 132. PoPola beam paths through 7z cross section of ITER.

The T effect and coupling between the Faraday effect and
the CM effect are not mentioned in the previous papers, IPB
[3] and Progress in IPB [4], but are of significant importance
are for discussing the measurement accuracy of ¢ profile iden-
tification. Polarimetry involves the measurement of a change
in the polarization state, caused by the Faraday effect and the
CM effect. The Faraday effect mainly changes an orientation
angle, 6, of the polarization state and depends on the electron
density of plasma, n., and magnetic field parallel to probing
laser light, B,. The CM effect mainly changes an ellipticity
angle, €, of the polarization state and depends on n. and mag-
netic field perpendicular to probing laser light, B, . When T
is high, changes of # and ¢ depend on not only B and 7., but
also T owing to breakdown of the cold plasma dispersion rela-
tion. For burning plasmas such as ITER plasma, the electron
temperature is expected to be several tens of keV, and thus
the T effects on the dispersion relation becomes important
[537, 538]. In addition to the T, effect, the coupling between
the Faraday effect and the CM effect needs are also signi-
ficant in the measurement condition of PoPola. Finally, the
change of 6 and ¢ are not expressed by using simple line-
integral form, but a vector differential equation called a Stokes
equation. So, it was an open question whether the g profile
can be reconstructed with required accuracy (10% [197]) when
the T, effect and the coupling between the Faraday effect and
CM effect are not negligible. The PoPola design team demon-
strated for the first time that the g profile can be reconstruc-
ted even when the governing equation for the polarization
change is given by the complex vector differential equation
(i.e. Stokes equation) [539]. The PoPola design team found
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that the required accuracy of 10% cannot be met in the case of
the steady state scenario of ITER plasma operation when the
T. effect is not taken into account. Thus, the Stokes equation
taking into account the 7', effect needs to be solved for recon-
structing the g profile. Moreover, it was found that the accur-
acy of ¢ profile reconstruction using both 6 and ¢ are higher
than that using just 6. This is because the data of ¢ includes
the information of the poloidal magnetic field because of the
coupling and also includes the information of the toroiodal
magnetic field caused by the plasma current. Although the
measurement of € was originally proposed for measuring line-
averaged electron density, the measurement of € is now imple-
mented by PoPola for improving g-profile identification. The
study regarding the g-profile identification leads to the spe-
cification of PoPola, which is that the measurement accuracy
of 6 and ¢ are 1° and 6°, respectively, and target to 0.1° and
0.6°, respectively.

The next topic is the measurement technique. This is one
of future works that was listed in the Progress in IPB [4]. The
PoPola design team examined the four techniques; the rotat-
ing waveplate method, the dual PEM method, the Dodel-Kunz
method and JET polari-interferometer method. The rotating
waveplate method was selected as the preferred option. The
major reasons of the selection is the applicability to the
wavelength of 119 um, the capability of measuring the ellipt-
icity angle (¢), the robustness to the deformation of in-vessel
mirrors, mechanical vibration and the instability of laser fre-
quency. This section explains only the selected method, and
detailed information about the other methods is reported in
[540]. The rotating waveplate method consists of a rotating
quarter waveplate and a linear polarizer. Detector signal is
modulated by the rotation of the quarterwave plate and Fourier
analysis of the detector signal provides information identify-
ing the polarization state. It is a well-known technique in the
field of polarimetry, but there was no previous experience of
measuring at the required time resolution of 10 ms in real time.
The theory of the rotating waveplate method is simple and
well-known, but practical application with high accuracy is
not simple under non-ideal conditions such as concentric dis-
tribution of birefringence and non-flatness and wedged shape
of the waveplate. The applicability of the rotating waveplate
method to PoPola was demonstrated by using both He-Ne laser
and quarter waveplate of multi-order retardation [541]. No
drift of measurement data was found for 1000 s. The achieved
time resolution was 3.3 ms, and the achieved precision of the
orientation angle, ellipticity angle, and the Stokes parameter
was 0.33°, 0.096°, and 1.2%, respectively. This error will be
reduced by using the FIR laser because the error is attributed
the run-out of the rotating waveplate, and the run-out normal-
ized by wavelength of FIR laser is much smaller than that of
He-Ne laser.

6.10. Expanded measurement capability potential for PoPola

Since publication of the Progress in IPB [4], two new measure-
ment capabilities have been identified as possible for PoPola:
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Figure 133. Faraday-effect polarimeter using R- and L-wave
technique observed magnetic turbulence during a density ramp in a
DIII-D H-mode discharge: (a) line-averaged electron density; (b)
spectrogram of Faraday fluctuation measurement of magnetic
turbulence.

(1) internal magnetic field fluctuations and (2) plasma vertical
position.

6.10.1. Internal magnetic fluctuation measurement.  Interest
in internal measurements of magnetic fluctuation and non-
axisymmetric 3D effects in ITER have significantly increased,
due to needs of early detection of disrupting MHD instabilities
[542] and predictions of unstable electromagnetic turbulence
in ITER relevant plasmas [543]. Internal magnetic fluctuation
measurements, a capability not available from any currently
planned ITER diagnostic, may be the key to address these
issues. Recent advances in polarimetry have shown that mag-
netic fluctuation measurements can be accomplished by using
the R- and L-wave technique [526], which is also employed
for the ITER TIP diagnostic described in section 8. The tech-
nique can detect the Faraday effect with low noise at sub-
microsecond time scale, enabling measurements of Faraday
effect fluctuations. The noise can be further reduced by using
two detectors at each chord to suppress electronic noise via
the application of correlation techniques [544]. The Faraday
fluctuation measured via a horizontal radial chord near the
plasma magnetic axis is dominated by magnetic fluctuations
along the chord [545], providing a direct internal magnetic
fluctuation measurement. In addition, electron density fluctu-
ations along the same chord can be simultaneously measured
by adding a local-oscillator [526]. By using the R- and L-wave
technique for chords at or near the magnetic axis, broadband
magnetic turbulence (100-500 kHz) is observed in ELMy H-
mode DIII-D plasmas, shown in figure 133 which correlates
with a density ramp and pedestal performance degradation
[546]. Determined by the probe beam width (~6 cm), the
similar measurements on ITER would be sensitive to low-k
(kps < ~0.1 for a 10 keV plasma in ITER) plasma instabil-
ities, such as electron drift waves, MHD and fast ion driven
instabilities.
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Figure 134. Layout for combination of R- and L-wave technique
and rotating waveplate method in PoPola.

For PoPola, to achieve the magnetic fluctuation measure-
ment capability, one would need to implement R- and L-wave
technique for the chord(s) nearest the magnetic axis. This can
be done without compromising PoPola’s primary mission to
determine the g-profile. There are two possible approaches.
First approach is to combine the rotating waveplate method
described in section 9 with the R- and L-wave technique, as
illustrated in figure 134. The beam wy with linear polariza-
tion is the probe beam for the rotating waveplate method and
generated directly by laser. The probe beams of the R- and L-
wave technique, beams wg and wy, with counter-rotating circu-
lar polarizations, can be generated either by additional lasers
with ~10 MHz frequency difference from wy, or by split-
ting a portion of the wy beam and shifting frequency using
an acousto-optic modulator. The rotating waveplate and R-
and L-wave methods are integrated by combining all the probe
beams together before leaving the optical table, and splitting
the return beams into two parts while preserving their polar-
izations. By appropriately separating the probe beam frequen-
cies, the presence of beam wy will not affect the R- and L-
wave measurements. The presence of beams wr and wy, do
affect the rotating wave plate measurement, which is avoid-
able, e.g. by chopping beam wg and wy periodically: a clean
rotating waveplate measurement is accomplished when beams
wgr and wp, are blocked. The chopping frequency is optim-
ized so that good rotating waveplate measurement at the milli-
second scale and R- and L-wave measurement at the micro-
second scale are realized. Another approach is to only use
the R- and L-wave technique for the desired chord(s) near the
magnetic axis. In this approach, the R- and L-wave measure-
ment would also provide the g-profile constraint. A potential
concern is that non-negligible contamination from CM effect
in the R- and L-wave measurement [541, 547] may affect the
accuracy of g-profile. However, this concern is largely allevi-
ated by realizing that the absolute error due to the contamin-
ation is small (sub-degree level) for chords near the magnetic
axis.

6.170.2. Plasma position measurement.  Nine chords of the
PoPola system view the plasma horizontally from a equatorial
port and can therefore be exploited to provide a measurement
of the plasma vertical position. The plasma vertical position
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Figure 135. Vertical plasma position on DIII-D showing agreement
between Faraday-effect (using 3 central chords) and EFIT results.

is determined by the magnetic axis where the radial magnetic
field goes to zero and horizontal position is determined by the
magnetic axis where the vertical magnetic field goes to zero.
To directly measure the radial magnetic field, the double-pass,
radially-viewing, PoPola system can be used.

The plasma vertical position, Zg, can be related to the
Faraday measurements, Vg, via Zg = —1p(0)Ap £(0), where
1 r(0) =~ APp/Az [531]. The equation gives the center position
of the innermost flux surface, Zp, directly from the Faraday
rotation measurement. The ' is calculated from the slope
APp/Az at z = 0. This is a simple linear relation between pos-
ition and Faraday rotation measurements near the magnetic
axis, z ~ 0, which provides essential information for a PCS
[548]. This vertical position is independent of the time derivat-
ive, therefore, it is NOT subject to noise from long-time integ-
ration. Zero-crossing of Faraday effect measurement provides
higher sensitivity to vertical position than other methods such
as density or SXR emissivity profile measurements. It should
be noted that vertical position is determined directly from the
two line-integrated measurements and no inversion is needed.
This approximation can enhance the capability of perform-
ing real-time control since the line-integrated Faraday-effect
measurement can have excellent time resolution (especially
when using the R- and L- wave approach) and requires no other
equilibrium information.

This approach was recently demonstrated on both the
EAST [531] and DIII-D tokamaks where horizontally viewing
polarimetry chords are available. An example from DIII-D is
shown in figure 135, where the Faraday measurement agrees
well with the EFIT results (using external magnetics) through
a programmed 25 cm vertical position scan. This approach
can be used to independently and non-inductively measure the
plasma position thereby providing a cross check for flux loop
measurements. Since the Faraday measurements are internal
to the plasma, they can also be exploited for plasma control
related to vertical displacement events or disruptions.
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check and validate flux loops or serve as a backup in the event
of flux loop failure in harsh ITER radiation environment, and
(3) can provide an early warning of plasma vertical position
changes related to instability or disruption.

6.71. Dl for ITER

As described in the previous section, the two-color interfero-
meter approach employed by the TIP can separate the phase
shifts caused by a plasma and by mechanical vibrations. DI
[549] is a relatively new interferometry configuration and is
essentially a variation of the traditional two-color interfero-
meter in that it also uses two different wavelengths. While
a standard two-color interferometer measures the phase shift
for each wavelength separately, and can solve for vibrations
and plasma-induced phase shifts independently, the phase shift
measured with DI contains essentially no vibration-induced
phase shift, instead measuring the phase shift caused by disper-
sion of a medium. An additional advantage of DI is a simpler
optical configuration. DI uses a single laser source and detector
and has no requirement for a path-length matched reference
chord.

The concept of DI is shown in figure 136. While a standard
two-color interferometer is equipped with two laser sources
with different wavelengths, DI utilizes a nonlinear crystal to
generate the second harmonic component as the second color.
The first nonlinear crystal generates the second harmonic com-
ponent, after which a combination of co-linear fundamental
and second harmonic components are launched through the
plasma. After passing through the plasma, another nonlinear
crystal is used to generate additional second harmonic power
and the remaining fundamental component is blocked out. The
dispersion interferometer measures the interference between
the two second-harmonic beams only. In this approach, the
vibration-induced phase shift is optically subtracted, because
the two beams experience the same vibrations. In an ideal con-
figuration, the measured phase shift results solely from disper-
sion through the plasma [549].

Starting with a homodyne configuration, several diagnostic
techniques like phase modulation [550-553] and heterodyne
detection [554], have been applied to the DI for improve-
ments of time and density resolutions. As an example, the
DI configuration on LHD is shown in figure 137. Since DI
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Figure 137. Dispersion interferometer on LHD.

is relatively insensitive to mechanical vibrations, the optical
frame, where most optics were placed, had no vibration isola-
tion and was directly installed to the diagnostic platform in the
LHD hall. The laser source was a CO2 laser with a wavelength
of 10.6 mm and output power of 7.5 W. The 5.3 mm com-
ponent was generated using a AgGaSe?2 crystal. The LHD DI
utilized phase modulation with a PEM to improve the density
(the phase) resolution. The probe beam injected into the LHD
VV was reflected by a corner cube mirror installed inside the
LHD vessel. The reflected probe beam returned to the optical
frame, and was detected. The detailed evaluation method of
the plasma phase shift and the electron density is described
in [552]. The line density resolution, which was defined as
the standard deviation of a 3 s long signal acquisition, was
2.5 x 10" m~2 (0.6 deg.), with a response time of 0.1 ms. The
measured electron density showed good agreement with the far
IR laser interferometer. The response time was good enough to
measure rapid density increases due to pellet injection [552].
The relatively simple configuration of a DI reduces its
maintenance and the risk of components failure. The absence
of a reference leg makes the system’s footprint smaller
enabling integration into limited spaces. Advantages of the DI
like excellent line density resolution, ease of integration and
reliability are reported from several devices, such as TEXTOR
[550, 551], LHD [552], W7-X [553], and DIII-D [554]. They
motivated the inclusion of DI in the ITER diagnostic set.
Figure 137 shows a conceptual view of Density Interferometer
Polarimeter (DIP) on ITER. DIP is a CO2 laser-based phase
modulated DI combined with a polarimeter using PEMs. As
with TIP, the polarimeter is incorporated in order to com-
pensate for fringe skips, should they occur. The fundamental
component, which is typically filtered out after the 2nd non-
linear crystal, is used for the polarimetry measurements. A
PEM-based polarimeter has been previously demonstrated on
JT-60U [555] and does not affect DI measurements, since it
measures the polarization angle of the wavelength compon-
ents which is not used finally in the standard DI. The combin-
ation of the DI and the PEM polarimeter was tested on a bench

109

Nonlinear
Crystal

Nonlinear

CO, Laser Ciystal

PEM
PEM
Polarizer

PhotoElastic

Modulator (PEM) Polarimeter

Part

Figure 138. Concept of the combined dispersion interferometer and
polarimeter as will be implemented on ITER’s DIP.

as shown in figure 138. In the prototype DIP, simultaneous
measurements of the interferometer phase shift and the polar-
ization angle were successfully demonstrated [556].

6.72. Conclusion

Since the ITER physics basis update in 2007, laser aided dia-
gnostics have advanced considerably with many diagnostics
going from outline concepts to detailed integrated design solu-
tions ready for implementation.

With this advancement in design many particularly chal-
lenging diagnostic components have gone through testing and
prototyping stages. For example, following prototyping and
testing the TIP diagnostic now plans to use a QCL as its’ sec-
ondary laser as opposed to a CO laser in addition to the main
CO; laser. The ETS diagnostic has tested laser beam dump
designs for longevity and a new laser beam combiner based
on a rotating half-wave plate has been developed. Similarly,
demonstration of a rotating waveplate for PoPola has been
shown to measure Stokes parameters with no drift for over
1000 s.

The challenges of the diagnostic designs have lead to devel-
opment of new hardware. New lasers have been specifically
developed for the DTS diagnostic with diode pumped 2J 50 Hz
1064 nm main laser and calibrating 1047 nm and 946 nm
lasers with high pulse power and repetition rates. Additionally
a digital polychromator design has been developed integrat-
ing digitizers within the traditional filter polychromator unit.
There are still considerable challenges to be overcome, for
example the CPTS diagnostic would greatly benefit from a
free form front optic design. The ability to integrate such a
large free form mirror into ITER and shutter and clean it has
yet to be demonstrated.

New diagnostic techniques have also been developed since
the last ITER physics basis update. Laser induced fluorescence
has been proposed as a technique to measure Helium density
and ion temperature. Similarly laser induced quenching, which
pumps individual transition lines using an OPO laser, provides
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the possibility to measure the ny/np and np/nt ratios. Existing
diagnostics are expanding their remits taking on new measure-
ments. The PoPola system is now expecting to measure plasma
vertical position and magnetic fluctuations. DI is also proposed
which using a simple optical configuration can provide phase
shift measurements without any vibration induced phase shift.

The theoretical basis for measurements is also being
advanced. Recent simulations have also shown that the PoPola
must take into account the 7 effect in order to accurately
diagnose the g-profile. While the proposal for polarimetric
TS is not new, there has been very significant development
in the theoretical basis behind this measurement capability.
The development of polarimetric TS has been driven by that
requirement being highlighted by ITER due to the need to
accurately diagnostic high 7.

Importantly laser aided diagnostic techniques proposed for
ITER are being trialed on existing Tokamaks. On Globus-M a
1 MHz OPO laser was deployed in order to measure 7. using
laser induced quenching. The TIP combined two-color inter-
ferometry and polarimetry measurements were first tested in
the lab and then installed on DIII-D. The first observation of
polarimetric TS measurements were recently obtained on JET.
Vertical position measurements using PoPola were demon-
strated on DIII-D. DI was demonstrated on a wide number
of machines including LHD and TEXTOR. One of the key
outputs of these tests on existing machines is it shows poten-
tial issues that need resolution, for example interferometric
phase shifts were observed by TIP due to small temperature
differences along the beam path. These lab demonstrations
of advanced diagnostics and techniques on existing machines
are crucial to de-risk the laser diagnostic implementation for
ITER.

Appendix I—Abbreviations

Abbreviation Meaning

AR Anti-reflection

APD Avalanche photo diode

CCR Corner cube reflector

CM Cotton—Mouton

CPTS Core plasma Thomson scattering
CRM Collisional radiative models
DAQ Data AcQuisition

DFW Diagnostic first wall

DI Dispersion interferometry

DTS Divertor Thomson scattering
ECCD Electron cyclotron current drive
ECE Electron cyclotron emission
ECRH Electron cyclotron resonance heating
EFIT Equilibrium FIT

EQE Effective quantum efficiency
ETS Edge Thomson scattering

FIR Far infra-red

FPGA Field programmable gate array
FWHM Full width at half maximum
HeNe Helium neon

LHD Large helical device

LIDAR Light imaging detection and ranging
LIF Laser induced fluorescence
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LIQ Laser-induced quenching

Nd:YAG Neodymium doped Yttrium aluminum garnet
Nd:YLF Neodymium doped Yttrium lithium fluoride
OPO Optical parametric oscillator

PEM Photo-elastic modulator

PoPola Poloidal polarimeter

QCL Quantum cascade laser

RCP Right circular polarization

SNR Signal to noise ratio

SOL Scrape off layer

TIP Tangential interferometer polarimeter

TS Thomson scattering

VDF Velocity distribution function

7. Microwave diagnostics

M. Austin"*?, S. B. Korsholm™, Y. Liu*>?%, S. Danani's,
C. Muscatello?, W. L. Rowarn**, V. Vershkov¥, G. Wang33,
J. L. Xie*0, M. Zerbini'® and Y. L. Zh®’

71. Introduction

Plasma diagnostics based on microwave radiation (inclusive
of millimeter-wave and higher frequencies) have a long his-
tory going back over 70 years. Early diagnostic work is sum-
marized by Heald and Wharton [557], with later summaries by
Hartfuss [558] and Donné [4]. Looking forward, many aspects
of microwave diagnostics will be favorable for next step fusion
plasma devices. Both active (e.g. reflectometry, polarimetry)
and passive (e.g. ECE) diagnostics are usually able to operate
with launchers and receivers that are safely distanced from the
edge of the reactor grade plasmas. And the radiation is gener-
ally able to be transmitted by low loss methods (mostly wave-
guide) that are not subject to radiation damage and degrad-
ation. Additionally, the associated sources and detectors of
these systems are readily available at reasonable cost, and due
to the transmission lines, can be stationed well away from the
fusion device. Overall this bodes well for robust and reliable
measurements from microwave diagnostics.

As described in the sections below, there have been
advances in microwave systems which all lead to more accur-
ate and reliable measurements of key plasma parameters.
Refinements in theory, techniques, and hardware bring the
diagnostics to full readiness for burning plasma conditions.
Although most of the sections apply to ITER, the advances
described will be relevant for fusion devices beyond that pro-
ject, like a demonstration or pilot plant machine. Additional
breakthroughs and new techniques will almost certainly be
required for microwave diagnostics to meet the needs of the
energy producing follow-ons to ITER.

Robustness will be an important quality for microwave sys-
tems as they will be subjected to the harshest conditions seen
to date. If they can meet the proscribed reliability, the systems
will be key to primary control systems that the machine will
rely on to protect itself. However, certain challenges remain.
In most cases (excluding the sources for CTS) the power levels
for both active and passive diagnostics lie in the watts to
nanowatts ranges. This is in the face of multiple megawatts
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Table 32. ITER measurement parameters that microwave diagnostics contribute to.

Primary Backup Supplementary
Electron cyclotron emission Core T. ELM temperature transient Bp
NTM 67/ Te P rad
Emax runaway
I Runaway
Edge T.

TAE on/ne & 6T/T.

Low field side (LFS) reflectometer ELM density transient
Edge ne

TAE on/ne & 6T/Te

Core ne Profiles of electron density

Vpol

High field side (HFS) reflectometer ELM density transient
Core ne

TAE én/ne & 6T/T.

Line-averaged electron density

Collective Thomson Scattering (CTS) Alpha density profile

Alpha energy spectrum

p,D, T, *He Energy Spectrum

nt/np in plasma core
Core T;

Edge T;

nu/np Core

of microwaves expected to be employed in reactor devices for
ECH (certainly ITER). The challenges for the instruments are
twofold: (1) to not be blinded by the high power direct and
scattered power, and (2) to not be damaged by the same. The
latter is expected not to be too serious a challenge since the
ECH will be in known, narrow frequency values so appropri-
ate stop band, high- or low-pass filtering can be employed to
prevent interference of the measurement or destruction of the
instrument. In fact all diagnostic systems for ITER have some
protection of this sort for the stray gyrotron power.

But there is another potential source of interference for
microwave diagnostics that will have to be dealt with, and
that is intense, essentially random bursts of strong microwave
emission from the plasma itself. A type of this phenomenon,
bursts at ECE frequencies, was first reported from one of the
early tokamaks to operate at high auxiliary heating power,
TFTR [559]. Subsequently bursting at ECE frequencies has
been reported from many other tokamak plasmas, as seen in
[560, 561] and the articles referenced within those. Although
there has not been a comprehensive study so far, from these
reports one sees that a common situation in most cases is low
collisionality. That is, bursting emission from plasmas in the
range of ECE occurs for plasmas heated to high electron tem-
perature and relatively low density. This is what leads to the
deduction that in ITER and other future fusion devices, burst-
ing emission will be a common and frequent occurrence.

The upshot is that this emission will be an ever present
annoyance, and sometimes threat, for both active and pass-
ive millimeter wave diagnostics in these future devices. With
the frequency of emission bursts so random and uncertain, it
will be difficult to devise avoidance and protection schemes.
And with the expected high electron beta in the plasmas, it is
conceivable that the intensity of these bursts will be enough
to inflict damage; there is anecdotal evidence from both DIII-
D and AUG tokomaks that bursts have damaged microwave

111

diagnostic instruments. A reasonable plan to deal with the
bursts might be to have the capability, at least at the instrument
end, to insert suitable filters once the nature of that devices
bursts are understood and become predictable.

So moving forward, the microwave diagnosticians can
expect some challenges in dealing with power coming from
the reactor-grade plasma itself. The technology is available to
deal with the issues, in terms of frequency-domain and time-
domain filtering; it is a solvable problem. Therefore no doubt
the advanced hardware and techniques described in the follow-
ing sections will be able to make their full contributions to the
fusion effort.

72. MPs for ITER

Microwave diagnostics contribute to a variety of ITER plasma
MPs. Those MPs provide the plasma information such as
Core/Edge T./n./T;, ELM Temperature/Density Transient,
MHD induced T/n. fluctuations, dynamics of alpha particles
and other energetic particles, etc. A complete list is summar-
ized in table 32.

The table 33 lists the requirements of the MPs for those
where microwave diagnostics have a primary role. All of those
MPs are either for advanced plasma control (AC) or for phys-
ics studies (PHY). Among those MPs, some of them can only
be measured by a single system. For example, ECE is the only
system that contributes to NTM 67/T., and CTS is the only
system contributing to both alpha energy spectrum and the p,
D, T, and *He energy spectrum. Therefore, the requirements
of those MPs shall be completely met by the sole system. For
other MPs that several systems contribute to, the requirements
of those MPs shall be met by the combination of those systems.
In consequence, the requirements of the MPs that microwave
diagnostics have a primary role are driving the system
design.
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Table 33. Measurement requirements of the measurement parameters for which microwave diagnostics have a primary role.
Parameter Condition Range Time Res. Spatial Res. Accuracy Role
ELM transient /a>085 5x10%3x10°m™ 10ms 5mm 5% PHY

Core Te r/a < 0.85 0.5-40 keV 10 ms al30 10% AC
Core ne ra <085 3x10°3x10"m™> 10ms al30 5% AC
Edge n, r/a>085 5x1083%x10°m™> 10ms 5 mm 5% AC
NTM 67/T. Te>1keV 1x1072-5x 1072 0.1-10 kHz Island wid > 20 mm 1% AC
TAE 6n/n. & 6T/T. — 5% 1075 x 1074 30kHz—0.5MHz n=2-50 30% (rel) PHY
Alpha density profile — 1 %1072 % 10%¥m™ 100 ms al10 20% PHY
Alpha energy spectrum — 0.1-3.5 MeV 100 ms al10 20% PHY
p,D, T, SHe Energy Spectrum — 0.1-1 MeV 100 ms a/10 20% PHY
73. ECE diagnostic for ITER e R maghelic axs
73.1. Introduction. In ITER, ECE in the range from 600 | — e Right Cutoff ||
100 GHz to 1 THz will be used for measurement of elec- N g M

. . . > > Upper Hybrid
tron temperature (7.) profiles with high spatial and tem- 500 F Lower Hybrid
poral resolution, for detection of high frequency instabilit- 0
ies (MHD, neoclassical tearing modes (NTM), Alfven eigen- O 400t
modes, turbulence) and for measurement of the energy loss g
due to ECE. Both profile and NTM information are required “8’_300 I
by the Plant Control System in real time. A complicating factor 2 s
is that recent results in DT plasmas [562, 563] have rein- ogo | TR NI s s —— b )
forced an earlier result [49] in which ECE did not agree with \\“\' e =
Thomson scattering, an alternate diagnostic for electron tem- 100} g PR R T poja _i?T
perature profiles. The ECE diagnostic has the facility to detect a i

the non-thermal electron distributions, which may cause this.
Development of the diagnostic is a collaboration among the
USDA, the INDA, and the 1O.

The ECE diagnostic will measure electron temperature pro-
files for full-field and half-field ITER scenarios. Plasma access
for ECE with X-mode polarization is illustrated for one full-
field ITER scenario in figure 139. The figure represents an H-
mode scenario with an axial toroidal field 5.3 T and with peak
T, of 22.5 keV and peak electron density of 1.3 x 10?0 m—3
(IMAS scenario 130 506, run 403, time 230 s, DT fuel,
Ip = 15 MA). Figure 139 illustrates that the second harmonic
X-mode EC emission can be used for measurements in the
pedestal and confinement regions. The core of the plasma is
accessible to ECE measurements using 1st harmonic O-mode.

The ECE diagnostic comprises three parts, front end, polar-
ization splitter units (PSU) and transmission lines, and detect-
ors. Each will be described in the next sections.

73.2. The front end.  The front end (figure 140) collects
the ECE from the plasma along two high-resolution views of
the plasma, one view radial and the other oblique. One chal-
lenge is to collect sufficient emission with high spatial res-
olution to allow high temporal resolution. Since the captured
plasma emission contains information both in its intensity and
its polarization, a second challenge for the front-end design is
to preserve both. The front-end system is in the middle DSM of
equatorial port 9 (DSM EQ9, figure 140). The large distance
from the diagnostic flange to the plasma center (>3 m) and
the large plasma diameter (>>6 m) require collection with min-
imum divergence angles. Quasi-optical (QO) [564] collection
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Figure 139. Calculated X-Mode ECE access and limits. Solid lines
indicate cold plasma ECE approximation. Yellow and purple dashed
lines show location of the relativistic shift of emission peaks for
second and third harmonics, respectively. Dot—dash lines indicate
relativistic broadening of emission for second (yellow) and third
(purple) harmonics.

optics offer one means for achieving all of these requirements
[565]. Compactness is another requirement. The design of
the QO collection optics for ITER is similar to the compact
Ellis-Austin periscope, which was developed for DIII-D [566]
and achieves the required high spatial resolution with mod-
est frequency dependence using just one ellipsoidal focusing
mirror.

In figure 140, an ellipsoidal mirror for each view (M1 for
the radial view) collects emission from the plasma. A flat mir-
ror (M2) redirects the emission through the vacuum window
(W) to the system aperture (A) which sets the spatial resolution
in the plasma. The calibration source (HS) can be switched into
the system for intensity calibration using a flat mirror. More on
this later. The sizes of the optics are chosen to be a factor of
three larger than the Gaussian beam width derived from the
QO analysis. That assures transmission of more than 98% of
the emission and much simplifies the secondary ECE require-
ment to measure the total ECE from the plasma.

The size of the collection volume of the ECE beam is
tracked from the high field side (HFS) of the plasma through
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Figure 140. Front end components and the PSU. Component labels
are for the radial view and are defined in the text.
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Figure 141. The size of the Gaussian beam from the waveguides to
the scenario axis of ITER along the optical path. The size is taken to
be 3*(Gaussian width). The reference location is the system
aperture.

the entire QO system to the entrance to the waveguides in
figure 141. The locations of the QO components are shown
and their sizes are fixed by this QO calculation. The design
results in component sizes that are consistent with the restric-
ted space in the equatorial port yet large enough to reas-
onably meet the ITER measurement requirements. The size
of the observed volume varies across the plasma (distance
>4000 mm in figure 141), and as expected there is a frequency
dependence. Still, the spatial resolution requirements for ITER
are met. Since the initial design, the front-end optics have been
modified repeatedly and successfully to follow the progress of
port integration and that has demonstrated its robustness and
flexibility.

Discrepancies between electron temperature derived from
analysis of ECE and Thomson Scattering occur in some
instances and appear to be due to departures from Maxwellian
distributions [562, 563, 49, 564-569]. The ECE collected from
an oblique view is sensitive to non-Maxwellian distributions
[569] and has been used to evaluate the discrepancy. The res-
olution of this discrepancy was shown [49] to require analysis
of higher harmonic ECE. This will require a wide bandwidth
detection system such as the Fourier transform spectrometer
(FTS). An oblique view is included in this diagnostic design
(figure 140) which is quite similar to the radial view described
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above. In addition, an FTS of the Martin—Pulpett interfero-
meter type is included in the ITER ECE instrument array. The
oblique view can provide a redundant measure of T¢(R). The
need for an oblique view then follows from the primary role
to measure electron temperature with high reliability.

Mirrors are used to collect ECE. Since they are in-vacuum,
indirectly exposed to plasma, and inaccessible for extended
periods, degradation is a significant issue that requires in-situ
mitigation. A calibration source is integrated into the design
of both radial and oblique views. Each can be directly sub-
stituted for the plasma emission by the switching of a single
mirror in each case and this provides a reference calibration
for the ECE. The hot calibration source for the radial view is
shown in figure 140 (HS). The primary component of the hot
source is a SiC surface that is contoured [570] to produce a
large diameter, uniform source of blackbody emission. When
heated to its target temperature of 700 °C, its blackbody emis-
sion is easily distinguishable from the ambient emission of the
other front-end components. The design is complex, as it must
produce a uniform emission across a large surface for the many
hours required for calibration. Design and successful prototyp-
ing are described in detail elsewhere [571-573].

73.3. PSU and transmission line. ~ The front-end optics are
designed to preserve the polarization to a high degree, but
the emission is conducted to the detection instruments, which
are located more than 40 m from the tokamak, via purged
waveguides. Waveguides will not preserve the polarization,
so the polarizations for each view are separated in the PSU
(figure 140), a QO unit. The polarized emission for each view
is conducted to the detectors via a separate waveguide.

The transmission line is smooth-walled circular aluminum
tube, which meets loss requirements of <15 dB (70-400 GHz)
and <22 dB (400-1000 GHz). The waveguide will be purged
with dry air to limit absorption features in the ECE spectrum.

73.4. Detection.  After all this, the ECE emission spectrum
arrives at the instruments where it is spectrally analyzed, digit-
ized, and the data sent to the archive. There will be two
standard radiometers [574, 575]. One covers the range from
220 GHz to 340 GHz. While it pushes the limits for contem-
porary designs, a similar unit was deployed at C-Mod [576].
The limitations of that design were addressed in a prototype
[577, 578]. At full field, it will cover the confinement region
and pedestal in X-mode. A second, conventional radiometer
will operate in the range of 122-230 GHz. At full field, it will
be used for core measurements in O-mode. There will be two
FTS spectrometers to cover the range of 70-1000 GHz with
3.75 GHz resolution. These will facilitate detection of non-
thermal distributions and measurement of energy loss.

73.5. Prospects. The design of all components are nearing
completion. Prototyping of components is in progress. Port
integration is actively in progress.
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74. A low-loss microwave transmission line for ITER ECE

The ITER ECE diagnostic will be used to determine the
plasma electron temperature by measuring the intensity of
ECE in the frequency range 70 GHz-1 THz. One of the
challenging requirements for the ITER ECE diagnostic TL
is achieving low attenuation for the long distance (~43 m)
between the front end and the instrument room over the broad
frequency range. This is particularly challenging because of
the low power (~few nW) thermal radiation emitted from
the in-situ calibration sources located in the front end, which
plays a vital role in determining the accuracy of measurements
performed.

To meet the ITER ECE transmission line measurement
requirement, an 8 m long prototype TL was developed at
ITER-India. This TL is made up of oversized smooth walled
straight waveguide sections (each of length 2 m and ID of
72 mm), miter bends and waveguide joints. The experimental
set-up for attenuation measurement of this prototype line con-
sists of a millimeter wave black body source, a FTS and the
TL with required supports for proper alignment and coupling.
The FTS is based on a Martin—Puplett interferometer (MPI)
configuration [579] and covers the spectral range from 70—
1000 GHz. The MPI operates under vacuum, has high through-
put, excellent time resolution of 10 ms, and a scan displace-
ment of 15 mm that provides a spectral resolution better than
10 GHz [580]. There are two input ports available on the FTS.
One or both of them can be connected to the oversized wave-
guide (up to 99 mm). A 3 mm thick polypropylene window is
provided for both of the FTS input ports to separate the FTS
from all of the external interfaces and maintain a vacuum seal.
A manually actuated shutter is provided on each of the input
ports to enable blocking of the radiation from the input ports
that are not in use. Eccosorb® is attached to these shutters
which acts as a reference radiation source at room temperat-
ure. The input ports on the FTS are standard ISO 100F-type
vacuum flanges. For the prototype TL measurements, port 1
of the FTS was kept at LN, temperature and port 2 was kept at
high temperature ~500 °C, in order to increase the SNR. The
recorded interferograms (30 000) were coherently added to
average out the random noise. The attenuation was estimated
by taking the ratio of the spectrum (derived by performing FFT
of interferograms) measured for ~8 m TL length to the refer-
ence spectrum. The average and standard deviation of attenu-
ation are derived for several data sets of attenuation measure-
ment and are shown in figure 142. It is found that the error in
TL attenuation is ~60% for frequencies below 250 GHz and
<5% for frequencies above 250 GHz.

Considering the uncertainty associated due to various
factors such as microwave source power, TL alignment,
detector sensitivity and atmospheric effects (i.e. line and con-
tinuum absorption) a safety factor of two has been taken for
deriving the ITER ECE transmission line loss for 43 m length
as shown in figure 143. Since the TL is not under vacuum,
water vapor absorption lines are observed in the spectrum at
380, 448, 552, 752, 916 and 988 GHz. It has been observed
that, the overall transmission is improved in case of rough
vacuum measurement as both the water line absorption and
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Figure 142. Measured transmission attenuation for ~8 m length
smooth waveguide TL.
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Figure 143. Estimated loss for ITER ECE TL for smooth-walled
waveguide (~43 m length and 6 Miter Bends), based on measured
attenuation of prototype system.

the continuum absorption are lower in an evacuated TL [581].
It is also inferred from comparison between air and vacuum
measurements that there is some level of continuum absorp-
tion of the radiation in this frequency range by atmospheric
gases. The broadband transmission attenuation is decreased by
~2 dB (average value) above 500 GHz.

From the above measurement results, it is determined that
a smooth walled TL gives a maximum loss of 13 dB in the
500-800 GHz range, and even better performance in the 100—
350 GHz which is the range for primary measurement of the
ECE Diagnostic. This meets the ITER ECE transmission line
attenuation requirements of <15 dB attenuation in frequency
range 70-400 GHz and <22 dB attenuation in 400-1000 GHz.

The results have been assessed to understand the cause of
large error in TL attenuation for frequencies below 250 GHz.
This can be attributed to the low sensitivity of the FTS
detector, 1/f noise and low source power. FTS is a wide band
system with coverage up to 1800 GHz (upper limit) but with
weaker sensitivity in the lower frequency range. A reduced
error could be achieved with longer integration times, e.g.
~8 h. However, if the detector element is replaced by one with
enhanced low frequency sensitivity, then this problem can be
resolved. It is therefore concluded that in case of high sig-
nal level from the plasma and having an FTS with optimized
detector, will resolve the concern of large error in attenuation
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in the low frequency range of the spectrum even in case of
low signal (as in the case of the calibration source). In order to
further improve the prototype TL attenuation results, another
hot source, having good temperature uniformity and temperat-
ure stability, is also being considered, which will improve the
S/N ratio. Also, there is scope of improvement in the FTS data
analysis techniques which are also being looked into. Further
experiments are being planned in near future with improved
data analysis and hot-cold techniques.

75. Correlation ECE measurement of electron temperature
turbulence

Multi-field turbulent fluctuations, e.g. turbulence in temper-
ature, density, magnetic field, radial electric field, etc have
been considered possible mechanisms to explain the observed
anomalous radial transport and therefore define the particle
and energy confinement in magnetic confinement fusion
devices. The correlation ECE (CECE) radiometer has been
developed as an effective electron temperature turbulence dia-
gnostic for core to edge pedestal measurement in the last two
to three decades on tokamaks and stellarators (referring to a
2007 review paper by Watts [582] and the references therein,
and [583-591] for CECE systems on existing machines). The
CECE measurement of electron temperature turbulence has
contributed to various physics studies, e.g. in earlier days,
core heat transport in TEXT-U [592], sawtooth physics in
TEXT-U [593], core transport in W7-AS stellarator [594], hot
ion instabilities in Tore Supra [595], and others (see review
article [582]). Recently, CECE has been utilized to study core
transport in I-mode [596], negative triangularity shape plasma
operations [597, 598], edge pedestal transport in RMP ELM-
controlled H-mode [599] and quiescent H-mode [600], NTM
physics [601], and validation of gyrokinetic simulations [602],
etc.

The ECE signals are comprised of blackbody thermal radi-
ation with inherent fluctuations [603] generally larger than
or at the same level of electron temperature turbulence. The
CECE diagnostic utilizes two closely spaced (generally radi-
ally spaced) ECE channels which contain uncorrelated thermal
noise as well as correlated electron temperature turbulence;
small turbulent electron temperature fluctuations are extrac-
ted by performing correlation analysis between the two ECE
channels [582]. In ITER, ECE has a range of roles in the deliv-
ery of the core electron temperature profile and detection of
NTMs, the measurement of the H-mode pedestal, and plasma
energy, radiated power, runaway electrons, edge electron tem-
perature profile and high frequency instabilities [604]. The
CECE technique for electron temperature turbulence measure-
ment can be applicable in ITER and contribute to transport and
MHD physics studies in various operational modes and scen-
arios in ITER.

Recently, a new, improved analysis of correlation ECE data
to accurately determine turbulent electron temperature spec-
tra and magnitudes has been proposed [605], which has been
verified both numerically through the simulation of synthetic
ECE radiometer data, as well as through analysis of exper-
imental data from the CECE system on DIII-D. The new
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formulation places coherency-based analysis on a firm found-
ation and corrects some currently published methodologies.
This new method accurately accounts for bias error in the
coherence function and correctly calculates noise levels for
a fixed data record length. It provides excellent accuracy in
determining temperature fluctuation level (e.g. <10% error)
even for a small realization number in the ensemble average.
The method also has a smaller uncertainty (i.e. error bar) in the
power spectrum when compared to the more standard cross-
power method when evaluated at low coherency. Direct cal-
culation of system noise level using correlation between ran-
domized IF signals is recommended.

The new form of the normalized electron temperature fluc-
tuation power spectrum P3 (f) is derived [605] as:

_ L )
Bir 1 =7 (f)’

Where Bjr is the intermediate frequency (IF) bandwidth

and 7. (f) = /72 (f) — 2 (f), where ~4*(f) is the coher-

ence spectrum between the two ECE signals, 77 (f)=

(1—~7 (f))z/M is the bias error in calculating 72 (f), M is the
realization number for calculating 72 (f). This new formula-
tion has several advantages. The first being that an average
or DC measurement of the ECE signals are not required for
the evaluation of P5 (f) since the calculation of the coherency
spectrum ~ (f) is not sensitive to DC components. Secondly,
the standard cross-power spectrum for evaluating P (f) tends
to have a bias at low realizations and/or low coherency cases.
In addition, the statistical error is smaller than the cross-power
spectrum with the same ensemble average calculations at low
7 (f) [605].

In CECE literature the minimum measurable electron tem-
perature fluctuation level (TRMS / T) min is often predicted from
the following radiometer noise formula [582]:

< > _ 1 2'Bvid
min Nl/2 BIF ,

where N = 2B,;qdf is the number of data points, Byiq is the
video bandwidth, and dt is the data record length. In fact, for-
mula (7.2) can be found [605] to be the square root of the

standard error of measured (TRMS / T)2 using correlation ana-
lysis. The simulations and DIII-D data show that the actual
system noise level is underestimated by equation (7.2) (by tens
of percent). A direct calculation of the minimum measurable
electron temperature fluctuation level (TRMS / T) min using ran-
domized IF signals and equation (7.1) is recommended.

For ITER there would be significant challenges to getting
useful data from a high resolution CECE instrument but some
form of it could likely be implemented, i.e. a system focusing
on the low-field-side edge. This could be part of the ECE or
reflectometer systems; for the LFS pedestal region the plasma
would be in the near field of both system’s optics and hence
have the best antenna spatial resolution. Additionally the ped-
estal T, values are expected to be such that relativistic broad-
ening would be small, again allowing for sufficiently small
ECE volumes for CECE to have decent resolution. These

Py (f) (7.1)

Trus
T

(7.2)
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measurements could contribute to understanding how turbu-
lent and mode fluctuations affect the pedestal, its height and
the region’s transport properties.

76. CTS for ITER

The primary role of the ITER fast ion CTS diagnostic is to
provide information on the VDF of the confined fast ions—in
particular the fusion born alpha particles. The CTS diagnostic
was included in the ITER Baseline in 2007 as an enabled dia-
gnostic. This means that primarily the in-vessel parts of the
diagnostic will be developed and installed for first plasma. The
in-vessel front-end part of the diagnostic has passed its FDR
in October 2021 [606].

The fastion CTS diagnostic is a relatively young diagnostic
first being proposed for JET in the 1990s [607, 608]. Below
we will briefly outline the development maturing the fast ion
CTS diagnostic to becoming an ITER diagnostic. Following
this the present design and status of the ITER CTS diagnostic
is presented.

In brief, the basic principle of fast ion CTS is that a power-
ful source beam—typically a gyrotron microwave beam in
the frequency range near the fundamental or second har-
monic at a power of several 100’s kW—is injected via
quasi-optical mirrors. The probe beam interacts with micro-
scopic fluctuations—primarily electron density fluctuations—
and scattered radiation is emitted [609]. A quasi-optical
receiver transmission line picks up a portion of the scattered
signal that contains information about the dynamics in the
volume constituted by the overlap of the probe beam and the
receiver beam. By choosing the scattering geometry and the
probe frequency appropriately, one can ensure that the spec-
tral information in the received signal primarily stems from
collective motion of the electrons in turn originating from the
dynamics of the ions. Hence, a properly designed fast ion
CTS diagnostic can provide information on the VDF of the
confined fast ions both spatially and temporally resolved. For
more details, see [609, 610].

76.1. Developments of the CTS diagnostic. =~ The fast ion
CTS diagnostic was proposed, implemented, and tested on
JET with moderate success [607, 608]. The primary challenge
for the JET CTS diagnostic system was the choice of fre-
quency in the ‘window’ between the fundamental and second
harmonic EC resonance. With the high temperatures of JET,
the background (ECE) noise hampered the SNR.

Following the JET CTS experience, an important step
towards the maturation of the diagnostic was made in the
implementation at TEXTOR [611] and later ASDEX Upgrade
[612]. In parallel to this development feasibility studies for
a CTS diagnostic for ITER were performed at Rise National
Laboratory [613-624]. These early works laid the foundation
for the inclusion of CTS in the ITER Baseline, and the system
proposed in the feasibility study is conceptually alike the cur-
rent ITER CTS design—being described in the next section.

While the ITER CTS diagnostic has been chosen to focus
on fast ion physics, the versatility of the CTS diagnostic has
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Figure 144. Geometry of the ITER CTS diagnostic. Probe beam in
blue. Shown for the ITER steady-state scenario, I, = 10 MA,

been demonstrated at TEXTOR and ASDEX Upgrade [610,
625]. For specific scattering geometries, CTS can provide
information on the fuel ion ratio in the core of a burning
plasma, and geometries and equipment can be optimized to
provide bulk ion information such as temperature and rotation
velocity [616-618].

Furthermore, it was demonstrated on ASDEX Upgrade
that bulk ion features in the CTS signal are so powerful that
measurements of e.g. bulk ion temperature, T, and bulk ion
rotation, v,,, can be made even while EC resonances are
in the plasma [619]. This means that bulk ion CTS can be
made in piggy-back by simply detecting the scattered signal
due to the heating gyrotrons. This opens up new possibilities
for more flexible CTS diagnostic systems on machines with
ECRH.

While the CTS diagnostic is still a relatively young dia-
gnostic, it is being implemented on several machines for ion
measurements e.g. on LHD [620, 621] and W7-X [622].

76.2. Status of development of the ITER CTS diagnostic.

The ITER CTS diagnostic will operate using a dedicated gyro-
tron operating at 60 GHz delivering at minimum 1 MW with
50% modulation duty cycle for ECE background subtraction
[606]. The scattered signal is picked up by an array of seven
receiver beams intersecting the probe beam in seven con-
fined scattering volumes across the plasma diameter (see
figure 144). The spatial resolution of the diagnostic varies
across the diameter with a radial extent of the volume of 20 cm
near the edge and of 50-80 cm in the core of ITER. The tem-
poral resolution is 100 ms fulfilling the ITER measurement
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Figure 145. Drawings of the ITER CTS diagnostic in EPP12 drawer #3. The (pink) beam to the upper left is the gyrotron probe beam that
intersects with the seven (blue) receiver beams in defined locations across the plasma diameter.

requirements for the parameters that CTS has as primary
function:

e alpha density profile
e alpha energy spectrum
e p, D, T, *He energy spectrum.

The probing frequency of 60 GHz has been chosen in order to
reduce the ECE background noise, which is very low in ITER
at frequencies below 65 GHz [623]. This also means that the
diagnostic must be operated in X-mode. However, this leads
to another challenge, that the probing beam passes the funda-
mental EC resonance inside the portplug—an issue we return
to shortly. At the same time, the frequency range is very close
to an X-mode cut-off, leading to significant refraction of both
the probe and receiver beams. Nevertheless, extensive model-
ing and analysis of the diagnostic performance has been per-
formed and the proposed ITER CTS diagnostic will be able
to measure the fusion born alphas within the desired accuracy
[624, 626—630].

The in-vessel part of the diagnostic is located in an exclus-
ive drawer (#3) of EPP #12. All in-vessel components have
been developed and designed under contracts with Fusion for
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Energy (see figure 145). The in-vessel part of the fastion CTS
diagnostic for ITER passed the PDR in March 2020 and the
FDR in October 2021.

Besides the more generic challenges of ITER diagnostic
systems, such as radiation and neutronic damage, the CTS
diagnostic has some specific challenges. The primary chal-
lenge is the fundamental EC resonance for 60 GHz being
located in the middle of the EPP #12. The risk is that an
EC-assisted breakdown of residual neutral gas could happen,
since the neutral pressure is known to increase during plasma
discharges—as seen in JET. This would lead to plasma form-
ation in the CTS in-vessel transmission line, which in turn
would lead to absorption of fractions of the 1 MW gyrotron
beam inside the port plug transmission line components. The
risk mitigating design feature is the use of a longitudinally split
electrically-biased waveguide (SBWG). The functionality of
such a SBWG has been demonstrated in prior implementations
on e.g. DITE [631, 632]. The principal idea is that any free
electrons inside the SBWG are swept to the positively biased
half so fast that they cannot start an ionization cascade, which
would otherwise lead to plasma breakdown inside the wave-
guide. The design and extensive modeling results are described
in [631, 632].
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The present paper cannot describe all aspects of the design
and analysis, hence the reader is referred to the following lit-
erature describing the development towards a complete design
of the ITER CTS diagnostic [610, 631-639].

77 LFS reflectometer for ITER

The Low-field side reflectometer (LFSR) for ITER will sup-
ply simultaneously three important plasma measurements: (1)
electron density profile, (2) electron density fluctuations, and
(3) poloidal plasma rotation. In addition, an indicator of edge
transients (e.g. L-H transition, ELMs) will be derived from
the time evolution of the electron density profile. The ITER
PCS will use real-time measurements of the density profile
and poloidal rotation from LFSR for advanced feedback con-
trol. In addition to feedback control input to ITER, LFSR data
will be useful for plasma stability and turbulence studies. It
is capable of detecting low-to-intermediate wavenumber fluc-
tuations, enabling an extensive range of physics studies. The
PPR that was originally foreseen in the 2007 ITER Baseline
[4] has been abandoned on ITER because integration became
prohibitively too difficult and the so-called captive compon-
ents would not be delivered on time

The broad measurement capability of LFSR is enabled by
an array of six monostatic antennas which inject from an
equatorial port on the outboard side of the ITER vessel. Low-
loss transmission lines, consisting of corrugated, overmoded
waveguide and miter bends, transmit the 30-165 GHz, O-
and X-mode signals to and from the ITER plasma. Integrated
transmission-line components serve a range of purposes, such
as protection from high-power stray RF radiation, accom-
modation of transmission-line displacement, and simultan-
eous measurement of reference and plasma phases through-
out the discharge. Broadband transmission signals are real-
ized by full-band microwave transceivers combined with
quasi-optical multiplexing. Both frequency-modulated con-
tinuous wave (FMCW) operation for profile and fluctuation
measurements and fixed-frequency continuous wave opera-
tion for poloidal rotation (Doppler) measurements are incor-
porated. Considering the fast-paced evolution of microwave
and analog-to-digital conversion technologies, collection of
FMCW data with bandwidths well above 1 GHz is planned
for LFSR. With this capability, LFSR will perform full-band,
ultrafast sweeps (<1 us) with unprecedented time resolution.
Density and plasma rotation profiles will be processed in real-
time with <10 ms time resolution by FPGA modules. Detailed
descriptions of the end-to-end design of LFSR can be found in
previously published works [640, 641].

The design of LFSR has been optimized to probe the edge
region (r/a > 0.85) for a broad range of ITER conditions.
However, penetration into the core is possible under certain
scenarios. Figure 146(a) shows full-field ITER baseline pro-
files for electron density (n), electron temperature (7.), and
magnetic field (B). O-mode and X-mode cutoffs and EC res-
onances at the midplane are plotted in figure 146(b); relativ-
istic modification to the electron mass is included. Contour
plots of cutoff frequency versus B, T., and n. are shown in
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figures 146(c) and (d) for upper X-mode and O-mode polar-
izations. The T, profile is mapped to the B profile at the mid-
plane according to the profiles shown in figure 146(a). They
are plotted along the vertical axes of figures 146(c) and (d).
The horizontal dashed line indicates the magnetic field near
the edge (R = 8.40 m). The vertical dashed line indicates the
Greenwald density with plasma current of 15 MA and minor
radius at the midplane of 2 m. With upper X-mode, the out-
board n. profile can be probed from the far SOL to the top of
the pedestal, where 1. can be as high as 1 x 10 m~3. For
lower n, at the top of the pedestal, access into the core is pos-
sible, limited by the upper-bound probe frequency (165 GHz
contour in figure 146(c)). The n. profile in ITER is expected
to be flat in the core, so O-mode measurements provide lim-
ited coverage. However, the measurement is still useful and
provides a partially redundant and B-independent dataset to
compare and verify with the upper X-mode measurements.

Various performance metrics of LFSR have been studied
at a dedicated test facility consisting of a full-scale trans-
mission line, representative of the current design. Two of
the most important metrics to reflectometry are antenna effi-
ciency and power budget. Previous works have investigated
these performance metrics in detail [641, 642], and the res-
ults are summarized here. The front-end of LFSR includes the
antenna assembly, ECH protection mirror, phase calibration
mirror, and dual-disc vacuum window. The microwave sig-
nal traverses each of these components twice (one on trans-
mit and second on receive). Mode conversion caused by these
components can ultimately lead to degraded signal-to-noise.
Representative antenna patterns measured for 55, 120, and
160 GHz are shown in figure 147. The profiles are peaked near
the axis and exhibit a side-lobe power level which is generally
less than —20 dB of the main lobe. The effect of the front-
end components on the waveguide mode content is quantified
with a phase retrieval algorithm using antenna pattern meas-
urements collected at several distances from the antenna. The
HE;; mode is the ideal propagating mode and couples to a
free-space Gaussian beam with 98% efficiency [643]. The res-
ults of the mode analysis give the percentage of the total beam
power contained in the HE;; mode and higher-order modes
as a function of frequency. The HE;; mode content for 55,
120, and 160 GHz is 94.4%, 88.1%, and 87.5% respectively,
i.e. it is highest at low frequency. In other words, loss of about
1 dB due to mode conversion can be expected at the highest
frequencies. Inspection of the radiated profiles and the res-
ults of the mode analysis indicate the front-end components
of LFSR impose only a small and acceptable fraction of mode
conversion.

The metric used to assess the upper bound on the spatial
resolution of LFSR density profile measurements is the range
precision. The range precision depends explicitly on the SNR
and the RF bandwidth [644], providing a means to assess the
effect of output power, loss, and noise on the performance.
Selecting a reasonable bandwidth of §f = 0.25 GHz, a SNR
of 26 dB or larger is required to obtain a spatial resolution of
5 mm or better. Four main factors determine the ultimate SNR
of the system: (1) power output of the transceivers, (2) loss due
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Figure 146. (a) Full-field ITER baseline profiles of ne, T¢, and B. (b) Corresponding cut-off and cyclotron frequency profiles with
relativistic correction. Contour plots of constant frequency (in GHz) versus ne, B, and T, for (c¢) upper X-mode and (d) O-mode
polarizations. The horizontal dashed line indicates the field at the plasma edge (R = 8.40 m). The Greenwald density is plotted as the

vertical dashed line.

to TL components, (3) plasma-induced losses, and (4) plasma-
induced noise. Factor 1 is measured directly at the LFSR test
facility. Factor 2 is also measured directly and compared to
theoretical estimates of the loss. Factor 3 is estimated with full-
wave reflectometer simulations for a range of density fluctu-
ation parameters. Factor 4 is calculated assuming ECE is the
main source of noise. A plot of the SNR is shown in figure 148,
which does not include loss from turbulence and assumes the
plasma midplane is vertically aligned to the antenna.

The horizontal dashed line indicates the minimum SNR
of 26 dB to achieve 5 mm spatial resolution. Except for a
narrow region around 60 GHz, SNR > 26 dB over the full
frequency range of LFSR. The drop at 60 GHz is due to a
60 dB notch filter to protect the LFSR microwave electron-
ics from scattered signal from the CTS diagnostic. In gen-
eral, turbulence increases loss, and the magnitude of additional
loss depends strongly on the spectral and spatial characterist-
ics of the turbulence. Over the range of fluctuation parameters
run in the full-wave simulations, turbulence-induced losses up
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to 10 dB resulted. Even with this additional loss, LFSR still
achieves acceptable SNR except near the edges of the discrete
microwave bands (30, 50, 75, 92, 110, 137, 165 GHz) that
comprise the full range.

The ITER LFSR will provide important measurements of
electron density profile, density fluctuations, and plasma rota-
tion. The design largely represents a traditional reflectometer
in terms of basic functionality, but its combination of low-
loss waveguide components, broadband-enabling technolo-
gies, and ultrafast, real-time process capabilities will permit
measurements with high robustness and accuracy. Data from
a full-scale test facility and modeling results suggest that high
signal-to-noise is achievable with the current design, enabling
sub-centimeter spatial resolution of the edge density profile.

78. HFS reflectometry (HFSR) for ITER

HFSR is based on the analysis of the amplitude and phase
of the reflected mm-waves probing plasma from the inner
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Figure 147. Radiated beam profiles for 55 GHz, 120 GHz, and
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Figure 148. Signal-to-noise ratio considering transmission-line
loss, plasma-antenna coupling loss, and ECE noise. The horizontal
dashed line indicates the minimum SNR of 26 dB required for 5 mm
spatial resolution.

circumference of the plasma torus. As the cutoff position of
the reflection surface depends on the probing frequency, it is
possible to investigate the radial density profile and its fluctu-
ations by a frequency scan. The probing of the plasma can be
made with the ordinary (O) and two extraordinary (X-) waves.
The cut-off positions of these waves are shown in figure 149.
The cut-off position of the O-wave depends only on the dens-
ity. So it cannot access to the plasma core in the case of a
flat density profile, expected in ITER [645], and can be used
mainly at the edge. The cut-off position of the High- and Low-
Frequency extraordinary waves (XU and XL) depends both
on density and magnetic field, which gives the possibility to
access the plasma core. But as seen from figure 149, in the case
of HFS launch only the XL mode can access the plasma core.
The great advantage of this wave is the utilization of lower fre-
quencies and a small influence of the relativistic high temper-
ature effect. Taking into account the operation density range of
ITER discharges, frequency bands for O-mode of 18—140 GHz
and for XL-mode of 12-90 GHz were chosen. The required
wide frequency range, exceeding one decade, caused signific-
ant technical challenges in transmission of mm-waves along
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Figure 149. Radial dependencies of different frequencies in ITER
for scenario 2. Dashed lines correspond to the cold plasma case
(Te = 0), solid ones to the real plasma temperature. f;—Ilower
cut-off for X-mode; fo—O-mode cut-off; f..—electron cyclotron
frequency; fx,—upper cut-off for X-mode; 2f..—second harmonic
of the electron cyclotron frequency.

the curved trajectory from external source to the ITER HFS
and locating efficient antennas in the slit between the blanket
modules. The first problem was solved by the use of rectan-
gular waveguides (inner cross-section 20 x 12 mm) and spe-
cial forms of the bends (hyperbolic secant) [646]. In order to
decrease the induced eddy currents during plasma disruptions
and to withstand the thermal stresses under neutron heating
the Inconel Alloy 718 was chosen as the waveguide material
inside the VV. The inner surface of the waveguides is coated
with a thin Cu layer. The second problem was solved by the use
of special antennas with horn for launch and mirror antenna for
the receiver.

Recently the HFSR system was enhanced with the addition
of a refractometry channel. The concept of refractometry was
proposed in [647]. It analyses the phase of the wave which
is launched from the low field side (LFS) and received at the
HFS. Refractomery uses extraordinary wave in the transpar-
ency window between the cyclotron frequency and the lower
extraordinary cut off.

The HFSR reflectometry layout in section #8th is shown
in figure 150. One can see the HFSR horn-mirror antenna (1)
which is connected through a 90 degree bend and the transmis-
sion line along the vacuum chamber with the upper port. The
vacuum part of the transmission system is terminated by the
double vacuum window, located at the vacuum port extension
tube. The refractometry antenna is located only in equatorial
port #8 in front of the HFSR antenna, as shown in figure 150.
The HFSR is comprised of four systems. Two are located in
the upper port of section #8 and the other two systems are loc-
ated in sections 9 and 17. The top view of HFSR locations is
shown in figure 151.

Each atmospheric transmission line begins from the first
vacuum window and ends in the Diagnostic Area, where the
mm-wave equipment and instrument and control systems are
located.

The two systems in sector 4 are used for density profile
measurements in O and XL mode. The systems in sectors 9
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Figure 150. HFSR in-vessel layout in upper and equatorial ports of
section #8. 1—HFS reflectometer antenna system; 2—Transmitting
refractometry antenna.
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Figure 151. A top view indicating the general locations of the HFSR
diagnostic. (1—Vacuum Vessel, 2—Upper port, 3—Interspace,
4—Port Cell, 5—Gallery, 6—Diagnostic Area in Buildings 74/13).

and 17 are used for the measurement of density fluctuations in
XL and O modes, respectively.

As HFSR uses a very wide frequency range, quasioptical
couplers are used to combine/decombine the signals in five
frequency bands in single waveguides [648].

The diagnostic back-end utilizes voltage controlled oscil-
lators (VCOs) as the main mm-wave source in the frequency
band 8-20 GHz. The VCO is controlled by a highly-integrated
control unit that also contains a 125 MHz digital-to-analogue
converter to form the required tuning voltage shape, 20 V
DC amplifier, several sine generators as IF sources and 1Q
detectors. A frequency-calibration system that is based on RF
coax-cable delay line is used to pre-pulse measurements of
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VCO tuning characteristic and tuning voltage shaping. RF
coax-cable delay lines reduce the difference of signal path
in RF and LO legs. This approach has been successfully
tested in the T-10 tokamak [649]. 1 GS s~! ADCs will be
used in the corresponding acquisition system and 10 MS s~!
ADC:s in subsytems for fluctuation and live-averaged density
measurements.

The planned mm-wave source frequencies lead to an
electron density profile measurement range 3 - 10" m—3—
2.65 - 10° m~3 and the line density measurement range
8 - 10" m™2-8 - 10*° m~2 The density profile will be
measured using a FMCW technique [650]. The diagnostic is
planned to provide the cutoff layer position with an absolute
error of about 1 cm and a relative error of about 5%. The
relative density error at the measurement point will be about
10%. 1t is planned to have about 20 density points per fre-
quency band that roughly corresponds to 30 density points in
the plasma core in the baseline ITER scenario. A 5 us fre-
quency sweep with 10 kHz repetition rate is planned now as
the main measurement scenario. This allows to have spectro-
gram averaging to reduce the influence of turbulence keeping
the time resolution about 1 ms. It should be noted that the repe-
tition rate is determined by the existing I&C hardware solution
whereas the rest of back-end equipment allows to operate with
100 kHz repetition rate.

Since HFSR cannot provide the line-averaged density via
standard reflectometer measurements, this parameter will be
estimated by a see-through channel in Sector 4. Due to uncer-
tainties in the determination of the line-averaged density, the
diagnostic will provide the integrated electron density along
the viewline in the range 8.0 x 10'8-8.0 x 10%° m~2, that
roughly corresponds to 2.0 x 10'¥-2.0 x 10%* m—3 averaged
density. The measurement accuracy is determined by hard-
ware limitations that lead to an absolute error of 8.0 - 10'8 m—2
and reconstruction error of about 2%. It should be emphasized
that in real-time operation one can expect an increase of the
error to 10% because of strict latency limitations.

Small-scale turbulence measurements can provide inform-
ation on broad-band turbulence and quasi-monochromatic
modes (TAE, RSAE, MHD etc) in the frequency band 30 kHz—
2 MHz. Since the HFSR utilizes XL mode probing, the reflec-
ted signal is sensitive to fluctuations of both electron density
and magnetic field at the cutoff layer.

79. System-on-Chip (SoC) technology for millimeter-wave
diagnostics

There are serious issues raised by the harsh environment of
ITER which is the first magnetic confinement fusion device
to be able to produce net fusion power and will generate radi-
ation levels, i.e. neutrons and gamma rays, that are orders of
magnitude higher than present-day experimental machines as
well as stray microwave and millimeter wave radiation and
microwave bursting. There is thus a strong need to protect
diagnostics electronics. This is partially accomplished by the
use of chicanes, filters, limiters, and siting in the diagnostic
hall beyond a shield wall. However, this does not suffice and
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therefore motivates the development of electronics with higher
performance and capability, as well as robustness to survive
the hostile burning plasma environment.

Monolithic, ‘system-on-chip’ (SoC) millimeter wave integ-
rated circuit technology, provides dramatic advances for
millimeter-wave diagnostics in fusion reactors, including over
30 dB signal gain and 85% electronics noise suppression
[651, 652]. The transmitter and receiver chips have been
developed with extremely high-level integration size (square
millimeter level for each piece). The prototype approaches
have been fabricated and employed as individual modules
on DIII-D diagnostics, including V-band (55-75 GHz), E-
band (72-80 GHz), W-band (75-110 GHz), and F-band (110-
140 GHz). W-band and F-band receiver chips for plasma
temperature measurement have been developed and success-
fully applied on DIII-D. The pre-LNA, balanced mixer, IF-
amplifier, and internal LO frequency multiplier/driver are
merged onto a single chip (see figure 152), which can
be packaged as a general module for radiometer, reflec-
tometer, interferometer, polarimeter, and scattering system
applications. The W-band image-rejection SoC receivers have
been successfully designed and fabricated using both Taiwan
Semiconductor Manufacturing Company (TSMC) 90- and
40 nm CMOS as well as WIN Semiconductors 0.1 pm GaAs
processes.

For SoC technology, the chip material should have the cap-
ability to tolerate the strong radiation, which dictates the use
of the gallium nitride (GaN) wide bandgap semiconductor
material (3.39 eV versus 1.43 and 1.11 for GaAs and Si,
respectively). GaN has been selected due to its high power,
high breakdown voltages, and low noise beyond 200 GHz
capabilities [653] here with the HRL T3 40 nm process provid-
ing f1/fmax of 200 GHz/400 GHz and the T4A 20 nm process
providing f1/fmax of 329 GHz/558 GHz [654].

A key focus is on the characterization of the millimeter
wave performance under radiation and neutron active envir-
onments of both individual GaN devices and SoCs. The SoC
approach of microwave transmitter and receiver modules have
wide application potential in the fusion plasma diagnostics
field. For example, the full frequency bandwidth in W/F bands
or higher provides wide radial observation windows for ECE
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Radiometer and Density Reflectometer diagnostics for funda-
mental parameter measurements in burning plasma.

710. Polarimeter-interferometer system based on terahertz
solid state source (SSS)

With the rapid progress of Terahertz technology in recent
years, terahertz SSSs with modest power output have been
applied in interferometer system on several machines [655—
658] to replace the traditional FIR lasers. Compared with
FIR lasers, the solid-state sources have many advantages,
such as compactness, stable frequency, turn-key operation and
easy maintenance. The major shortage, which is the modest
power output (around mw), can be amended by the significant
improvement of detection sensitivity of planar diode mixers.

The multichannel heterodyne interferometer on KTX util-
izes two beams based on the principle of the Michelson inter-
ferometer. One beam serves as reference signal with fixed fre-
quency about 650 GHz, and the other serves as probing signal
with tunable frequency (630-660 GHz). The SSS with max-
imum output power approximately 2 mW is composed of an
amplifier and multiplier chain with a local oscillator (fixed at
13.45 GHz for the reference beam and a finely tunable syn-
thesizer range from 12.9 to 13.95 GHz for probing beam).
The planar diode mixers are optimized for high sensitivity
~750 V. W~! and then followed by pre-amplifiers with gain
factor 500. To fully use the beam power, the whole system
was set on a light weight and compact platform (~3 m x 3 m)
and installed just beside the VV ring [659]. The optical
design has been optimized for uniform distribution of beam
light and beam width minimization. The interferometer sys-
tem with five-chord signals has recently been successfully
installed on the machine [660]. The beam width across the
plasma is about 20 mm and the minimum phase noise can
reach 0.0047 with 1 MHz bandwidth, which corresponds to
about 0.1% density fluctuation amplitude. The density pro-
file has been reconstructed by fitting the line-integrated data
into an equilibrium program. The future work is to develop a
polarimeter-interferometer for simultaneous measurements of
Faraday rotation angle and electron density by upgrading the
existing multi-channel interferometer system based on solid-
state sources.

711. The potential of THz-TDS diagnostics for next step
fusion experiments

7111. THz time domain spectroscopy (TDS). The
Terahertz (THz) band of the electromagnetic spectrum is
nowadays defined as the frequency range [0.1-10]THz
(1 THz = 10'? Hz), between microwaves and mid-IR electro-
magnetic radiation, where electronic and optical technologies
overlap. The last decade has seen an enormous development of
spectroscopy techniques in this area, with the full development
of the so-called TDS. The starting point of this approach lies
in the fact that femtosecond laser pulses (usually ~800 nm
wavelength) can be used to generate extremely broadband
(100 GHz-30 THz) single-cycle THz pulses with less than
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Figure 153. Schematic of a fiber optics THz-TDS setup for plasma
diagnostics applications. In addition to the hyper-hemispherical
lenses shown here, Gaussian collimation optics will be required to
match emitter and receiver across the long beam path in tokamaks.

1 ps duration, through the well known process of photocon-
ductive generation of Terahertz radiation (spark-gap emitter)
[661]. Such transients contain a truncated cycle of the elec-
tric field and therefore, according to the Fourier Theorem,
have a frequency spectrum extending over a broad range.
With the appropriate choice of emitter, the THz, the mid-IR
and even the FIR radiation regimes can be covered in their
entirety.

In a typical THz-TDS spectrometer (figure 153) the
receiver detector, gated by a fraction of the laser beam gener-
ating the pulse, is used to measure the THz pulses amplitude.
By varying the path difference between emitter and receiver
the full extension of the pulse waveform is covered, so that
the complete knowledge of amplitude and phase of the trans-
mitted (or reflected) THz pulse, i.e. its spectrum, is obtained
via Fourier transform. This is the TDS technique. The spark-
gap emitter THz power is fairly low (microWatt), but the com-
bination of detector gating and a suitable modulation of the
emitter bias to drive a lock-in amplifier, increases the SNR
to diagnostic-grade values, even for the short measurement
time required for plasma phenomena. With the use of pho-
toconductive polarization-resolving detectors the two polar-
izations of the probing wave can be resolved simultaneously
[661, 662]. Another great advantage of those techniques comes
from the nature of THz-TDS components, based on solid
state devices operating at room temperature, hence cheaper,
more stable and compact than those used in conventional FIR
and microwave applications. Finally, the pump and gate laser
beams can be channeled to the emitter and receiving heads
using optical fibers, gaining extreme flexibility in the routing,
hence easing up the tokamak access issues. Since optical fibers
are dispersive components, a group velocity delay compensa-
tion stage will be required. Finally, the use of the wide range of
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frequencies associated with the probing THz pulse, permits the
determination of several sample parameters simultaneously.

All these aspects have raised interest in THz-TDS plasma
measurements for density and Faraday rotation in the region
of microwave and FIR since the early days [663]. The
applicability of THz-TDS to the diagnostic environment has
already been tested in laboratory by sampling the spectral
response of FIR diagnostic components over a broad fre-
quency range (figure 154) and with preliminary table-top
plasma measurements [664].

711.2. Tokamak diagnostics applications. One of the
most promising diagnostic applications of THz-TDS is
interferometry [558], a technique based on the measurement
of plasma refractive index through the detection of the phase
difference between a microwave beam traversing the plasma
column vertically (i.e. parallel to the tokamak axis) and a ref-
erence beam travelling the same distance in air. A THz-TDS
spectrometer with emitter and receiver located at the opposite
ends of a vertical chord, will provide the same information of
the interferometric arrangement. In addition by using several
spectral components of the THz beam the plasma refractive
index (hence the density) can be measured directly and the
calibration accuracy of the diagnostics is increased.

Polarimetry measures Faraday rotation of the plane of
polarization of a FIR beam which leads to the calculation of the
local magnetic field strength [558]. By selecting the relevant
frequency of the wide THz-TDS spectrum the same measure-
ment can be performed with a high degree of simplification,
also providing a straightforward implementation of the com-
bined measurement of interferometry and polarimetry, without
the extra components normally required by the heterodyne-
style detection [557].
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A more challenging diagnostic application of THz-TDS
comes with reflectometry [557, 665], in which the phase vari-
ation of a selected frequency component reflected on the crit-
ical density (or cutoff) plasma layer where the refractive index
vanishes, can be used to diagnose the plasma density pro-
file or the density fluctuations. Traditionally a source at fixed
frequency, or swept across the required frequency range is
used [666]. The THz-TDS reflectometer will be instead an
evolution of the Ultrashort Pulse Radar technique [667], with
the broadband spectrum required for the diagnostic obtained
through a Terahertz switch. By resolving the phase-shift of
selected components the radial density profile can be obtained
via Abel inversion.

The THZ diagnostic development is presently progressing
along the lines of transition from table-top THz-TDS spectro-
scopy to plasma diagnostics on a tokamak, which will require a
complete change of the layout and work scales. Paths will be in
the order of meters, and the ‘sample’ is a large plasma column.
The measurement time will necessarily be short, in order to
follow the timescale of plasma phenomena (milliseconds). The
coupling of emitter and receiver across the tokamak geometry
distances will have to be optimized with tailored Gaussian
beam optics telescopes. All considered, it can be safely stated
that THz-TDS has great potential for evolution of diagnostics
capabilities, beyond the routine plasma density and temper-
ature measurements, towards the measurement of magnetic
field, charge density and conductivity, with unprecedented res-
olution and reliability [668].

8. Influence of radiation effects on the refinement of
the ITER design

I. Duran’®$, A. Gusarov®® and K. Vukolov®’”

8.1. Introduction: requirements for diagnostic systems for
ITER

The requirements for diagnostic systems for ITER are spe-
cified in the SRD-55 [197] and in the PRs [669]. For each
parameter the measurement range and the diagnostic systems
performing the measurements are defined. An important dif-
ference between ITER and already existing machines is a sig-
nificant increase of nuclear radiation loads combined with a
long-term stable operation. In particular, the in-vessel dia-
gnostics will be subject to high energy neutron and gamma
radiation fluxes and may not survive long enough to be con-
sidered as robust in the nuclear phases, when it will be most
needed to guarantee a safe operation. It is necessary to evalu-
ate the radiation hardness of each diagnostic and if necessary
to consider mitigating measures to achieve their reliable oper-
ation. This evaluation must be confirmed by radiation testing
in representative conditions.

8.2. ITER radiation environment

During nuclear operation, the ITER plasma will generate
intense fluxes of fast neutrons and MeV-range v—rays [670].
The principal source of radiation is the D-T reaction, which
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generates neutrons with a mean 14.1 MeV energy. Subsequent
neutron-matter interaction results in a broad neutron energy
spectrum, and it also gives rise to secondary gamma radi-
ation, with both prompt and delayed components. Therefore,
the radiation environment at a sensor location is very complex
and varies from one location to another.

Numerous diagnostic systems must perform correctly dur-
ing the ITER life-time to guarantee a successful machine oper-
ation. Thanks to carefully selecting locations and to dedic-
ated shielding, the nuclear loads on the sensors are signi-
ficantly lower as compared to those to the ITER first wall
materials. However, the sensors are considerably more vul-
nerable because they need to maintain over the long time
not only the mechanical integrity but also specific properties
such as optical transmission, electrical insulation, thermal con-
ductivity, etc. This further highlights the potential problems
of material transmutation and helium accumulation which
might have significant impact on sensors performance and
reliability.

It is necessary to analyze the impact of the nuclear envir-
onment on both each individual component and the system
as a whole. This analysis requires an integrated approach to
the design, when radiation effects and various environmental
parameters such as elevated temperatures, vacuum, vibrations,
must be considered simultaneously. Moreover, the systems
must be compatible with multiple additional requirements,
like remote handling operations, personnel safety and nuclear
facility licensing requirements.

In the present publication we illustrate the complexity of
the analysis using several diagnostics operating on different
physical principles.

Simulating the ITER radiation environment presents a sig-
nificant problem. In practice, there is no possibility to exactly
reproduce ITER conditions in radiation tests. NGs can gener-
ate neutrons with corresponding energies, but the fluxes are
very low and can hardly be considered as representative. To
achieve the desirable total neutron fluence, the exposure has
to be performed in a fission reactor, where the energy of neut-
rons is significantly lower than 14 MeV.

Exposure of materials to high energy radiation results in
the generation of microscopic defects and changes of macro-
scopic properties. In the case of fast neutrons formation of lat-
tice defects via kinetic energy transfer is usually considered as
the most important effect. This effect is usually expressed by
the ‘displacement per atom’ parameter (dpa). It is better to ana-
lyze such physical processes by means of numerical analysis,
because it is practically impossible to make it experimentally
for ITER conditions.

The dpa is defined as a ratio between atomic displacements
(lattice defects) occurring within a given volume and a num-
ber of atoms within the same volume. To produce a permanent
displacement, the energy transferred to an atom should be big-
ger than its binding energy. Otherwise, the transferred energy
will dissipate without any stable defect created. If the energy
transferred to an atom is significantly higher than the binding
energy, the displaced atom will move through the lattice and
can create more defects. According to the modified Kinchin—
Pease model, the total number of defects is defined as [671]:
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where T is the kinetic energy of the incoming neutron and Eq is
the energy required to remove an atom from a lattice position.
The integral dpa rate d(z) is calculated as:

d() = / dEog (E) ¢ (E.1),

where E is energy, o,4(E) is the dpa cross-section and ¢(E, ¢) is
the neutron flux energy spectrum and the total dpa is obtained
by integration over time #.

Thanks to its apparent simplicity the dpa is often taken as a
convenient figure of merit to quantitatively characterize neut-
ron radiation damage. For example, 0.1 dpa means that one
atom out of ten was displaced from its lattice position, which
provides a simple visualization for the actual radiation effect.
Alternatively, the ionizing radiation dose in Grays (1 Gray
equals 1 Joul absorbed within 1 kg of material) is used as a
measure of radiation damage. However, there is less obvious
link between the value of ionizing radiation dose and the actual
microscopic changes within irradiated material as it is a more
abstract quantity.

Nevertheless, care should be taken when using a dpa value
to characterize radiation damage. The amount of dpa cannot
be measured and it is not directly proportional to changes
in material properties. The threshold displacement energy Eq4
plays a crucial role in the dpa concept. For some materials,
there are big variations in the threshold displacement energies
predicted by different models. In case of crystalline materials,
each crystal direction has its own Ey due to crystal anisotropy.
It is possible to calculate an average over different directions.
However, in case of directional radiation (accelerators) of a
monocrystalline material the sample orientation will play an
important role.

To prepare an irradiation test of an ITER component, there
are several important conditions which should be respected.
Firstly, it is important to achieve the neutron fluence and
gamma dose at levels corresponding to those expected during
operation of the component on ITER. The aim is to approx-
imate as close as possible the kinetics of gamma-neutron pro-
cesses occurring in ITER during the test. Moreover, several
times higher neutron fluence can be required when samples
are irradiated in a nuclear reactor to compensate the quantitat-
ive difference in the fission neutron energy compared to the
thermonuclear neutrons. Secondly, if the effect of the neut-
ron irradiation is not decisive in the process under study, then
only gamma irradiation, usually at a Co-60 source, can be used
for the tests. In some cases tests should be performed at a DT
neutron source with the maximum achievable neutron fluence
to determine the influence of thermonuclear neutrons on the
physical process under study.

Activation, transmutation and He production are radiation
effects, which are extremely difficult to reproduce in a way
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representative for ITER. The cross sections of nuclear reac-
tions are extremely sensitive to the neutron spectrum. The ratio
fast/thermal neutron flux in a material testing fission reactor
depends on the location, but in most of cases it is lower than
in ITER. As a result, it is virtually impossible to achieve the
representative values of the displacement damage, transmu-
tation fraction, and amount of He in a single thermal fission
reactor irradiation. Usually, obtaining the desired value of the
dpa, in a fission reactor experiment means that the transmu-
tation effect is significantly higher than it will take place in
ITER. Therefore, separate tests should be considered to study
displacement damage, transmutation, and He production. The
neutron energy distribution for the tests should be properly
scaled to be representative to the spectrum at the location of
the test sample in the ITER.

The numerical simulation of these effects can be considered
for ITER conditions as a sufficiently accurate way to analyze
radiation damage, activation and transmutation while taking
into account the energy spectrum of neutrons and gammas.
The Monte—Carlo N-particle (MCNP) transport code is offi-
cially adopted for calculations in ITER [198]. Neutron cal-
culations are performed using the official reactor model ‘C-
Model R181031 REV. 190110 issued 10/01/2019” [672]. This
is a three-dimensional CAD model of a toroidal 40° ITER sec-
tor with its main structures. The neutron source is given for
the basic ITER scenario with a maximum thermonuclear D-T
reaction power of 500 MW at plasma current of 15 MA [673].

For the neutronic analysis, the diagnostic components must
be added to the C-Model with the geometry of their placement
and corresponding materials contained. The MCNP code cal-
culates the neutron spectra at each interaction of a neutron with
the material. The statistical error of the calculated neutron flux
is about a few percent, but the actual accuracy of the calculated
neutron spectra depends on the correctness of the model geo-
metry and the material composition.

The activation, transmutation and degree of radiation dam-
age of diagnostic components can be estimated on the basis of
data on neutron fluxes, taking into account neutron spectra, as
well as using libraries of micro-constants of nuclear reaction
cross sections.

Nevertheless, radiation testing of diagnostic elements is
absolutely necessary to justify their suitability, and therefore
available facilities, even though they cannot provide a fully
representative environment, have to be used. This means that
compromises are required to choose an installation, which
allows for the best evaluation of the most important perform-
ance parameters. Often, measurements of properties of irra-
diated materials are difficult due to their high radioactivity.
Safety requirements exist for such type of measurements that
make them very complicated and sometimes even impossible.

8.3. Optical diagnostics

Optical diagnostics are widely used in modern thermonuc-
lear devices. They can measure in situ the main characterist-
ics of the plasma, such as temperature, density of electrons
and ions, concentration of impurities, local electric and mag-
netic fields, etc. Optical diagnostics are essential for tokamak
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physics studies, but available designs cannot be directly trans-
ferred to ITER without improvement of the radiation hardness,
especially since ITER sets high requirements for the measure-
ment accuracy. The ITER optical elements will change proper-
ties under gamma-neutron radiation emitted by the hot plasma.
Transparent glass elements (windows, lenses, prisms, filters
and optical fibers) that are needed to collect radiation from
the plasma and to guide it to detectors will quickly lose trans-
mittivity (effect of radiation induced absorption—RIA), espe-
cially in the UV spectral range. Besides that, some glasses
radiate light due to radio-luminescence and/or Cherenkov
effects under gamma-neutron irradiation. Detectors (PMTS,
video cameras, etc) placed close to the plasma also can be dam-
aged by the irradiation.

The vacuum window assembly is an example of a com-
ponent containing optical material subject to strong radiation.
The plasma and the first wall diagnostic system in ITER will
use more than 100 diagnostic windows required for optical,
microwave, and x-ray diagnostic systems. In addition to trans-
mitting the diagnostic signal, they must also maintain the
safety barrier between the radioactive plasma and the external
atmosphere.

Window assemblies are located on the VV port plugs and
the port interspace seal plates. They are difficult to replace and
are inaccessible during machine operation and during move-
ment of main in-vessel components for the duration of a shut-
down. The assemblies must be available continuously during
the full operating life of ITER. Therefore a high reliability of
the window assemblies is required.

Two types of silica glass KU-1 and KS-4V with hydroxyl
content OH < 1000 ppm and OH < 0.1 ppm, respect-
ively, were investigated under ITER relevant conditions dur-
ing round-robin irradiation tests [674]. A water-pool nuclear
reactor, a Co-60 gamma source, and a NG were used for this.
It was shown that both types of silica glass have good radi-
ation hardness in the visible spectral range and can be used as
window materials for ITER optical diagnostics.

An initial window assembly design considers using brazing
to attach the transparent element to the housing, figure 155.
Irradiation of such assemblies was performed in the BRI
reactor of SCKeCEN in Mol at 150 °C during 5.5 months up
to a total fast (E > 0.1 MeV) fluence of ~2 x 10 n cm—2
[675]. Post-irradiation thermo-mechanical and He-leak tests
were performed in a hot cell. The examination was concluded
with a destructive push-out test. Different damage patterns
were observed for different window assemblies. A general
conclusion was that after thermal cycling and reactor irradi-
ation the windows remain sufficiently strong to sustain mech-
anical loads relevant for the ITER operation.

The current window assembly design considers the use of
two fused silica 2 cm thick plane plates [676]. The first plate
is tilted by 5 degrees around the horizontal axis, the second
surface is tilted by 5 degrees around the vertical axis in order to
reduce multiple reflection effect arising between the innermost
window surfaces. MCNP calculations yield that neutron fluxes
at the window can reach 108 n (cm~2 s~!) in spite of effective
neutron shielding located in the port-plug. Radiation testing of
such assemblies is planned for the period 2022-24.
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Figure 155. Brazed prototype window assemblies, UKAEA design.

Fiber optic bundles are intended to transfer plasma light
from the ITER Port areas to detectors in the diagnostic room
[677]. They will be exposed to gamma-neutron radiation along
significant fraction of their length (near 10 m) and it is better to
locate them as far as possible from the plasma to decrease the
effect of RIA. In present, suitable types of radiation-resistant
silica fibers have been identified and their production techno-
logies have been developed. The silica optical fiber doped with
H; and coated by a thin carbon film has a high radiation resist-
ance and their transmittance can be recovered during pauses
between ITER plasma pulses by exposing them to gamma
irradiation [252, 678]. Therefore, such fibers are candidates
for the manufacture of fiber bundles.

8.4. Magnetic diagnostics

Successful operation of ITER will rely on the use of a large
set of magnetic diagnostics [4]. From data obtained with those
systems, fundamental parameters such as plasma position,
shape, and current will be derived to allow for real-time plasma
control by a set of poloidal coils as well as for MP.

8.4.1. Cables and connectors. = The ITER magnetic dia-
gnostic systems usually require detection of low currents
or voltages. Therefore, mitigation of radiation and thermal
effects induced within the sensor’s cable path, such as radi-
ation induced conductivity (RIC), radiation induced elec-
tromotive force (RIEMF), temperature induced electromot-
ive force (TIEMF), radiation induced thermo electric sens-
itivity (RITES), and radiation induced electric degradation
(RIED) presents a very significant challenge. These effects
were addressed in numerous publications. It is concluded that
the internally twisted mineral insulated cables often offer the
best intrinsic balance for most of these effects and for rejec-
tion of most long wavelength external effects, leaving only the
defect-driven TIEMF as the main source of spurious voltage.
However, the problem that still requires significant attention is
the cable termination and the connection to the delicate wiring
of a particular sensors.

In addition, dedicated experiment was performed in order
to asses potential dimensional changes of glass to metal
sealing (GTMS) inserts within ITER electrical feedthroughs
(figure 156) due to neutron radiation. Dimensional changes of
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Figure 156. Example of ITER electrical feedthroughs with
borosilicate GTMS inserts.

these inserts could potentially compromise vacuum tightness
of the feedthroughs.

Four samples of borosilicate GTMS inserts with outer
diameter ~7.1 mm were irradiated in LVR-15 experimental
fission reactor in CVR Rez, Czech Republic. The samples
were irradiated inside cadmium shielded container in order
to increase fast to thermal neutron ratio to better approxim-
ate actual neutron spectrum the feedthroughs will be exposed
to on ITER. The total accumulated neutron fluence during
this irradiation as measured by embedded activation foils
reached 6 x 10'7 cm~2 (E <0.1 MeV) and 5 x 107 cm™2
(E > 0.1 MeV). The outer diameter of the samples was
measured before irradiation using optical measurement system
Vertex 251 located in the LVR-15 hot chambers with measure-
ment accuracy ~1 pym. The same measurement of outer dia-
meter was done on irradiated samples. Measured differences
between pre-irradiated and post-irradiated samples were com-
parable with measurement accuracy of the Vertex 251 system,
i.e. ~1 pm. It was concluded that radiation induced dimen-
sional changes of these borosilicate glass GTMS inserts pose
no risk with respect to the potential loss of vacuum accident
on ITER.

8.4.2. Inductive sensors. Until now, magnetic measure-
ments in tokamaks are successfully performed using induct-
ive sensors, where the signal (voltage) is proportional to the
derivative of the magnetic flux through the sensor. To find the
plasma current or magnetic field an integration step is neces-
sary. Currently used analogue integrators have known intrinsic
problems. Two most important are the integrator drift, which
introduces an absolute error increasing with the integration
time, and saturation of the integrator input stage in the case
of fast flux variation, for example during plasma disruptions.

In ITER during the long stationary phase, the signals to be
integrated are essentially zero, and for relevant changes of the
plasma equilibrium the resulting magnetic signals are small.
This makes the magnetic diagnostics sensitive to any spurious
voltages that may arise from RIEMF and TIEMF [6].

The inner vessel sensors, which include different types of
coils and loops, are the main magnetic set. They are distributed

just behind the blanket modules or mounted on the instru-
mented divertor cassettes. Because of their in-vessel location,
they are subject to significant radiation loads, in particular in
the divertor region.

The measurement accuracy of magnetic sensors defines
margins to the machine engineering limits and the operational
flexibility. The coils are the most critical element, because
their effective area must be rather small, which limits accept-
able parasitic voltages to values below 0.5 uV for long-pulse
operation. On the other hand, the size is still big to allow
for temperature gradients, which may influence the sensor
accuracy.

An option for magnetic sensors selected for ITER is the use
of LTCC coils. The LTCC sensor consist of thin ceramic lay-
ers, on which metallic tracks are printed and then the unit is
sintered. Such sensors were proposed as the most promising
solution to meet the requirements imposed by the ITER oper-
ating conditions [679].

To check that LTCC sensors will perform satisfactorily
under the ITER radiation environment two types of prototype
ITER LTCC coils were irradiated up to 72 MGy using a Co60
source at ~50 °C [680]. LTCC-Ag/10 had 10 ceramic lay-
ers with silver tracks, and LTCC-Au/30 had 30 ceramic layers
with printed gold conductors. The continuity and the insula-
tion resistance were measured in situ. The leak currents for
the coils during irradiation were 70 nA and 35 nA at 50 V, for
Ag and Au coils respectively, which corresponds to an insula-
tion resistance in the GOhm range. One LTCC-Ag/10 coil was
broken during the rig assembly, likely due to a non-uniform
compression of the coil. Also, the fragility of the connectors
was identified as a problem, which is actually relevant for vari-
ous diagnostics at ITER.

A neutron irradiation of LTCC sensors has also been
performed at the LVR-15 nuclear reactor [15]. Four
samples, including LTCC-Ag/10 from the above gamma-
irradiation experiment, were exposed. The accumulated fast
(E > 0.1 MeV) neutron fluence was ~10?° cm~2, exceeding
the expected ITER lifetime fluence for these sensors. Due
to the high activation, only visual inspection of the sensors
was possible after the irradiation. The sensor pre-exposed to
gamma radiation which was also subject to highest thermal
gradient during neutron irradiation was cracked and three oth-
ers maintained their physical integrity. The failure was attrib-
uted to the thermal stresses which occurred due to radiation
heating and exceeded LTCC ceramic material limits. Effect
of possible gamma-radiation induced ageing was concluded
to be negligible. Without electrical measurements being pos-
sible due to high activation of the samples, the question about
changes of performance characteristics of the exposed sensors
remains open.

The risk of the in-vessel sensors failures due to damage
induced by radiation effects will be mitigated by installation
of additional sensors on the outer surface of the VV, where the
neutron flux is an order of magnitude lower [6]. The shield-
ing by the vessel, however, drastically reduces the frequency
response of these sensors down to a ~Hz level [681], which
means they can only be used for slow plasma position drift
correction. An additional design constraint for these sensors is
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Figure 157. Samples of ceramics metallized by copper using thick
printing technology before and after irradiation on LVR-15 fission
reactor.

a space less than 10 mm in the radial direction, which is the
width of the gap between the VV and the thermal shield.

Recently, a few innovative concepts of inductive sensors
are appearing and are being developed and qualified primar-
ily with respect to their deployment on future fusion reactors
beyond ITER.

One of such new approaches is application of thick print-
ing (TP) technology to manufacture robust and radiation hard
inductive sensors [682, 683]. Here, the spiral-like pattern of
metallic ink is screen printed onto already sintered ceramic
substrate creating effectively a coil-like structure. The sub-
strate with screen printed ink is then fired to create and sta-
bilize final metallic tracks. Various materials can be used both
for ceramic substrates, while the most common one is Al,Os,
and also for metallic ink, where the most common are those
based on copper. Stacking of several layers of such metal-
lized ceramic patterns is foreseen creating similar structure
as it is in the case of LTCC sensors. The main advantage
of TP technology is separation of ceramic sintering proced-
ure from the metallic ink firing procedure. This reduces the
risks and removes technological peculiarities associated with
LTCC sensors manufacturing [ 18] where dimensional changes
of metallized ceramic tapes during firing can lead to sensor
defects. On the other hand, TP technology leads rather to a
laminar sensor structure compared to a compact ceramic block
typical for LTCC sensors.

Initial study of radiation hardness of TP copper metalliz-
ation of two types of Al,O3 (96% and 99% purity) and also
AIN substrates was done at LVR-15 fission reactor, figure 157.
Several samples were irradiated by total neutron fluence of
4 x 10'"® cm~2 and adhesion of the copper layer on irradiated
samples was tested. The copper layer adhesion was not signi-
ficantly affected by the neutron irradiation and in all cases the
post irradiation adhesion was better than 35 N mm 2.

Another new approach to design and manufacturing of local
magnetic field inductive sensors is employment of photolitho-
graphy (PL) technology [684]. Here, the ultrathin ~10 um
conductive golden tracks can be shaped using standard PL
technology on SiO, wafers. The main advantage of this
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Figure 158. Design layout of the ITER OVSS sensors.

approach is achievement of large total effective area of the
resulting coil while keeping its self-inductance small which
allows to use the same sensor both for equilibrium mag-
netic field reconstruction and also for detection of high fre-
quency MHD events. Key aspects of this technology are being
developed like stacking and reliable electrical connection of
such multilayer coils, using substrate and metallization mater-
ials more relevant to harsh fusion environment etc. Initial neut-
ron irradiation tests of the first prototypes are also foreseen in
the near future.

8.4.3. Hall effect sensors.  Hall sensors are included in the
ITER design to mitigate the risk of voltage drift in the induct-
ive sensors due to RIEMF and TIEMF. Three ITER V'V sectors
(8, 5, and 2—in order of installation) will be equipped with
full poloidal arrays of outer vessel steady state (OVSS) mag-
netic field sensors based on bismuth and antimony. Sensors
will be mounted within a narrow gap between the outer VV
skin and the thermal shield. Each probe will contain two Hall
sensors, oriented perpendicularly to each other, to measure
poloidal magnetic field and N type thermocouple to properly
compensate for temperature dependence of sensors sensitivity.

No maintenance is possible for these sensors due to lack of
access after ITER VV assembly. As a result, they will have to
survive for the full ITER lifetime, which calls for the extensive
qualification and testing including radiation hardness assess-
ment.

Design and material choice for the ITER OVSS see
figure 158 was driven by three main criteria:

1. Radiation hardness up to maximum expected ITER life time

neutron fluence ~2 x 10'% cm=2.

Compatibility with long term exposure to ITER VV baking

temperature of 220 °C in vacuum.

. Achieving as high sensitivity as possible to improve SNR
and achieve required absolute accuracy with measurement
error not exceeding 4 mT.

2.

The first generation of the OVSS sensors [36] employed
~1 pm layer of bismuth prepared by magneto sputtering as
sensitive material. AIN ceramic substrates metallized by cop-
per using commercial direct bond copper (DBC) technology
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Figure 159. Bismuth Hall sensor before installation into the ITER
OVSS probe.

were used while proper layout of sensor electrodes was shaped
by etching. Sensitive layer was encapsulated by ~4 pm thick
layer of Al,O3, prepared by reactive magneto sputtering, with
a few millimeters of Al,O3 ceramic paste on top. Copper
wires were resistively welded to the sensor electrodes and the
bond areas were further mechanically reinforced by Al,O3
ceramic paste. Detail view of the resulting sensor is shown in
figure 159.

The sensors were subject to extensive testing, characteriza-
tion and qualification [685-688] including neutron irradiation
testing [689]. Here, the sample sensor inside Cd shield was
exposed to the total neutron fluence of 2.5 x 10'® cm~? with
the fast (0.1-20 MeV) neutron fluence of 6 x 10'7 cm—2. This
neutron irradiation dose exceeds by a factor of 2 the expected
maximum life time neutron fluence of the sensors on ITER.
Sensor sensitivity before and after irradiation was measured
in the temperature range from room to 220 °C. The sensitiv-
ity changes at 100 °C (operational temperature on ITER) was
1.3% which is compatible with overall required stability of the
Sensors.

Moreover, impact of transmutation on periodic in-situ
recalibration of N type thermocouples embedded inside OVSS
sensors was assessed using nuclear inventory code FISPACT
[690]. Thermocouples within OVSS units will be periodically
recalibrated using integrated e-beam welded capsule contain-
ing high-purity indium with well established melting point.
Transient flat top on the thermocouple signal evolution along
the periodic heat up of OVSS during ITER VV baking occur-
ring at indium melting temperature will be employed as one
point periodic recalibration. FISPACT simulations confirmed
that changes of indium material composition due to transmu-
tation over the ITER life time will not compromise accuracy
of the thermocouple recalibration beyond acceptable margins.

Later after manufacturing process of the OVSS probes, the
follow up calibration revealed the issue with gradual increase
of bismuth Hall sensors resistances for a fraction of assembled
OVSS probes along long storage time (~year) which separated
probes assembling from their calibration. It was concluded
that the most probable cause of the observed phenomena were
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imperfections in Al,O3; encapsulation layers for some of the
OVSS sensors and consequent gradual oxidation of bismuth
layers which was manifested by gradual resistance increase.
Long term exposure of the order of years at ambient atmo-
sphere cannot be avoided for OVSS sensors due to long time
interval between installation on ITER VV segments and the
first pump down of ITER cryostat. These findings highlight
the fact that although assessment of radiation induced effects
is indeed very important for reliable operation of fusion reactor
diagnostic components, other aspects like chemical stability,
diffusion processes or aging over very long time scales can be
equally important particularly for the components not allow-
ing any maintenance along their operation on ITER.

Consequently, the R&D was focused on antimony which
is another perspective material for ITER OVSS sensors [691,
692]. Antimony is much less prone to oxidation compared to
bismuth, it offers wider temperature margin with melting tem-
perature 630.6 °C versus 271.4 °C for bismuth and independ-
ence of sensitivity on magnetic field which simplifies calibra-
tion and data evaluation. The drawback of antimony is about
20 times lower Hall coefficient resulting in lower sensitivity of
the sensors though, this can be partly compensated by sensitiv-
ity gain due to lower thickness of the sensitive layer and higher
gain of the first stage amplifier. New generation of OVSS
sensors based on Antimony was prototyped and tested in order
to refurbish those OVSS sensors with manifested long-term
drift of resistance. Recent technological advancements were
implemented in sensors design namely change of DBC metal-
ized AIN substrates and following etching process by thick
printed copper metalized Al,O3 substrates where the required
shape of sensor electrodes is screen printed without the need
of follow up etching process. Resistive welding of sensor out-
put wires was changed to ultrasonic bonding and contacting
electrodes were moved further away from the sensitive layer
in order to eliminate the risk of sensor damage during wire
bonding.

Neutron irradiation test of the antimony-based Hall sensors
at LVR-15 fission reactor where the sample was exposed
to a total neutron fluence of 9.3 x 107 cm™? with fast
(E > 0.1 MeV) neutron fluence of 5.7 x 107 cm~? demon-
strated comparable radiation hardness of antimony sensors
compared to previously tested bismuth ones [693].

Following the successful qualification of the new antimony
Hall sensors, ITER VV sectors number 5 and 2 will be instru-
mented by the new antimony-based Hall sensors while the ori-
ginally installed bismuth-based sensors are kept at sector 8.

In parallel, there is an ongoing R&D activity toward devel-
opment and qualification of new Hall effect-based sensors for
future DEMO fusion reactor where sensors will be exposed
to about two orders of magnitude higher neutron fluences and
potentially also to higher temperatures. Assessment of trans-
mutation under DEMO relevant neutron loads was done for a
set of candidate sensitive materials including bismuth, anti-
mony, chromium, gold, carbon (in form of graphene) and
others [692]. Initial neutron irradiation test of a chromium
Hall sensor was conducted on LVR-15 fission reactor up to the
total neutron fluence of 4 x 10'® cm~2. Change of the sensor
sensitivity of the order of a fraction of percent was measured
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at 100 °C which shows good potential of these sensors for
DEMO from radiation stability point of view. On the other
hand, drawback of chromium is about two orders of mag-
nitude lower sensitivity compared to antimony [694]. Sensors
based on golden nanolayers are also being developed [695].
They were successfully tested in a fission reactor up to neut-
ron fluence of 10%° cm~2 [695], but gold has in terms of trans-
mutation rather low radiation resistance [692] which might
compromise stability of the sensors at still higher fluences.
Moreover, the tested sensors had a weaker signal than the chro-
mium sensors reported in [694]. The first tests of graphene
Hall sensors contemplating their application on fusion reactors
were presented in [696]. These sensors would offer extremely
high sensitivity and potentially very good radiation hardness
but unfortunately, their technology is currently limited to oper-
ational temperatures only up to 150 °C [697].

8.4.4. Fiber optic current sensors (FOCS). FOCS is another
steady-state magnetic diagnostic. The FOCS must satisfy the
standard requirements defined for the ex-vessel plasma current
diagnostics on the plasma current measurements [698], p 96:
‘for plasma currents below 1 MA the accuracy must be better
than 10 kA, and for 1-20 MA plasma currents, the accuracy
must be better than 1%. The time resolution for FOCS is 10 ms.
The ranges are ambipolar’.

FOCS operation relies on the Faraday effect experienced by
light travelling in optical fibers exposed to a magnetic field; a
rotation of the plane of polarization is induced by the magnetic
field component aligned to the fiber’s propagation axis. If a
fiber with no intrinsic birefringence makes a loop around a
current, the polarization rotation angle 6 of a linearly polarized
light is directly proportional to the enclosed current I [699]:

0 =NVI,

where V is the Verdet constant, and /N is the number of fiber
turns around the current. For silica fibers V ~ 0.7 rad MA~!
at 1550 nm [700]. The wavelength dependence of the Verdet
constant can be approximated as ~\~2. The basic scheme
of typical FOCS experimental arrangement is shown in
figure 160.

In practice, the situation is complicated by the presence of
intrinsic and induced birefringence [699]. The Verdet constant
dependence on temperature [701] and on wavelength [700]
creates an additional calibration issue.

130

FOCS is included into ITER research plan as an upgrade
beyond the 2016 baseline. However, FOCS requires installa-
tion of components on the VV, which means that the FOCS
design must be completed before the closure of the cryostat.

The ITER FOCS system includes three major components:
the sensing fiber, the transport fiber, and the DAQ installed
in the cubicle area, see figure 161. The sensor can operate in
transmission regime or in reflection regime with the Faraday
mirror. The DAQ components are selected based on the avail-
ability of preferably commercial components and the compat-
ibility with the ITER requirements. The sensing fiber placed on
the VV must sustain the combination of vacuum, nuclear radi-
ation, and high temperature. The ITER FOCS system design
allows to replace the fiber. However, preforming this opera-
tion during the nuclear operation of ITER would be technically
challenging due to safety requirements. Using a fiber, which
maintains its performance under radiation is by far the prefer-
able option.

The part in the cryostat area will be irradiated at low tem-
peratures. This sensing fiber will be replaceable.

Taking account of radiation effects has a significant impact
on the FOCS design. Radiation flux estimations in table 34 rel-
evant for the VV external surface are reproduced from [702].

For the energies relevant for the FOCS location, ionization
is the most important mechanism of radiation damage. The
equivalent dose rate is ~0.5 Gy s~!, corresponding to a total
dose of 8.5 MGy for 4700 h of operation. It is also proposed
in [702] that a 20% margin should be added in the design.
Therefore, 10 MGy is a conservative upper limit for the FOCS
life-time dose.

A known radiation effect is an increase of attenuation due to
RIA. The RIA in the FOCS sensing fiber decreases the useful
signal, making measurements inaccurate or even impossible.
For the polarimetry detection scheme a 40 dB dynamic range
of the analyzer at a 43 dBm detected signal is a reasonable
estimation. A standard light source power is up to 13 dBm,
which increases the dynamic range by 10 dB. The FOCS per-
formance can be improved by operating it in reflection with a
Faraday mirror [703]. In this case the optical length exposed
to intense radiation is the double length on the VV, ~56 m.
Therefore, the acceptable RIA is up to 0.9 dB m~!.

This estimation puts an immediate constraint on the sys-
tem design. In any available optical fiber, the RIA levels in
the visible and shorter wavelength at ~MGy are significantly
higher than 1 dB m~'. Therefore, the system must operate at
wavelengths in the IR range. As a result of the Verdet constant
wavelength dependence, a change of the operation wavelength
from 633 nm to 1.55 pum means a sensitivity decrease by a
factor 6.

Typical absorption values for Ge-doped fibers at the
1.55 pm are below 0.3 dB m~! at a 1 MGy dose of 20 keV x-
rays [704], and should remain below 0.6 dB m~!, when extra-
polated to 10 MGy. The results presented in [704] are obtained
for continuous high dose rate irradiation, while ITER opera-
tion is extended over 20 years with multiple interruptions. The
ambient temperature of the FOCS fibers during ITER oper-
ation will be ~100 °C, which will promote RIA annealing
[705], additionally accelerated during baking periods, when
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Table 34. Irradiation conditions for the FOCS.

14 MeV, n

Total n Y

<0.1 MeV, n
Flux cm~2s ™! 1.7 x 108-3.3 x 10'°
Fluence cm ™ for 3000 s pulse Up to 10"
Fluence life (4700 h) Upto 5.6 x 10"

4.3 x 10°-2.6 x 10°
Upto 7.8 x 102
Up to 4.4 x 10'6

2 x 10842 x 101
Upto 1.3 x 10"
Upto 7.1 x 10"

3.8 x 108-7.7 x 10'°
Upto2.3 x 10"
Upto 1.3 x 10'8
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Figure 161. ITER FOCS data acquisition diagram.

the temperature will rise to 200 °C with a 20 °C margin [706].
Therefore, the actual RIA levels at 10 MGy should remain
acceptable.

An additional improvement can be obtained by using
radiation-hard pure silica core fibers instead of standard Ge-
doped fibers. For example, RIA levels of 16 and 27 dB km™!
after Co60 at 5 Gy s ! dose rate for doses of 1 and 3 MGy,
respectively, were reported in [707] for high-temperature
acrylate-coated fibers. It is also important to notice that a
~Gy s~ ! dose rate relevant for ITER is a value that is com-
mon for such tests.

A ~6 m length of the fiber in the cryostat penetration
(FOCS bridge) can be exposed at temperatures below 0 °C and
possibly down to 80 K. The radiation loads on the fiber in this
area are smaller than on the VV surface thanks to the cryostat
shielding effect and the geometrical factor. Still, a temperature
decrease down to 80 K results in a very strong fiber radiation
sensitivity increase: a dose of only several hundreds of Gy may
result in an inacceptable RIA increase above 10 dB m~! [708,
709]. 80 K temperatures are expected only in accidental condi-
tions. During normal operation the temperature of the fiber in
the bridge area should be higher. However, an accurate estim-
ation of the temperature during operation is required.

The presence of neutrons should not change the estimation
of the RIA. Usually, in case of fission reactor irradiations, the
RIA contributions of neutrons and gammas for a same dose of
radiations have similar scales [710-713]. Figure 162 shows the
RIA measured in a pure silica core single mode optical fiber
exposed at a temperature of 100 °C in the BR2 fission reactor
[714] to a total gamma dose of 7 MGy and a fast (E > 1 MeV)
neutron flux of 5 x 10'® cm~2. The RIA level remains below
0.9 dB m~'. The dose rate and the flux were up to 6 MGy h—!
and 10'3 cm~2s~!, respectively. The ITER radiation environ-
ment is less severe.

Still, the impact of 14 MeV neutrons characteristic for the
ITER nuclear phase cannot be addressed in a fission reactor.
FOCS systems installed at JET should provide an answer to
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Figure 162. RIA evolution in a pure silica core single mode fiber
irradiated in the BR2 fission reactor.

this question [703]. In terms of the dose-rate the radiation
exposure during D-T operation will be completely relevant for
ITER.

Ionizing radiation also changes the refractive index, and
can consequently modify the fiber Verdet constant. This ques-
tion is not addressed in literature. Off-line tests performed
at SCK CEN demonstrated that both for gamma doses up to
5 MGy and fission reactor (BR1) irradiation up to a total neut-
ron fluence of 10'> cm~2 changes were within the measure-
ment accuracy, which was probably close to +10% [711]. The
low accuracy does not allow to draw conclusions relevant for
ITER. Regular re-calibration of the FOCS during ITER oper-
ation using other plasma current measurement systems can be
a simple yet reliable mitigation measure.

The exposure to high temperature and intense radiation may
compromise the mechanical reliability of the sensing fiber.
The temperature of the VV surface will be ~100 °C during
normal operation and 200 °C-220 °C during baking periods.
The use of polyimide coated fibers seems relevant in this situ-
ation because the standard acrylate fiber coating is rated up
to 85 °C. Polyimide is also considered as radiation resistant
material. Unfortunately, the use of polyimide results in a sig-
nificant degradation of the fiber polarization characteristics.
On the other hand, the experience shows that the temperature
limit of acrylate coated fibers can be increased if the fiber is
exposed to elevated temperature in an inert atmosphere. For
example, the sensing fiber of the FOCS installed at JET was
exposed to ~200 °C during operation and 320 °C during bak-
ing periods [703, 715]. The system is operational for more than
five years. The coating probably deteriorated, but that did not
prevent the system from performing current measurements.
The actual state of the coating is unknown as the systems
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continue operation. Unfortunately, this example is not com-
pletely representative for ITER because of the low radiation
levels at JET.

8.5. Bolometers

In ITER, bolometers will be used to obtain information on the
total radiated power and its spatial distribution from the main
plasma and in the divertor region. Bolometer arrays will be
installed in selected locations on the VV, and on the divertor
[716]. Operation of a bolometer is based on the absorption
of radiation. The absorbed power is determined by measuring
the corresponding temperature increase, which is derived from
changes of the electrical resistance of a meander shaped metal
conductor on the back side of the absorber. The bolometers
are directly open to plasma and have to withstand high neut-
ron fluxes as well as ambient temperatures exceeding 200 °C,
which presents a serious challenge with respect to maintaining
their characteristics.

The ITER bolometers are an example how taking into
account radiation effects may influence the design. Initially,
it was supposed to use JET type high-temperature bolomet-
ers, which employ a thin mica substrate as the support for a
gold meander shaped electrical resistor. However, a reactor
experiment performed at the Japan Materials Testing Reactor
(JMTR) in Oarai, Japan, indicated that such bolometers may
not sustain the 0.02 dpa [Al] dose of neutron radiation expec-
ted for ITER due to both the mica instability and the trans-
mutation of gold into mercury [717]. To answer those prob-
lems several modifications in the bolometer construction have
been proposed. First, mica was replaced with aluminum nitride
or alumina ceramics, which were expected to be stable under
radiation and which have the added advantage of consider-
ably increasing the upper temperature limit for continuous use
above the 500 °C recommended for mica. To mitigate the
transmutation Au was replaced with Pt. The new development
was done at IPP in Garching [718].

A prototype of the radiation hard bolometer with the bolo-
meter bridge formed by a thin Pt-meander sputtered on a
SizNy foil was exposed in a reflector channel of the BR2 fis-
sion reactor up to a total dose of ~0.02 dpa. The bolometer
remained operational during the 19 d of irradiation at a temper-
ature of ~400 °C [719]. The four bolometer bridge resistances
were continuously measured during irradiation. The meas-
ured values closely followed small temperature and neutron
flux variations related to the reactor operation. Two meander
resistances showed a small drift under irradiation, while two
other meanders experienced first an increase in their resistance
and then after almost two weeks of irradiation the resistances
returned to values close to the initial ones.

Although, the post-irradiation examination indicated pos-
sible problem with the Pt meander adhesion on the substrate,
see figure 163, it was concluded that the design could be con-
sidered as a solution for an ITER-compatible device.

Following significant work, an improved version of the
bolometer with Si; N, substrate and a Pt resistors was proposed
[720]. This prototype bolometer successfully passed reactor
irradiation test up to a 0.3 dpa dose with an acceptable increase
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Figure 163. Delamination of Pt tracks from the SizN4 substrate
observed during dismantling of the irradiated bolometer in a hot cell.

of the resistance [721]. A new reactor irradiation test is being
planned where the bolometer meander resistivity and the time
constant will be measured under irradiation at temperatures in
the range 225 °C-275 °C.

The power deposited onto the absorber is expected to be
in a range 0.5 ¢W-2 mW. The maximum noise level of the
voltage measurements of 50 'V is acceptable, which is based
on the requirement for the dynamic range of the diagnostic and
the noise budget for signal cables of 0.3-3 2V m~! and it cor-
responds to a noise level of 2.5 uW [716]. For bolometers, the
intrinsic noise level is ~20 V. A comparison with the relevant
power levels shows both a need for optimizing this diagnostic
and reducing the noise levels in the connecting cables.

The question to what extent the results obtained at JMTR
are relevant for ITER was considered. The neutron capture
cross-section for gold is maximal for thermalized neutrons
(<2.5eV). A significant flux of thermal neutrons in the JMTR
test explains the high transmutation yield. In ITER, the bolo-
meters will be open to the main plasma, with a harder neutron
energy spectrum and the thermal neutron flux will be signi-
ficantly lower than that at the JMTR. As a consequence, the
transmutation rate will also be significantly lower. It was con-
cluded that after 5 years of ‘hot” ITER operation the transmuta-
tion level should not exceed 2%, which has acceptable impact
on the reliability of the bolometers.

8.6. Needs for future research and standardization of the
testing approach

8.6.1. R&D for refining the ITER design for suppressing radi-
ation effects (neutron calculations, irradiation test of samples
and prototypes, neutron shielding development).  To allow
for long-term operation of plasma diagnostics at ITER, com-
bination of radiation resistant components and systems while
providing efficient radiation shielding against gamma and
neutron fluxes from the hot plasma is necessary. This means
that it is necessary to evaluate the gamma and neutron
fields, identify radiation-resistant materials and elements, and
determine the levels of their permissible exposure in ITER.
Three areas of the researches have been identified, in this
regard, almost from the very beginning of the ITER dia-
gnostics development.
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The first area is the calculation of neutron fluxes and
gamma dose rates in which diagnostic elements will be loc-
ated. For this purpose, methods for calculating of the gamma
and neutron fields in ITER were developed. ITER diagnostics
should be worked out in detail to obtain reliable results of
the calculations, including the materials and geometry of the
individual elements. In parallel with the design development
of the diagnostic systems, three-dimensional models of the
ITER installation were created. Neutron calculations were per-
formed using a Monte Carlo method. Specialized numerical
methods (MCNP code) and libraries for cross sections of the
nuclear reactions in construction materials were used. The res-
ults of these calculations give the gamma and neutron fields
with a high accuracy, at least inside the vacuum part of the
ITER installation, provided that the geometry and materials
are specified precisely. In turn, this makes it possible to set
conditions for particular radiation tests. In addition, the data
obtained must (or can) prove that the diagnostic design meets
the ITER nuclear safety requirements.

The second research area is the experimental investiga-
tion of materials and critical diagnostic elements under irra-
diation. To perform experiments at conditions that are close to
ITER attention should be given to radiation dosimetry. Early
experiments were performed at high radiation levels, based
on the assumption of a high load under ITER conditions.
For example, for optical glasses it was shown [722, 723] that
only pure silica for the visible range can withstand long-term
intense gamma and neutron irradiation, but even such glasses
quickly lose transmission in the UV range. This made it clear
that the optics needs to be protected from radiation, to minim-
ize the fluxes of the neutrons and secondary gamma radiation
where the optical elements need to be placed. But even with
the use of the neutron shielding in port plugs, radiation levels
remain high. Subsequent irradiation tests [674] have shown
that it is practically impossible to use silica glass for collect-
ing and transmitting UV radiation to detectors in ITER.

The third area is the neutron shielding development and
modifications in ITER port plugs. Neutron calculations have
shown that when boron carbide blocks are placed in the port
plugs together with an iron-water neutron shield and periscope
channels are used to collect light from the plasma, the radiation
loads become less critical beyond the vacuum boundary. As a
result, the critical diagnostic elements shall be located as much
as possible far from plasma, e.g. in the Port Interspace & Cell.
It should be noted that drastic measures to strengthen neutron
shielding requires changes in the design of diagnostics.

8.6.2. Refinement of the ITER design. ~ DSMs design was
changed in 2016 due to the insufficient effectiveness of the
previous neutron shielding relatively to nuclear facility licens-
ing requirements. So-called ‘LEGO design’ of the DSM was
developed for maximum reduction of weight of the steel parts
and filling of all voids with a light but effective neutron
absorber, in which boron carbide blocks were used to weaken
neutron fluxes. The neutron flux was decreased significantly,
which led to reduced radiation loads on optics and detectors
in the Port Cell area. Such refinement of the DSM design was
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forced and led to an increase of the project cost. As a rule,
diagnostic characteristics (measurement accuracy, spatial and
temporal resolution) have suffered as a result. On the other
hand, without these changes, diagnostics would simply not
be able to function for both physical reasons (degradation of
optical characteristics, too high background from gamma and
neutron fluxes to the detectors) and formal reasons (violation
of the nuclear safety requirements).

8.6.3. Other examples of the design changes.  Some other
refinements were made in the design of the plasma diagnostics
due to radiation problems. Here are the main ones: using of
the mirror telescopes for plasma light transmission in Port
Interspace and Port Cell, the periscope legs lengthening in
the DSM neutron shielding, shifting of the entrance pupil of
optical diagnostics deeper into the port plug further away from
the plasma, reducing of the solid angle of the plasma light col-
lection, using of the fiber optics to transmit light to remote
diagnostic rooms, etc.

8.7 Summary

Overview of the impact of recent radiation effect studies on
design and qualification of various ITER diagnostic systems
is presented. Compatibility with ITER radiation fields is high-
lighted as one of the main design drivers for diagnostics.
Experimental testing of diagnostic functional components in
radiation fields with parameters as close as possible to the tar-
get ones is still seen as the main approach to their qualific-
ation. This shall be accompanied with numerical simulation
of radiation effects whenever technically feasible. Significant
progress in development and qualification of various ITER
diagnostic systems from radiation-hardness point of view is
reported.

Sufficient radiation hardness of the vacuum window assem-
blies based on silica glass was successfully demonstrated dur-
ing irradiation tests using nuclear reactor, a Co-60 gamma
source, and a NG. In particular, such assemblies were irradi-
ated in the BR1 reactor of SCKeCEN in Mol at 150 °C during
5.5 months up to a total fast (£ > 0.1 MeV) neutron fluence
of ~2 x 10'® cm~2 with positive outcome of post-irradiation
thermo-mechanical and He-leak tests.

Borosilicate glass inserts of the ITER vacuum electrical
feedthroughs were irradiated at LVR-15 reactor of CVR Rez
up to the total fast (E > 0.1 MeV) neutron fluence of
5 x 10" cm~2. It was concluded that radiation induced dimen-
sional changes of these borosilicate glass inserts pose no risk
with respect to the potential loss of vacuum accident on ITER.

Radiation hardness of ITER in-vessel LTCC magnetic
sensors was investigated using Co-60 gamma source up to
72 MGy and also at LVR-15 fission reactor up to neutron flu-
ence ~10%° cm~2 with positive outcome.

New technologies potentially applicable for magnetic
sensors future designs were highlighted. In particular, samples
of ceramic substrates metallized by copper using TP techno-
logy were irradiation by total neutron fluence of 4 x 10'8 cm—?
at LVR-15 reactor while the samples showed satisfactory
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adhesion of copper layer to ceramic substrates better than
35N mm~2.

Steady state magnetic field sensors based on Hall effect
which use both bismuth and antimony sensitive layers were
also successfully qualified at LVR-15 reactor with respect to
their expected total neutron exposure on ITER.

Compatibility of FOCS fibers, to be used for plasma current
measurement on ITER, with gamma radiation, neutron fluxes
and elevated temperature was investigated. Silica core single
mode optical fiber was exposed at a temperature of 100 °C
in the BR2 fission reactor to a total gamma dose of 7 MGy
and a fast (E > 1 MeV) neutron flux of 5 x 10'° cm~2. The
RIA level remains acceptable below 0.9 dB m~!. Operation of
FOCS in inert atmosphere was suggested as solution to achieve
compatibility of fibers with elevated temperatures even up to
320 °C as demonstrated during operation of FOCS prototype
on JET.

ITER bolometers are presented as an example of a dia-
gnostic where taking into account radiation effects had sig-
nificant impact on its design. Bolometer with SizNy substrate
and a Pt resistors successfully passed reactor irradiation test up
to a 0.3 dpa dose with an acceptable increase of the resistance.

Finally, three main directions of R&D to be continuously
pursued are identified, namely, 3D modeling of radiation fields
using real fusion reactor geometry and materials, experimental
qualification of diagnostic functional components in radiation
environment as close as possible to the target one and optim-
ization of neutron shielding and overall engineering design of
implementation of various diagnostic components on ITER in
order to minimize their radiation exposure.

9. Diagnostic mirrors for ITER: status and
perspectives

A. Litnovsky40, L. Moser**!, N. Babinov®®,

A. Dmitriev*?, B. Kim®, L. Maror*, A. Razdobarin®,
A. R0g0v42, D. Samsonov®®, C. Seon®, K. Soni*!,

M. W. Walsh?, R. Yan?S and E. Yatsuka®

9.1. Diagnostic mirrors in ITER

9.1.1. Role and mission of mirrors.  The ITER international
experimental fusion reactor being built in Cadarache, South
France by the EU, Russian Federation, Japan, South Korea, the
United States, China and India will be equipped with highly
sophisticated and versatile diagnostic systems. Diagnostic
overviews are provided in [4, 724] and an update can be found
in [725]. Among others, there will be twenty-three optical dia-
gnostics monitoring crucial physics and engineering paramet-
ers of the reactor, such as the temperature of divertor plates,
electron and ion densities and temperatures [724, 726]. Due
to harsh neutron environment, optical systems will be based
on reflective optics using mirrors to guide plasma radiation
towards spectrometers and detectors. The plasma-facing mir-
ror (FM) will be affected at most from the plasma particles and
intensive radiation. The lifetime of a first mirror will affect
the entire performance of the corresponding mirror-based
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diagnostic and hence, have a direct impact on ITER operation.
Maintaining the lifetime of diagnostic mirrors is a significant
physics and engineering challenge. There will be about 80 first
mirrors employed in optical and laser-based diagnostics oper-
ating in a wide wavelength range spreading from 2 nm, for
the VUV spectrometer in the divertor [96] up to 118 micro-
meters as foreseen for the polarimeter system [727, 728]. An
example of the first mirror for ITER H, diagnostic system is
shown in figures 164(b) and (c). According to the design reg-
ulations, the lifetime of the mirrors has to be guaranteed for
the entire service life of the reactor. Maintenance and servi-
cing of diagnostic mirrors are to be avoided whenever pos-
sible. These critical requirements have triggered a significant
international research and development (R&D) program on
diagnostic mirrors.

9.1.2. Phasing of diagnostics.  In the course of the plan-
ning of ITER diagnostics, there was a clear understanding that
the simultaneous delivery of the entire diagnostic set to ITER
is not feasible due to logistics, engineering and budget con-
straints. Therefore, it was decided to make a prioritized list of
diagnostics based on their impact on machine commissioning,
operation and physics program. This list is also known as dia-
gnostic phasing. The first diagnostics in the list had to be pro-
cured earlier. In total, there are three categories of diagnostics
in the list:

Category 0

e Diagnostics required for machine start and commissioning.

Category 1

e Diagnostics required for machine operation.

and

Category la

e Diagnostics required for fulfillment of the physics program
in ITER.

The detailed list of diagnostics according to each category
(phase) can be found e.g. in [729]. As can be seen from the list,
among optical-based diagnostics, there are several which are
required for the basic machine operation. For instance, diver-
tor thermography is an inevitable instrument for detection of
dangerous operation conditions in the divertor target area.

9.2. Risks and issues

The initial stage of the coordinated research and development
program on diagnostic mirrors involved dedicated and accom-
panied experiments with special mirror assemblies to address
the specific environmental conditions in ITER diagnostics.
These studies were complemented by the analyses of mirrors
in existing diagnostics in present-day tokamaks. The respect-
ive overviews of results are available in [730-741].
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Figure 164. ITER Ha as an example of mirror-based diagnostic and its first mirror: (a) diagnostic locations in ITER equatorial port plugs
(EPP) and upper port plugs (UPP), (b) the reflecting surface of the first mirror and (c) rear view of the mirror. The single crystal
molybdenum reflecting surface has dimensions of 164 x 60 X 42 mm and a radius of 364 mm.

These studies were aimed at identifying the major risk
factors for diagnostic mirrors. The major risk factors expec-
ted for diagnostic mirrors in ITER are summarized below.

9.2.1 Erosion.  Erosion of the mirror surfaces was treated
as a major risk for diagnostic mirrors from the beginning of
research and development (R&D). Under the term ‘erosion’
usually two different processes are meant: chemical erosion in
the reactive environment and physical sputtering.

Chemical erosion played the major role in defining the mir-
ror performance at an early stage of the ITER project. The
deposition of volatile hydrocarbon radicals on the mirrors ori-
ginating from the carbon-based old divertor was treated as a
critical risk factor for e.g. divertor mirrors [740, 742-745]. In
the current ITER design, the plasma-facing materials will be
beryllium at the first wall and tungsten in the divertor. Carbon
was excluded mostly due to safety considerations related to
chemical erosion of first walls and subsequent transport of tri-
tiated carbon radicals. Therefore, the chemical erosion issue
does not represent a major concern anymore.

Sputtering of the mirror surface currently represents the
major risk for the mirror performance. Physical sputtering is
expected in ITER due to energetic neutrals originating from
the CX reactions in the core DT plasmas. The CX-fluxes to
the first wall of ITER were assessed by modeling by sev-
eral research groups. Modeling results predict quite intensive
fluxes reaching 10" atoms m~2 as reported in [724]. Recent
modeling assessment based on SOLPS 4.2 code provided a
detailed overview of CX fluxes for different operation scen-
arios of ITER. The flux of CX neutrals with energies of about
200 eV will cause sputtering of the mirror surface. Sputtering
may provoke a drastic increase of mirror roughness and unfor-
tunately, the abrupt and rapid degradation of mirror reflectiv-
ity. The natural CX fluxes in modern tokamaks are rather
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small making the experimental reproduction of the sputtering
environment expected in ITER challenging. An effective way
of addressing the mirror performance under sputtering condi-
tions formed by fusion plasmas, was to perform the sputtering
exposures in tokamak SOL plasmas and substituting the CX
fluxes with plasma ion fluxes of nearly the same energy fea-
turing much higher flux density. These studies [746] allowed
making estimates of the mirror lifetime under erosion condi-
tions in ITER.

However, CX neutrals originating from the regular plasma
operation of ITER is not the only sputtering source. An exper-
iment made in the Tore Supra tokamak brought a remarkable
result [747,748]. Here, a copper mirror was severely sputtered,
almost losing its reflectivity in the visible range. The accom-
panying research has demonstrated non-ambiguously, that the
sputtering of mirror surfaces has been caused by wall con-
ditioning discharge. The wall conditioning based on a radio-
frequency stimulated glow discharge can produce high-energy
ions which can penetrate several tens of centimeter deep into
the diagnostic ducts while sputtering the mirrors. One respect-
ive estimate has been made e.g. in Litnovsky et al [749].
Photographs of mirrors suffered from sputtering are provided
in figure 165(a).

Studies of the effects caused by sputtering made a decisive
impact on the choice of mirror material described later in this

paper.

9.2.2. Deposition.  Deposition is another crucial factor
degrading the mirror performance in ITER. Plasma impurit-
ies sputtered or molten from the plasma-facing components
may be transported by plasma particles toward mirrors and
become deposited on mirror surface. The formed deposition
layer has its own reflectivity drastically affecting the reflectiv-
ity of the mirror. A mirror with a deposit formed in the course
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Figure 165. Diagnostic mirrors affected by (a) sputtering, as seen on the shiny part of a mirror exposed in TEXTOR [743] and rough surface
of a mirror exposed in the JET divertor (inlay, Reprinted from [739], Copyright (2019), with permission from Elsevier), (b) deposition, as
seen on the mirror exposed in the divertor of the ASDEX Upgrade. Reproduced from [750].© 2013 IAEA, Vienna. All rights reserved, (c)
water leak/steam event affected mirrors in the Tore-Supra first wall. Reprinted from [747], Copyright (2006), with permission from Elsevier
and (d) wall conditioning leading to severe sputtering of a mirror located in Tore Supra first wall. Reproduced with permission from [751].

of exposure can be seen in figure 165(b). General information
on erosion and deposition is reported in the dedicated chapter
devoted to the first wall diagnostic in this issue.

Intensive research program has been made within the ITPA
on several major tokamaks worldwide to study the effect of
deposition [730, 734, 739, 740, 742, 747, 750, 752, 753]. The
key adverse feature of deposition of impurities are identified
to be the following:

1. The deposition pattern is usually highly inhomogeneous
i.e. no systematic correction of reflectivity is possible for
the affected mirror.

. Even a very thin deposited layer of 10 nm is enough to have
a dominating effect on the reflectivity in the visible range.

. Deposits are mostly rough, inevitably leading to the
reflectivity degradation.

. Deposition is a process in part involving volatile radicals
and/or atoms. Therefore, deposition can be expected even
at far distance from plasma.

. In the presence of energetic plasma particle, e.g. from neut-
ral beam, deposition can be accompanied with the implanta-
tion of impurities into the mirror substrate and/or formation
of mixed layers with substrate material.

These adverse properties of deposition underline the sever-
ity of the problem. As in the case of sputtering, the regular
plasma operation is not the only source of deposition in ITER.
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Wall conditioning sometimes plays a decisive role in mirror
surface contamination, as can be inferred from the following
sub-sections.

9.2.3. Steam ingress. In ITER, diagnostic mirrors are also
vulnerable to a ‘Vacuum Vessel Ingress of Coolant Event’
(VVICE, where VVICE category IV also called Loss-of-
Coolant Accident) in ITER [754-756], also known as a steam
ingress. The in-vessel components of ITER are cooled with
water. A large number of tubes connected by welding are loc-
ated inside the vacuum chamber. Vibration of in-vessel com-
ponents, high thermal and electromagnetic loads on the struc-
tural elements lead to an increased probability of depressuriz-
ation of the water-cooling system and water ingress into the
VV. A steam event is anticipated in case of an accidental rup-
ture of the cooling loops inside the VV or due to damage
caused to the cooling pipes by runaway electrons generated
during plasma disruptions. As a result, several negative factors
can simultaneously affect the in-vessel mirrors: increased tem-
perature of 250 °C during baking, and up to 400 °C in case
of accidents during regular plasma discharges, and a contact
with steam at an increased pressure. As a result of the inter-
action of steam with a reflecting mirror material, a volumet-
ric degradation of the mirror surface can occur along with
the formation of hydroxide layers on it. These processes will
lead to degradation of optical properties of affected mirrors. A
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photograph of the mirror assembly exposed in Tore-Supra
tokamak and suffered from steam and water ingress is
provided in figure 165(c).

During a steam ingress event, the FMs will be exposed to
steam at pressures of up to 1.5 bar [755, 757] at temperature up
to 250 °C—the maximum temperature during the ITER baking
process [756, 757]. The steam may also mobilize dust, which
could eventually be deposited on the mirror surfaces further
degrading the optical properties of FMs [758].

9.2.4. Wall conditioning. ~ Wall conditioning necessary for
plasma and particle control in ITER, represents an addi-
tional risk for the lifetime of diagnostic mirrors. The effect
of wall conditioning has been assessed in a number of ded-
icated experiments. These studies show that the wall con-
ditioning effect on diagnostic mirrors can be manifold. An
experimental campaign undertaken at Tore Supra tokamak
[747, 751] demonstrated a severe sputtering effect caused
by the glow discharge wall conditioning to mirrors loc-
ated at the first wall, figure 165(d). This effect may be rel-
evant to the mirrors in ITER that are closest to burning
plasma.

At the same time, the results of a reference experiment per-
formed in the KSTAR tokamak [759] demonstrate explicitly
that wall conditioning and baking can also lead to deposition
of impurities on mirrors. In this experiment the deposition mit-
igation assembly (DeMi) was installed into the midplane loc-
ation of the machine. The DeMi is a system of tubes imitating
the diagnostic ducts with sensors at their ends, acting as mir-
rors in real duct systems. A detailed description of the DeMi
system can be found in [759].

To measure the in-situ deposition or erosion effect on the
mirror surface with the baffle duct, QCM’s were installed
in KSTAR. The first QCM-1 located 1.5 m away from the
plasma measured the deposition quantity in situ through the
short-baffled duct. QCM-2 is positioned near QCM-1 inside
an enclosure case. The QCM-2 provided a reference signal for
the compensation of the error in QCM-1 signal due to tem-
perature or noise effects. The net amount of deposited mass
was derived by subtracting QCM-2 signal from the QCM-1
signal. The result of the deposition measurement during the
2015 KSTAR campaign is depicted in figure 166. The exper-
imental data explicitly shows that the wall recovery operation
with the GDC and baking resulted in heaviest deposition on the
QCM surface, while the plasma operation and the sole GDC
have resulted in ten-fold less deposition rate. Impurity depos-
ition conditions caused by wall conditioning may be expected
for mirrors in ITER located in diagnostic ducts far away from
plasma.

9.3. Risks evaluation and mitigation

Adverse factors affecting diagnostic mirrors were discussed
and analyzed in numerous expert meetings, conferences and
dedicated seminars involving the ITER Team and represent-
atives of domestic agencies. In the course of these meet-
ings, all aforementioned aspects were thoroughly and critically
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Figure 166. The net accumulated mass (deposition) data from the
QCM measurement in the 2015 KSTAR campaign. The major
deposition on QCMs occurred during wall recovery period

including baking and the GDC. A maximum value of 170 pm h™!
was found during the GDC+ baking condition assuming graphite
for deposition material. Reprinted from [759], Copyright (2018),
with permission from Elsevier.

assessed leading to a number of crucial decisions. Important
decisions, influencing the entire diagnostic mirror philosophy
are shortly outlined below.

In the course of evolution of the ITER diagnostic systems,
the position of the first mirrors was changed with time. For
more than fifteen years, the FMs were close to the first wall
position [760]. After a careful assessment of major risks for the
first mirrors imposed by the deposition of impurities and sput-
tering of the reflecting mirror surfaces, it was finally decided
to use any possibility of moving the FMUs of all diagnostics
whenever possible, far away from the plasma. In this decision,
the persisting uncertainty in predicting transient events which
are supposed to have an instant and devastating impact on mir-
rors, was considered as a high risk. However, transient heat
loads which are unfortunately, not fully predictable till now,
could momentarily damage the mirror terminally.

Diagnostic mirrors positioned close to the plasma, will
be exposed to a high heat load from the neutron flux which
induces deformation even for a water-cooled FM [761].
Moreover, being close to the first wall and having a large area
open to the plasma lead to physical sputtering of the surface
due to CX neutrals [725]. These considerations have triggered
the re-positioning of the FM, whenever possible, further away
from the first wall [504]. In addition to moving away from the
plasma to the farthest distance possible, additional engineer-
ing measures, such as using diagnostic pupils with a possibly
small aperture for viewing the plasma were prescribed for dia-
gnostic engineers.

The a wide scope of options has been assessed to allevi-
ate the diagnostic mirror challenge. A possibility of a general
change of the probing wavelengths from the UV and VIS range
toward the less vulnerable IR range [762] was assessed along
with a possibility of substituting the optical diagnostics with
ones not using any optics in ITER [763]. In general, how-
ever, this assessment did not lead to a significant change of
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the projected diagnostic suite and its principal parameters as
planned for ITER.

It was decided to develop a solution for the first mirror
problem using a coordinated R&D effort with several well-
defined focus areas. Attaining progress or a solution in the
dedicated area contributes to a solution of the entire diagnostic
mirror problem. These areas were initially defined in the Work
Plan of the First Mirror R&D [764] and then further evolved
[732, 764]. Based on initial critical assessment of mirror risks
provided in e.g. [765], five crucial areas of first mirror R&D
were identified as follows:

—

. mirror material choice

. predictive modeling of mirror performance

. mirror surface recovery (MSR)—a crucial set of measures
for a prolongation of mirror lifetime comprising the passive
mitigation of mirror contamination, the use of engineering
tools for mirror protection and active mirror cleaning. The
MSR will be described later in this paper in more detail.

. Tests under harsh environmental conditions involving stud-
ies under neutron, gamma and steam conditions

and

5. engineering solutions for ITER mirrors.

In the past decades experimental and theoretical predict-
ive modeling efforts were aligned along these main topics.
Significant progress was attained in all these directions. At
the same time, as the project evolved, several crucial decisions
remained actual for the present diagnostic mirror R&D, while
others had to be discarded due to a major change in design and
because of other boundary conditions.

Here, the authors feel it necessary to briefly list decisions
which were despite success in their elaboration, discarded
from the further consideration due to reasons mentioned
above.

. Engineering solutions using retractable diagnostic tubes
with mirrors. Tubes were discarded from the design of
optical diagnostics as being too complex.

. Mirror cleaning using lasers was discarded as a prime gen-
eric cleaning technique due to the complexity of realization
in ITER geometry.

. Feeding deuterium in front of the mirror to stimulate chem-
ical erosion of carbon impurities. Discarded due to reason
mentioned above.

In addition to the mentioned ‘grand’ decisions, such as
moving mirrors further away from plasma, there are crucial
specific achievements and decisions that remained fully in
power and actual in ITER design. Among those decisions are:

e The use of single crystal and possibly nano-crystalline
materials instead of any polycrystalline mirrors including
those made through powder metallurgical route

o The use of in-sifu mirror cleaning system

o The use of shutters and flaps

138

e The use of so-called ‘gas shutters’ a gas, usually helium or
argon feeding across the plasma particle flow in order to
intercept the contamination flow toward the mirror.

Interestingly, the mirror heating initially proposed for stim-
ulating the chemical erosion of carbon impurities was pre-
served. The use of mirror heating, active and passive was found
useful and effective for reduction of deposition of plasma
impurities on the mirror surface.

These decisions are described in detail in the following
section. Certainly, this list is not full and several prospective
mirror solutions are under consideration. Authors, however,
believe that providing both lists is a necessary aide for physi-
cists and engineers working on mirror solutions, possibly sav-
ing an extra effort on discarded directions and allowing a more
efficient R&D on the priority topics.

9.4. Solutions

9.4.1. Mirror material. ~ The choice of mirror material is one
of the key topics of the ITER Research plan, see e.g. Task
A.8 [56]. In the course of an intensive R&D [732, 734, 746,
766-769], the prime candidate mirror materials were identi-
fied. Currently, molybdenum (Mo) and rhodium (Rh) are two
main candidate materials for the FM. Molybdenum, due to
its low sputtering yield, is more advantageous under sputter-
ing conditions [504, 734, 746, 751, 753-772]. Rhodium, on
the other hand, provides a better reflectivity (between 70%
and 80%) in the visible range [773] as well as near-IR and
IR ranges (around 85% at 1 pum). Rh also has low chemical
reactivity, suppressing oxide and carbide formation [774]. In
the case of polycrystalline mirrors composed of many grains
with random orientation of faces, the sputtering yield can vary
strongly over the material surface depending on the crystallo-
graphic plane of each individual grain and its orientation with
respect to the incoming particle flux. It is also important to
keep the surface relief pattern i.e. the roughness of a polycrys-
talline mirror small compared to the wavelength of the reflec-
ted light in order to minimize the effect of diffuse reflection
on the measurements. Generally, this indicates that the mir-
rors must have small grain sizes and preferably similar crys-
tal orientations to be homogeneously sputtered. These require-
ments can be fulfilled, for instance, by using a single crystal
[302, 734, 775] or by coating the surface with nanometer-sized
crystallites [766].

The advantages of single crystals under sputtering condi-
tions were extensively studied under laboratory conditions in
e.g. subchapter 5 and [734, 776], a direct comparative test in
a tokamak was performed in TEXTOR [746]. The series of
dedicated sputtering tests revealed the outstanding ability of
both single crystal molybdenum and rhodium to preserve their
optical reflectivity despite the severe sputtering [768, 769]. At
the same time, the availability of large single crystals and high
price of rhodium presently make the mirror solution based
on nano-crystallite coating particularly attractive for several
diagnostics [766, 777, 778].

For several diagnostics, there are diagnostic-specific mir-
ror materials addressing the performance requirements of
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these diagnostics. An example is the ITER VUV spectro-
meter operating at an extremely short wavelength range of sev-
eral nanometers [96]. Here, several materials such as silicon
carbide and Ni-P plated stainless steel substrate mirrors along
with gold (Au) coated stainless steel mirrors were tested. The
steam ingress event as well as thermal cycling played a cru-
cial role in the selection of mirror material for this diagnostic.
Based on results of thermal cycling from room temperature
up to 240 °C for 100 cycles, silicon carbide was selected as a
prime mirror material for the VUV spectrometer.

9.4.2. Predictive modeling. Modeling was initially anticip-
ated to provide a crucially important estimate of the main mir-
ror risk factors, such as sputtering and deposition rates. These
rates had to be used during the e.g. engineering and design of
cleaning systems. Several approaches to modeling the effects
on mirrors were pursued so far [779-782]. Among the most
prominent is the so-called conservative approach followed in
the modeling studies of Kotov er al [780-783], also known as
‘Kotov model’. The main characteristic feature of the model is
in providing conservative estimates for expected effects—the
extreme results on erosion and deposition rates were taken and
multiplied by conservative factors, reaching 10.

In this model, the B2-EIRENE [784] codes were used to
calculate the plasma parameters: electron and ion temperature,
ion and neutral density at the vicinity of diagnostic ports. Later,
the model was extended towards the inside of diagnostic ducts
and was using the unified interface with engineering CAD
programs [783]. In the latest stages of development, the Kotov
model was extended to 3D geometry and incorporated among
others, 2.5D plasma parameters. According to modeling, the
calculated worst case gross deposition rate of beryllium in the
middle of the port plug faces reaches almost 0.1 nm s~!. At
the same time, the Be erosion to deposition ratio at those loc-
ations is always larger than 5, indicating a high probability of
net erosion conditions there [780].

Another approach was followed by Rode et al [785] later.
Here, like in the Kotov model, the 3D distributions of particle
fluxes at the surface of the mirrors were used. Contrary
to Kotov’s model, the precise balance between erosion and
deposition was the focus of the modeling. The results of the
modeling using the new model are pending and will be the
subject of a dedicated publication.

At the same time, there are dedicated modeling efforts
ongoing for addressing the issues of the specific ITER dia-
gnostics. As an example, the modeling using the domestic-
made code KITe [493] is underway at the loffe Institute
(Russia) along with a use of the German particle-in-cell
(PIC) Monte Carlo (MC) code package Fraunhofer IST [786]
(Germany). The results of these diagnostic-specific efforts are
reported later in this overview.

9.4.3. Shutters and ducts.  Shutters and ducts are vital ele-
ments in the passive protection of diagnostic mirrors from
the adverse factors degrading their performance. The shut-
ters minimize the undesirable fluxes of plasma particles
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towards the mirrors by reducing the exposure time, leaving
the diagnostic ducts open only for the time necessary for
measurements.

Diagnostic ducts may provide a sink of particle fluxes by
depositing these particles on the duct walls and hence, min-
imizing the amount of particles reaching the mirror. Some
modeling codes have predicted a positive effect of duct shap-
ing in order to reduce particle fluxes towards the mirrors. In
order to address it experimentally, a dedicated task within
the International Energy Agency (IEA)—ITPA Joint eXper-
iment (JEX) program was initiated. In the framework of
this task performed in large and medium-scale tokamaks,
duct systems of different shapes and lengths, such as Mirror
Station [749] were exposed in several tokamaks, including
TEXTOR, ASDEX Upgrade, DIII-D and JET [739], whereas
the Deposition Mitigation (DeMi) system following a similar
intrinsic design was exposed in KSTAR [759]. The results are
summarized in e.g. [739, 742, 759]. A positive effect of the
duct length on suppression of deposition was experimentally
confirmed, whereas the predicted advantages due to duct geo-
metry, revealed only a slight practical positive effect. At the
same time, during the recent experiment in KSTAR [759] the
mitigation efficiency was tested using three different baffled
duct geometries: short, long and short with extended volume
via fins. Mirror degradation was evaluated ex-situ by meas-
uring the reflectivity of the mirror samples using D line at
654.9 nm wavelength. The baffled duct with the expanded
volume before the mirror sample did show the most effective
mitigation effect. Therefore, the investigations of the effect of
fins needs to be continued.

9.4.4. Mirror cleaning.  The FMs, being the initial elements
in the optical path in the diagnostic systems, will be vulnerable
to several effects influencing their optical properties. In addi-
tion to deposition of the first wall materials (Be and W) [738,
739], they are also vulnerable to surface oxidation following
long-term maintenance (LTM) [504, 787] as well as oxida-
tion and structural damage from steam ingress events [757].
As the only technique for an active recovery, mirror cleaning
is envisaged [500, 504, 732]. Following the requirement of the
minimum service to be applied to diagnostic mirrors in ITER
mentioned earlier, the in situ cleaning by plasma is currently
seen as the only option [788]. In the course of the cleaning,
particles from the cleaning plasma sputter the contaminants
from the mirror surface along with a part of the mirror mater-
ial, possibly affected by e.g. contaminants diffused into the
mirror bulk.

Such a cleaning technique, despite its relative complex-
ity, allows avoiding the time and resource-consuming pull
out of the entire diagnostic port plug needed for mirror ser-
vice and replacement—as required by the ITER maintenance
procedure [787].

There are two main techniques currently under consider-
ation for achieving the desirable ions with energies specific
to plasma cleaning: radiofrequency (RF)-based along with
pulsed direct current (DC) plasma cleaning techniques. In both
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Figure 167. Scheme of a capacitively coupled radiofrequency cell.

these techniques, the mirror acts as an electrode and the RF or
DC plasma is ignited around the mirror. There are several par-
ticular advantages as well as technological challenges for both
techniques, which will be described in detail later.

The capacitively coupled RF (CCRF) discharge comprises
applying an RF-voltage with the frequencies varying in the
rage 10-100 MHz to the mirror serving itself as a plasma
source [500-502, 789, 790]. CCRF-discharge has been widely
used due to its ability to treat both dielectric and metallic elec-
trodes. The CCRF-discharge is generated between two elec-
trodes, one of which is grounded and the other one is RF-
powered, see figure 167. Electrons oscillate in the electrode
gap at the applied frequency while ions are mostly immobile
in the bulk RF-plasma column. Electrons located near the elec-
trode are captured by the electrode surface. Areas of positive
spatial charge, the so-called near-electrode sheath, are formed
in front of each electrode. Depending on the RF voltage phase
each sheath is filled with plasma or represented as a gap. Ions
are accelerated in the gap and impinge on the electrode surface
providing physical sputtering of the surface of the electrode.

The ability of a cleaning system to remove the contam-
inants from the mirrors on a regular cyclic basis is of cru-
cial importance for the validation of mirror cleaning in ITER.
Cyclic contamination—cleaning cycles were performed on
single crystal molybdenum (SC Mo), rhodium (SC Rh) and
Rh-coated mirror with coating thickness exceeding 10 pm.
For SC Mo, the specular reflectivity was not changed after
100 cycles. However, after the subsequent air storage and
the following new cleaning cycles, it was observed that
pits and ripples formation induced a rapid decrease of the
reflectivity [791].

In a symmetric discharge when the surface areas of both
electrodes are equal the average sheath thickness and voltage
drop are equal for each of electrodes. However, most CCRF-
reactors are asymmetric due to the grounded vacuum chamber
walls. Their surface plays the role of a grounded electrode. In
this case the smaller (driven) electrode is automatically biased
negatively with respect to the larger (grounded) electrode to
ensure zero direct current. Consequently, the voltage drop near
the powered electrode becomes equal to sum of the so-called
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Figure 168. Scheme of a mirror cleaning system based on a
DC/p-DC discharge: 1—VV walls; 2—mesh hollow cathode;
3—contamination; 4—mirror; 5—water cooled grounded mirror
body; 6—insulating thermal interface (for insulated mirror cleaning
mode only); 7—surface for the deposition of impurities sputtered
during the cleaning process; 8—discharge area; 9—anode;
PS—DC/p-DC power supply; S1 opened—mirror insulated mode,
S1 closed—mirror grounded mode (insulator 6 not required).

DC-bias and plasma potential. Usually DC-bias is in the range
of hundred volts. The voltage drop at the grounded electrode
in this case is almost equal to the plasma potential and takes
values of 20—40 V for low-pressure CCRF-discharges.

The realization of the RF-based mirror cleaning sys-
tem should enable compatibility with mirror cooling system.
Currently cooling of the mirror can be realized using differ-
ent approaches. The first one is by passive radiation cooling
of the mirrors which is used in Ho and VS diagnostics [792].
Most of the mirrors are however, actively water-cooled due
to fine tolerance requirements, see [793]. In this scenario the
mirror is connected to the grounded cooling lines directly by
welding or indirectly by a ceramic spacer between mirror and
cooled carrier [250]. Ceramic solution can provide good elec-
trical insulation, but it can lead to additional heating due to RF-
losses in the spacer. Direct connection of the mirror to cool-
ing system pipes requires grounding of the mirror to be done
using M4 coaxial lines—the so called notch filter, described
later integrated with the water pipes [500, 790].

The pulsed-direct current (p-DC) systems represent an
alternative class of local plasma generators suggested for mir-
ror cleaning. In the case of a DC/p-DC cleaning system, a con-
taminated mirror will be treated in a low-pressure DC or p-DC
gas discharge localized near the mirror surface [794, 795]. The
application of a gas discharge with oscillating electrons (hol-
low cathode) additionally increases the cleaning efficiency.
The scheme of a mirror cleaning system based on a DC/p-DC
discharge is shown in figure 168.

The use of the medium-frequency pulse mode of the gas
discharge in the frequency range from 10 to 200 kHz, as well as
the RF mode, ensures the sputtering of thin dielectric impurit-
ies with a thickness of up to 100 nm [796]. During the negative
pulse, DC sputtering mode is implemented. Therefore, the use
of matching devices in the power supply line is not required,
which greatly simplifies the first mirror assembly. The dur-
ation of the interval between pulses should ensure full com-
pensation of the accumulated charge. Thus, the choice of DC
cleaning mode depends on the size, thickness, and permittivity
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of the contamination. The optimum choice of the operating fre-
quency and pulse duty cycle can ensure high sputtering effi-
ciency. When removing conductive contaminants, the max-
imum efficiency is provided by the DC sputtering mode. This
technology provides cleaning of both grounded and insulated
mirrors. The generalized electrical scheme of the discharge
cell connections of a mirror cleaning system based on a DC/p-
DC discharge is also shown in figures 168.

Mirror and a mesh represent there a cathode and its surface
is sputtered by ions emitted from the discharge. The energy of
sputtering ions depends on the discharge voltage and the work-
ing gas pressure and is usually several hundred eV. It exceeds
the threshold sputtering energy for any type of contaminants
expected in ITER.

The main cleaning mode is a DC mode without magnetic
field, B, = 0, which is used to remove conductive contam-
inants. It can also be used effectively to remove impurities
formed during steam ingress [797]. The applicability of this
method of removing contaminants in a strong magnetic field
has also been confirmed experimentally. At the same time, the
cleaning efficiency significantly depends on the orientation of
the mirror relative to the magnetic field and the design of the
discharge cell. The maximum contaminant removal rate was
obtained with the orientation orthogonal to the direction of tor-
oidal magnetic field [798]. The disadvantages of DC/dc clean-
ing systems include the inability to remove thick (more than
100 nm) dielectric contaminants and a need in increased pres-
sure needed to start a discharge.

9.4.5. Mirror activation and neutron-related effects. A sig-
nificant factor affecting the mirrors installed inside the ITER
VV is heating caused by intense fluxes of neutron and gamma
radiation [499, 799]. In [793], the thermal calculation of the
first mirror is given under conditions of radiation heating. The
specific power incident on the mirror surface was limited up
to 16 kW m~2, which corresponds to the total ITER thermo-
nuclear power of 500 MW. The study of the effect of the cool-
ing method on the maximum temperature of the mirror and on
its deformation caused by temperature gradients demonstrated
the advantage of using a water-cooling system [793, 799, 800].
Exposure to intense ionizing radiation also negatively
affects the optical parameters of metal mirrors. To simulate
neutron radiation characteristic of a tokamak, irradiation of
targets with their own ions is often used in experimental
studies. It was shown [801] that irradiation of polycrystal-
line molybdenum mirrors with Mo and “He* ions with
an energy of 350 keV and fluences corresponding to radiation
exposure of 1 dpa (displacement per atom) leads to an insig-
nificant (2%-3%) decrease in the reflection coefficient. In this
case, irradiation of mirrors with helium ions with a fluence
above 3 x 10'7 cm™2, corresponding to the effect of 30 dpa,
leads to a significant drop of the reflectivity [802]. Considering
the estimate, that the impact on the first wall of the ITER is
about to 1-2 dpa, it can be assumed that ionizing radiation
and fluxes of CX atoms will have an insignificant effect on the
characteristics of mirrors, in comparison to other effects.
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Dielectric first mirrors for some laser diagnostics possess
altering layers of high-n and low-n materials deposited on a
glass substrate. Such mirrors are proven to withstand neutron
radiation worse than metallic mirrors. In [803] it was shown
that high neutron doses (1 dpa for HfO2/SiO2 and 4 dpa for
Al203/Si02) resulted in a drastic drop of optical reflectance
due to failure of the multilayer coating. Lower neutron fluxes
(up to 0.1 dpa), which are expected in ITER at dielectric mirror
location [804], lead to modification of the multilayer coating
as well, but do not result in degradation of optical performance.

9.4.6. Engineering of mirror systems.  Engineering and qual-

ification of the diagnostic-specific mirror systems is the

final step toward the implementation of mirror solutions into

respective ITER diagnostics. This is also a challenging step

comprising not only the mirror itself, but the whole com-

plex mirror infrastructure. There are several aspects which are

being compulsory addressed by the diagnostic designers and

engineers:

1. detailed design of the first mirror system with all necessary

in vacuo and ex vacuo interfaces to the ITER infrastructure;

. scaling-up the diagnostic mirrors to the sizes required;

. design and construction of the in-situ mirror cleaning sys-
tem for the specific diagnostic;

. mirror cooling system;

. in-situ mirror characterization—calibration system with a
‘cleaning stop’ indicator;

. shutters, flaps and diagnostic ducts;

. performance testing of the mirror system including mech-
anical tests.

In the course of addressing the engineering aspect, a com-
mon way was identified to be building the so-called FMU
[302, 504, 777, 805]. Usually, the FMU contains all the vital
elements of the mirror infrastructure of the particular dia-
gnostics. The FMU is sometimes equipped with mock-ups of
diagnostic mirrors. The FMUs provide an efficient platform
for multiple qualification tests in the relevant environment. In
the course of this chapter, the majority of engineering chal-
lenges is described and addressed in detail. The example of
FMU of an ITER diagnostic is provided as well.

9.4.7 Generic mirror solution for maximum performance and
durability.  As can be seen from the previous sections of the
paper, the proposed risk mitigation strategies are dependent,
synergistically complementing each other toward attaining the
maximum mirror performance and endurance of the service
life. The combination of risk mitigation strategies represents
the so-called ‘generic mirror solution’. This solution is a desir-
able (and maximum) set of measures prescribed as far as it is
feasible, for every mirror—based diagnostic.

The generic mirror solution prescribes using prime mirror
candidate materials, such as single crystals and nano-crystal
coated mirrors. The choice of mirror position should be made
involving modeling calculations. This can be done by adapting
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Figure 169. ITER infrared thermography diagnostic [806]: (a) an overall view of the optical design for divertor IR thermography, (b) the
side view and the (c) first mirrors system installed in the DSM, where M1 and M2 are the first and the second mirror respectively.

the existing modeling tools as it has been made for core CX
(cCXRS) diagnostic system [783]. Alternatively, dedicated
modeling tools can be developed and applied to a specific dia-
gnostic as described later.

The set of MSR tools comprising both passive: shutters,
flaps and diagnostic ducts should be supported by the applic-
ation of in-situ mirror cleaning system. Preferentially, such a
cleaning system should use the RF-stimulated or pulsed-DC
discharge for local cleaning plasma source.

Certainly, an intensive prototyping, building the working
mockup of the FMU should be done beforehand. This unit
should be tested in the environment that is as close as pos-
sible to that in ITER, prior to the final FMU design of ITER
diagnostic.

As an example of implementation of the generic mirror
solution to ITER IR thermography system is described in the
next section.

9.5. Practical application on example of ITER IR
thermography diagnostic

The ITER divertor IR thermography system (55.G6) is inten-
ded for measurements of the temperature distribution of the
divertor plates using passive observation of thermal radiation
[806]. The system is located in an equatorial port while LOS is
directed towards the divertor plates, see figure 169 for details.

The aforementioned solutions were applied in the ITER
IR thermography system. Here in general, we will follow the
structure of the previous section to go through this example of
a particular application in a simplest way.

The FMU of the diagnostic consists of two plane mirrors
M1 and M2, forming a dog-leg structure inside the equatorial
port neuron shielding, see figures 169(a) and (b). Both mirrors
should be water-cooled as they are located close to the main
ITER plasma causing a high level of volumetric radiation heat-
ing while the diagnostic operating in the IR range is sensitive
to the parasitic thermal radiation of the mirrors. At the same
time, the mirrors do not require an adjustment during ITER
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operation thus greatly simplifying the design and integration
as no movable parts, as actuators etc are needed.

9.5.1. Mirror material. ~ Plane and relatively small 50 cm? to
100 cm? mirrors make it natural to use single-crystal materi-
als for the reflective surfaces as the most reliable solution for
optical surface survivability during cleaning. Currently single-
crystal molybdenum has been chosen as the main candidate as
it has high reflectivity in the IR range, good thermal and mech-
anical properties while the manufacturing technology for this
kind of mirror is relatively well developed.

9.5.2. Predictive modeling. As mentioned in section 3,
numerical simulations were performed in order to evaluate the
required performance of the candidate mirror cleaning system
and to generate estimates necessary for the FMU optimiza-
tion. The approach was applied to address RF-discharge clean-
ing in the IR thermography FMU. The following processes
are included in the simulation workflow: the discharge itself,
surface erosion of all plasma-wetted surfaces (including FMU
walls), particles transport in ambient gas and corresponding
re-deposition.

The CCREF discharge was simulated by means of the PIC-
MC Fraunhofer-IST code [786], while materials transport,
sputtering and re-deposition was simulated using the KITe MC
software [493]. Ion fluxes and ion energy distribution func-
tions (IEDFs) from the Fraunhofer-IST code have served as
input data for the KITe.

Simulations have shown the presence of the deposition
dominated areas near the edges of the mirrors. This depos-
ition is associated with shaded areas formed by the mirror
and surrounding structures. Based on simulation results it was
possible to define necessary geometry modification to ensure
that the entire mirror surface is in an erosion-dominated area.
Figure 170 shows the net erosion profile simulated at 2 Pa
background pressure He with 20 W of input RF power. The
deposition dominated areas can be clearly seen near the edges
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Figure 170. Simulated patterns of beryllium deposition (blue
colors) and erosion (red and orange colors) on the 2nd mirror of
55.G6 FMU during the cleaning at 20 W of RF power in helium.

with a large zone in the right bottom corner which is shaded
by the surrounding FMU walls.

9.5.3. MSR for diagnostic mirrors in ITER IR thermography
system.

9.5.3.1. Passive mitigation techniques.  As the 55.G6 IR
Thermography system should observe a large area on the
divertor plates, figure 169(a), it requires a relatively large aper-
ture in the DFW. To prevent deposition on the mirrors dur-
ing ITER wall conditioning (very large contaminant fluxes are
expected in these regimes), a diagnostic shutter is absolutely
necessary for this system. It is to be designed yet, the required
space is reserved in the current FMU design.

A stainless-steel diagnostic duct is equipped with a socket
in the DFW providing a direct path from the plasma to the M 1.

9.5.3.2. Active recovery technique: in situ cleaning system.
In the ITER Thermography Diagnostic 55.G6 FMU utilizes
two mirrors: first (M 1) and the second (M2) mirrors serving as
water-cooled RF-electrodes. The CCRF discharge will operate
to alternately clean M1 or M2 [501, 502, 790]. As the two
mirrors are located close to each other, both of them require an
RF cleaning system as cleaning of one mirror will affect the
other. The two mirrors are to be cleaned in a series. They have
independent power circuits and while RF power is supplied to
one mirror, the second one is grounded.

The 55.G6 IR thermography FMU consists of two mirror
assemblies (MAS), electrical distribution circuit, water dis-
tribution circuit and the support structure (housing), provid-
ing structural/optical stability and Remote Handling compat-
ibility. The general view of the MAS developed following
the principles above is shown in figure 171(a). Each mirror
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Figure 171. First mirror assembly: (a) general view of the FMU
housing containing mirror itself (1), water cooling pipes combined
with RF notch filter (2), combined with electric shields (3), RF and
electrical connectors (4), (b) FMU inside the test chamber with RF
discharge operation.

Table 35. Set of mechanical and environmental tests of the FMU
mock-up.

Test No. Test title and description

1 Demonstration of the plasma generation in the
FMU mock-up

2 Delivering at least 100 W of RF power to the
mirrors for at least 1 h

3 Baking in vacuum better than 10~ Pa

4 DC high-voltage (<1 kV) breakdown test

assembly is equipped with an RF plasma cleaning system
and consists of the mirror itself, water cooling pipes com-
bined with an RF notch filter, a housing combined with elec-
tric shields and RF electrical connectors. The RF components
utilize planar RF design concept and are implemented as prin-
ted circuits on a ceramic substrate. Two mirror assemblies are
installed in a housing which than is to be connected to the
DSM. The photo of plasma cleaning operation in the FMU
is presented in figure 171(b).

The requirement for water cooling makes it almost unavoid-
able to use the RF cleaning with DC coupling where a quarter-
lambda filter is used to detach the mirrors from the ground at
the RF cleaning frequency. In the FMU water pipes are com-
bined with such a filter enclosed into rectangular housing filled
with AIN ceramics to prevent the parasitic breakdown. After
the grounding point, there is no need in further shielding the
water pipes.

9.5.4. Engineering solutions.  Preliminary mechanical and
environmental tests of the designed FMU mock-up were con-
ducted to ensure the FMU integrity. Tests are listed in table 35
below, in the order they were conducted. The order was selec-
ted considering potential risks of the FMU damage during
tests, allowing to perform successive tests even in case such
damage would occur.

Tests No. 1 and 2 were combined since they require the
same experimental conditions. Only one of the mirrors was
fed by RF power at a time whereas the second one was groun-
ded. The RF discharge plasma was generated and successfully
sustained for 1 h in Ar at 2 Pa. The power delivered to the RF
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vacuum feedthrough was 150 W at 81.36 MHz, a fraction of
about 100 W was expected to be delivered to the RF discharge.

9.6. Open questions and issues

9.6.1. Physics issues. The remaining issues and open ques-
tions of design and procurement of reliable and efficient dia-
gnostic mirrors can be divided into two main classes: phys-
ics issues and engineering issues. Physics issues are mostly
not related to mirrors directly, but originate from external
factors which may nevertheless affect the mirror performance.
Environmental effects of plasma operation, and the impact of
ITER commissioning on mirrors are good examples of such
external factors.

9.6.1.1. Early (unstable) ITER: list of actions.  Presently, the
commissioning of ITER and its first plasma (FP) are treated as
significant risks for diagnostic mirrors. The following stages
of an early ITER can be identified already:

e commissioning risks
e risks caused by the wall conditioning actions, and
o risks during the FP and initial plasma operation.

Under commissioning risks the mechanical damage during
e.g. installation of the components can be understood. During
the integrated commissioning of ITER, the plasma-facing
modules for instance, will not be installed for the FP. Their
subsequent installation can mechanically damage the mirror
assembly. Also, unpredictable damage such as failure of the
water-cooling supply system, may dramatically affect the mir-
ror performance.

Wall conditioning will precede the FP [807]. As was shown
in previous sections, the impact of wall conditioning on non-
or badly protected mirrors can be highly detrimental.

Finally, risks caused by initial plasma operation should not
be underestimated. ITER is planned to attain the FP with a
very basic set of magnetic diagnostics and without many com-
ponents installed. The first plasma operation will not be NBI-
powered, but will feature ECH heating [807]. During the initial
plasma operation, the risk of e.g. plasma disruption and loss of
control is the highest. An extensive work ongoing on plasma-
control system of ITER [808] including modeling of possible
plasma scenarios involving unpredictable and sudden events.
Nevertheless, the sudden risks due to faulty plasma controls,
initial errors of operators etc cannot be excluded.

The general strategy to address the aforementioned chal-
lenges during the early ITER operation should include:

e Favor the later installation of mirror-based systems.

e When possible, avoid commissioning with mirrors open to
plasma. Pragmatically, if possible, only mirror-based sys-
tems directly involved to commissioning should be involved.

e The mirror-based diagnostic should not be operated, unless
it is absolutely needed for the FP and subsequent initial
plasma operation.
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9.6.1.2. Modeling level.  Several modeling approaches were
pursued in order to estimate mirror risks and provide
guidelines for engineers [779-783]. Generally, however there
is neither a unified modeling code nor modeling results which
are widely accepted by the diagnostic community. Mostly, this
is due to the remaining large uncertainties in modeling results
and vulnerability of predictive codes to a change of boundary
conditions. It is believed that modeling of mirror performance
needs to be intensified in order to be pragmatically useful for
the diagnostic mirror R&D.

At the same time, the diagnostic-specific modeling efforts
are proven to be rather successful. Modeling of the cleaning
system of the ITER IR Thermography diagnostic pursued at
Ioffe institute by using the KITe [493] and Fraunhofer IST
[786] codes, has delivered important results. These results are
implemented into the design of the mirror-cleaning system
already.

9.6.1.3. Thermal cycling.  During the operation, mirrors in
ITER diagnostics will be subjected to intensive thermal cyc-
ling. This will originate from e.g. inter-discharge phases and
during wall conditioning and VV baking operation. Technical
shutdowns due to installation of new equipment will cause
a change of temperature conditions. Therefore, the study of
operation of diagnostic mirrors under varying and cyclic tem-
perature conditions are important. An example of a thermal
cycle test on diagnostic mirrors is provided below.

A temperature cycle test was performed on mirrors hav-
ing rhodium films formed on SS316 substrates. The mir-
ror samples have outer diameters of 25 mm and substrate
thickness of 5 mm with rhodium film thickness of 5 and
10 pm respectively. To form rhodium films with good adhe-
sion, chromium inter-layers between the rthodium and SS316
are applied. The surface roughness after rhodium film form-
ation was 10-13 nm depending on the location. A temper-
ature of the cooling channel at the start of plasma operation
of ITER is 70 °C. Baking temperature of the divertor cas-
sette is 350 °C and those in port plugs and lower port racks
are 240 °C. Temperature cycle from 70 °C to 350 °C was
repeatedly applied 500 times. The period of one cycle was
approximately 2500 s. A SS316 substrate (dummy mirror)
having the same dimensions as the mirror sample was also
installed. Figure 172 shows the surface temperature of the
dummy mirror measured with a thermocouple up to the 9th
cycle.

As shown in figure 173, the thermal cycle did not degrade
spectral reflectivity. It looks as if the reflectivity is slightly
improved. However, the tested samples had lower reflectivity
in the UV region than the one reported in [809]: reflectivity of
rhodium coating at 200 nm was 25% in experiments, while the
reference value for rhodium revealed 55%.

In a similar manner the thermal cycling was made for sev-
eral mirror materials of the ITER VUV divertor spectroscopy
diagnostic [96]. The procedure of thermal cycling test fol-
lowed the ITER baking scenario, and the change of the mir-
ror surface condition was measured between each cycle. The
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Figure 173. Reflectivity of Rh film mirrors after 500 temperature
cycles in the wavelength range of (a) 200-900 nm measured by
spectrophotometer and (b) 900-2500 nm measured by Fourier
transform infrared spectroscopy.

appropriate candidate materials of the first mirror for the VUV
wavelength range are chosen to be gold (Au)-coated stainless
steel substrate mirrors, bare coated Ni-P plated stainless steel
substrate mirrors, or silicon carbide (SiC) mirrors consider-
ing their mechanical strength and optical performance in VUV
wavelength range. From the thermal cycling test, however, the
Au coated stainless steel mirror was found to be damaged since
its Au coating peeled off in case with a Cr inter-layer. For
the case of Au coated Ni—P plating mirror without Cr inter-
layer, peeling-off of the coating did not occur, however the
mirror roughness of the Au coating surface was increased up
to ~10 nm (rms) due to the aggregation of Au in the baking
temperature of approximately 240 °C. For this reason, Au-
coated mirror was found not to be appropriate for the VUV
wavelength range. In the following tests, bare Ni—P plated
stainless steel mirror without Au coating and SiC mirror were
tested, and both showed good results meeting requirement for
the thermal cycling test. The roughness change over 100 cycles
was measured to be +0.2 nm on Ni—P plating surface of the
mirror sample. The other thermal cycle test with SiC mirror
showed a mirror surface roughness change of £0.1 nm after
100 thermal cycles.
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9.6.14. Steam event.  Steam ingress, mentioned earlier in
our chapter, significantly deteriorates the optical properties of
diagnostic mirrors [810]. In most cases, the ability to recover
the specular reflectivity after the steam event leads to the down
selection of the mirror material. For instance, the mirrors for
the ITER VUV Divertor Spectroscopy System qualified after
the thermal cycling tests described in the previous section,
were subjected to the steam ingress event testing. The con-
ditions of a steam ingress event VVICE IV [754, 756] were
reproduced during the testing. After steam ingress test, bare
Ni-P plating on the stainless-steel substrate was found to be
oxidized and it peeled off as inferred from analyses of scan-
ning electron microscope (SEM) images. On the other hand,
the roughness and topology data on the silicon carbide mir-
ror surface evidenced no change or damage after the steam
ingress test. As an outcome of the series of qualification tests,
the material of the first mirror for the ITER VUV spectromet-
ers was chosen to be silicon carbide.

For some first mirror materials, it was possible to recover
reflectivity almost entirely using the RF-plasma cleaning. The
nano-crystalline Rh samples had developed’voids’ along the
thickness of the mirror coating after a steam ingress, which
increased their diffuse reflectivity. However, it was also pos-
sible to remove these voids by the RF plasma cleaning [811].

There are still several open questions in the topic includ-
ing the impact of a steam event when the mirrors are already
polluted by first wall deposits, steam induced risk on the FM
substrate interface for coatings and the impact of irradiation.
For the mirror material itself, nano-crystalline rhodium is con-
siderably better in resisting the surface oxidation than single
crystal molybdenum [245, 764, 810, 811], giving it a larger
estimated lifetime in ITER. Mo mirrors in particular have been
shown to degrade in all considered scenarios of exposure to
water and steam, however they can be made less sensitive
to water/steam by reducing the operating temperature of the
mirrors [798]. A recent study [812] outlined the detailed con-
sequences of a steam event that occurred in ASDEX Upgrade
during the baking procedure. The water condensate was found
all around the torus as well as alt-like remnants from reac-
tion of steam with first wall deposits as well as rust around
the welding seams. In order to minimize the risk of a steam
event during baking, it was suggested increasing the pH of hot
water to 8.5 to avoid erosion of copper-containing components
as well as increasing pressure for routine leak testing before
infill of water from 10 bar to 20 bar. Furthermore, a control
logic was defined to stop the baking of the vessel in the event
of a leak (i.e. when a pressure increase of 10~! mbar is detec-
ted) and prompt conditioning/drying of vessel to avoid further
erosion in remote areas. Similar steps can also be adopted for
the baking procedure for ITER to mitigate steam event effects.

It should be noted that steam ingress conditions will affect
all in-vessel mirrors, and not only the first mirror equipped
with a cleaning system. Therefore, it is necessary to select the
materials carefully for the both the first and secondary mir-
rors. To date, several studies of candidate materials for the
role of in-vessel mirrors have been carried out [813]. The best
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steam resistance was shown by mirrors made of Rh and Cr
(figure 168), as well as mirrors with a protective dielectric
coating including multilayer dielectric mirrors and Al + SiO5,
Al 4 Al,03, SiC + Al 4 SiO;, SS + Ag + SiN,/SiO, mirrors.
Here, a precise evaluation of the given steam ingress scenarios
and their consequences for diagnostic mirrors is needed.

9.6.1.5. Re-deposition during cleaning.  As mentioned in
section 4.4, a high plasma potential associated with DC-
grounding of FMs poses a significant challenge towards
plasma cleaning of the mirrors accompanied with a massive
re-deposition of sputtered material on the FMs [814]. The
redeposition of the wall material ends up competing with the
erosion of the FMs, making the plasma cleaning process inef-
ficient. Hence, mitigation strategies are necessary to minimize
the wall redeposition and promote FM cleaning.

Four different techniques were pursued to reduce the sput-
tering and re-deposition of wall material on the FMs as
follows:

. Mechanically profiled walls. It was observed that using
a’saw-tooth’ shaped wall introduced a significant asym-
metry (over 40%) in the ejected distribution profile—
effectively moving the sputtered material away from the
mirror. However, this technique does not reduce the wall
sputtering itself and a resultant re-deposition on the FMs
while reduced, is still not negligible.

. Metallic GGs: in this technique, GGs with transparency of
70% were placed a few centimeters above the walls to act
as ‘interim’ walls for the plasma. This technique has a great
potential for application in ITER, however its benefits may
not be as pronounced in the presence of B field [815].

. Floating walls: in this technique, the walls of the FMU were
isolated from the ground and remained at the floating poten-
tial in the plasma discharge. The ion energy at the floating
walls was constant at 30 eV, while the ion energy at the
grounded FMs could be increased by several times keep-
ing the FMs are in a net erosion regime. This technique is
potentially of crucial importance for ITER, as specific wall
regions in the FMU initially prone to sputtering can be isol-
ated to minimize re-deposition [816].

. Wall material of FMU: the choice of materials with high
sputtering threshold can minimize re-deposition. However,
the threshold is greatly influenced by the presence of native
oxides on the surface and needs to be taken into considera-
tion for selection of ITER relevant wall materials [816].

Single or multiple solutions could be implemented in
FMUs, depending on their size, orientation to B-field, etc.
It must be noted that those solutions are not universal, and
their application needs to be assessed for each particular dia-
gnostic. Generally, wall geometry, competing with redepos-
ition of contaminants can be treated as an extension of the
passive mitigation techniques, such as shutters and diagnostic
ducts described earlier in section 4.3.
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9.6.1.6. Adverse effects caused by high deuterium and helium
fluxes. ~ Within their lifetime, the first mirrors are naturally
subject to deuterium, tritium and helium fluxes originating
from the fusion plasma. In addition, cleaning plasma will inev-
itably affect the surface of mirrors. The most process gases
used for cleaning plasmas are those which allow removal of
light elements such as beryllium while preserving rhodium or
molybdenum mirrors [§17-819]. Yet, the atoms and molecules
of those gases, such as deuterium (D;) or helium (He) likely
will pass along the boundaries of sub-grains and grains accu-
mulating at the grain boundaries, vacancies, dislocations or
ion-induced defects, see e.g. [820, 821]. Accumulated D, or
He can then form bubbles and blisters [791, 801, 821-824] at
the inter-grain boundary due to interstitial diffusion through
the grain body [825], as well inter-grain boundary diffusion
[826]. Material structure, plasma species, surface temperature,
ion flux and fluence can influence the blister formation. Blister
nucleation was found on polycrystalline Mo, which was pol-
ished with diamond paste, after exposure to D, plasma with
an incident ion energy of 30-80 eV at the fluence exceeding
10> m~2 [827]. Besides, the large size blisters were found
to form on the surface of the first mirror made of TZM sub-
strate with 100 pm Ni layer after exposure in a (H, + 10%Ar)
plasma with a fluence of 6 x 10%°> m~2 [828]. Helium blisters
can be formed only at temperatures higher than about 0.2 times
the melting point, about 600 °C with incident energy higher
than several hundred eV. As the FMU should operate in the
temperature range of 100 °C-300 °C for actively cooled single
crystal mirrors in ITER, the risk of blister formation is relat-
ively small. At the same time, understanding and prevention
of blister formation on e.g. nanocrystalline mirror material is
important.

The formation of blisters during mirror cleaning leads to
irreversible destruction of the mirror surface. This effect is
observed when mirrors are exposed to He or D atoms or ions
in the course of the mirror cleaning. Formation of nanoscale
bubbles was observed during bombardment of single crys-
tal molybdenum mirrors with He ions [795]. Blistering and
bubble formation changes the spectral reflectivity of the mir-
ror. At the same time, it was found that the mirror polishing
procedure has a large effect on blistering [829].

Recently, the formation of pits was observed during sequen-
tial exposure of single crystal polished Mo mirrors to helium
and argon ions. At the same time, the use of single crystal
material with a particular orientation can mitigate formation
of blisters [821, 830]. Adverse factors due to mirror prepara-
tion and in situ cleaning processes must be taken into account
when choosing working gases and the cleaning mode with
using cleaning systems in optical diagnostics [797].

9.6.1.7 Mirror in magnetic field. ~ The magnetic field of ITER
can reach 5.3 T on the magnetic axis of the machine [831].
Currently, cleaning of diagnostic mirrors in the presence of B
field is envisaged to minimize the dedicated service time.
The uniformity of first mirror cleaning by plasma sputtering
using 81.36 MHz RF discharges was studied in a 0.05 T field
[501]. An enhanced sputtering rate within the center of the
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electrode was reported and it was noted that the longitudinal
field improved sputtering uniformity along the edges. Results
of the study gave evidence that the net sputtering profile in
magnetic fields is determined not only by the ion flux dis-
tribution but also by the re-deposition process. Mirror clean-
ing experiments performed in a magnetic field up to 0.5 T
with Penning discharges in helium gas were reported in [795].
The efficient removal of aluminum (Al) contamination coat-
ings from molybdenum mirrors was observed. In these stud-
ies, aluminum was used as beryllium proxy. The maximum
thickness of removed Al was up to 200 nm. Mirror clean-
ing was accompanied with recovery of the optical properties.
Cleaning of Mo mirrors from Al,O3 films with 13.56 MHz
RF argon (Ar) discharges in a magnetic field of 0.35 T was
reported in [832]. In particular, the cleaning performance was
enhanced when the field lines were nearly parallel (within a
few degrees) to the mirror surface. In another study, sputtering
cleaning experiments with RF plasma in 3.5 T field were per-
formed. The formation of filaments and strong inhomogeneit-
ies due to erosion profile drifts on the FM surface were detec-
ted, whereas the maximum and minimum erosion rate ratio
on the FM sample was as high as 14 [833]. CCRF plasma
cleaning experiments on the ETS mock-up in a 1.7 T mag-
netic field were conducted in the EAST tokamak [834]. The
presence of the magnetic field reportedly decreased the self-
bias on the FMs up to 10 times, and the cleaning rate was
increased by 40 times compared to those in identical exper-
iments without a magnetic field. A complete recovery of the
total reflectivity of the FMs was reported, whereas the dif-
fuse reflectivity and surface roughness at the center of the mir-
ror assembly were enhanced. Experimental results describing
the impact of an axial 0.5 T field on CCRF discharges in the
DC-coupled scheme were presented in [504]. Here, a similar
decrease in the DC current with magnetic field was observed as
reported above. Furthermore, the effect of the field was more
pronounced for the low-pressure discharge at lower excita-
tion frequencies and at fields >0.3 T, where ions and elec-
trons are both magnetized [835, 836]. For RF-cleaning plasma
this would mean that for both ions and electrons the Larmor
radii are much smaller than the characteristic length scales of
a plasma and the cyclotron frequency is much smaller than the
collision frequency leading to momentum transfer. Ion ener-
gies obtained were identical both in the presence as well as in
absence of the notch filter. In a recent study, an RF plasma
cleaning with notch filter in a 3 T magnetic field using the
mock-up of a FMU was investigated [837]. The areas of sput-
tering and net deposition on the FM surfaces were depend-
ent on the angle between the FM surface and the magnetic
field. Remarkably, the net deposition could be eliminated com-
pletely at certain angles. This also has implications for the
design of FMs in ITER. Since the plasma extends in the dir-
ection of B field, the FMs need to be oriented in such a way
that the sputtering of wall surface from the extended plasma
column is far from the mirrors in the FMU to minimize the
probability of redeposition.

Regarding the efficiency of a particular discharge type
used for the mirror cleaning: CCRF or pulsed DC, the cur-
rent results look promising for both discharge schemes. The
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CCRF-discharge is known to successfully operate in the pres-
ence of an external magnetic field. The presence of longit-
udinal magnetic field is known to symmetrize the CCRF-
discharge due to particle magnetization already at a weak mag-
netic value of ~0.3 T. The spatial inhomogeneity of the sput-
tering in this case was found to be decreased even in moder-
ate B-field providing magnetization of the electrons only. The
concept of CCRF-cleaning of inclined mirror in high magnetic
field of 1.7 T was successfully tested in the EAST tokamak
for angles to magnetic field of 5° and 20° [834]. The exper-
imental results give evidence of the remaining DC-bias due
to building up the discharge symmetry. The 5° case revealed a
high asymmetry of sputtering. A study of the CCRF-discharge
application in magnetic field is underway.

As for the pulsed DC-based cleaning system, experiments
have demonstrated its feasibility and efficiency in a magnetic
field B; < 3 T. The highest cleaning rate was obtained for the
orthogonal orientation of the magnetic field to the mirror sur-
face (R ~ 0.2 nm min—' at a power of P; = 100 W). With the
same discharge power and a parallel orientation of the mag-
netic field to the mirror surface, the cleaning rate significantly
decreases (R =~ 0.01 nm min—"). The use of a fully closed dis-
charge cell, however, can significantly increase the sputtering
rate and uniformity of cleaning.

9.6.2. Engineering issues. In contrast to physics issues,
engineering issues are most likely caused by internal factors,
parts of construction, design or an assembly directly related to
the mirror itself. The mirror material, its availability, mach-
inability, and scale-up forecast are good examples of such
internal factors. Below are engineering issues which were
identified as having a high importance.

9.6.2.1. End of cleaning indicator. ~ Operational feedback
should be implemented in a mirror cleaning system, which
stops the plasma discharge as soon as the deposits have been
removed to prevent sputtering of mirror surface.

The most obvious parameter indicating the complete recov-
ery of the mirror surface is mirror reflectivity. The in-situ
measurement of the absolute reflectance requires, however, a
calibrated light source and a light collection and transmission
scheme, stable throughout the ITER operation. The optical
scheme is preferably to be the same as the diagnostic one,
since any additional optical components located close to the
first mirror will be subjected to deposition as well. The use
of plasma discharge emission as the light source seems to be
troublesome because of uncontrolled variation of discharge
parameters resulting, among others from the increase of power
loss in feeding lines with their heating. The idea to compare
the optical emission of fast hydrogen atoms with that reflec-
ted from the FM has been suggested in [250, 838]. The ability
to measure absolute values of mirror reflectivity was demon-
strated. The validation of this technique is necessary for RF
cleaning discharge operating at higher pressures in FMU geo-
metry. Alternatively, a retroreflector can be used, being hidden
during ITER operation. This can be done e.g. by mounting the
reflecting surface on the back side of the shutter allowing the
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Figure 174. Discharge voltage evolution during cleaning in DC
mode: Par = 2 Pa, I = 200 mA, current stabilization mode.

usage of the same diagnostic optical path for light input and
collection [839, 840].

Another technique suggested to monitor the plasma-
cleaning process is optical emission spectroscopy of sputtered
species in the discharge column. Potentially, the intensity of
spectral lines of both deposited and mirror material can be
taken as an end-of-cleaning indicator. Experiments with an
CCRF discharge at 13.6 and 60 MHz, Ar and self-bias of 140—
280 V revealed the presence of Mo and Rh and absence of
Be lines in plasma emission spectra [841]. The technique also
should be tested in schemes with notch filter and/or in B-field
with a much smaller (or even zero) value of self-bias and, con-
sequently, smaller sputtering yields.

For the RF-based cleaning system, monitoring of plasma
and voltage/current parameters is widely used to control the
process in a number of RF sputtering/deposition techniques
[842]. In particular, the evolution of higher harmonics of the
applied frequency in the current and voltage characteristics of
the discharges was shown to be a sensitive tool to monitor
changes in plasma conditions and composition. These studies
were performed both in inductively coupled plasmas and dur-
ing reactive magnetron sputtering [843, 844]. However, it is
not clear whether the effect will be observable for metal pairs
Be/Rh or Be/Mo and in a symmetric discharge in the presence
of the B-field.

In a DC-based mirror cleaning system, it is possible to con-
trol the presence of impurities on the cathode elements of the
discharge cell. A change in the composition of the sputtered
surface leads to a change in its ion-electron emission coeffi-
cient. Therefore, at a fixed discharge current, the end of clean-
ing can be determined by the discharge voltage reaching a new
stable level, corresponding to that measured on a clean mir-
ror. An example of the discharge voltage evolution during the
cleaning process is shown in figure 174.

With the sound progress made in end-of-cleaning indicator
research and development, presently, there is no clearly favor-
able generic solution suitable for all diagnostic systems. The
final decision should be based on the geometry of the FMU,
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space available, cleaning regime, power feeding scheme and
should be qualified for each particular diagnostic.

9.6.2.2. Notch fiter.  The necessity of the notch filter was
discussed earlier in the chapter. However, an application of
such a filter increases the plasma potential significantly allow-
ing for an enhanced sputtering of FMs. At the same time, this
could also trigger an increased sputtering of walls surround-
ing the FM and its re-deposition on the FMs during the clean-
ing process, for which additional coping strategies might be
necessary [816].

In the case of a capacitively coupled discharge, applica-
tion of the notch filter results in vanishing of the DC-bias and
increase of the plasma potential [790]. The discharge non-
symmetry reveals itself in this case as direct current flowing
through the circuit. Due to absence of DC self-bias the energy
of ions bombarding both powered and grounded electrodes
become equal. This leads to comparable sputtering rates of
the RF powered and grounded surfaces [790, 8§14]. Hence, the
redeposition of the material sputtered from the grounded con-
structions is non-negligible for the case of notch filter as it is
for the case of the insulated RF-powered electrode. Therefore,
the redeposition phenomena also need to be taken into consid-
eration in the design of the RF cleaning systems for ITER.

9.6.2.3. Power delivery issue.  For the DC-coupled RF dis-
charge scheme, considered as one of the primary-candidate for
mirror cleaning in ITER, the RF power density of 1-4 W cm—?
atafrequency of 10...100 MHz is required to achieve effective
cleaning [502, 790]. Depending on the size and shape of elec-
trodes, the total RF power delivered to the discharge should be
in the range of 0.5-2.5 kW. One of the feeder candidates for
solving this problem in ITER is mineral insulated (MI) cable.
However, due to overheating caused by high insertion losses,
applicability of a single MI cable for feeding RF power for all
cases may be limited. The most important parameter for this
MI cable type is the dependence of its attenuation on frequency
and temperature [845]. As a result of these studies, the follow-
ing options for attaining the required power were proposed:

o RF Power Modulation by HF pulses (~10 kHz);
e using a heat sink at the beginning section of the MI cable;
e RF Power combiner/splitter devices.

The modulation of RF power results in an increase of power
in the pulse linearly with the reverse value of the duty factor
while keeping the mean power value constant [846]. A low-
frequency RF power modulation is an effective tool, which
allows to decrease the supplied RF power required for mir-
ror cleaning from hard-to-sputter deposits in ITER. An accept-
able sputtering rate ~1 nm min~! of both Be and BeO can be
achieved in the case of pulsed RF power feeding in B-field
at power density of approximately 0.6 W cm~2. Without B-
field the much higher power is needed to remove BeO in DC-
coupled scheme.
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9.6.2.4. Scale-up of mirrors.  The dimensional requirements
for mirrors in ITER are dictated by the corresponding design
solutions. In general, however, there are several mirrors
with dimensions reaching several tens of centimeter that are
required. As an example, the mirror unit of the ITER core CX
recombination spectroscopy has a projected length of 30 cm
[778], whereas the dimensions of the second mirror in the
VUV DIM can reach 100 cm [96].

Significant R&D was performed for several ITER dia-
gnostics in order to find a suitable solution for the required size
of the mirror. Here, two approaches were investigated: mak-
ing a large single crystal or nanocrystalline mirror out of many
pieces or attaining a one-piece mirror solution [847]. Although
the single-piece mirror solution was favored in [847], the
largest size molybdenum single crystals commercially avail-
able to date, does not exceed 200 mm. A possible way to over-
come such a limitation is assembling a large reflective surface
from a set of smaller single crystal molybdenum plates. These
plates can be bonded to a full-size base plate made of polycrys-
talline molybdenum by brazing, electron beam- or diffusion
welding [847]. This was demonstrated for mirror dimensions
of 100 x 80 mm. In this design, the reflecting part was pro-
duced from several parts of single-crystal molybdenum with
the same orientation in the crystallographic planes. The mirror
part was joined by diffusion welding with the base of a mir-
ror made of non-magnetic material with a heat conductivity
coefficient and a linear thermal expansion coefficient similar
to those of molybdenum. As structural materials for molyb-
denum tiled mirrors, a diffusion bonding to the titanium—
aluminum—vanadium (Ti-6Al-4V) and vanadium-chromium-
titanium (V-4Cr-Ti) alloys acting as substrate plates [848] was
proposed.

Recently a Rh coating with a thickness exceeding 10 yum
was deposited by magnetron sputtering technique. As a struc-
tural element for rhodium, the tungsten—copper (W—Cu) alloy
was chosen [778] in order to attain the required mirror dimen-
sion. Presently, industrial-type ITER water-cooled first mirror
mock-ups with up to 109 mm in diameter with Rh and Mo
reflecting coatings have been manufactured. The mirror scale-
up efforts are ongoing.

9.7 Summary and outlook

In this chapter we provided a concise overview of the main res-
ults of the structured and coordinated international R&D in the
field of diagnostic mirrors for ITER during the past decade. An
important element of the overview is that the major decisions
on mirrors taken by the international groups of mirror experts
with an active interaction with ITER Team and domestic agen-
cies are described to the knowledge of authors, for the first
time. These decisions can be found in the section ‘Risk evalu-
ation and mitigation’.

Another important aspect of this overview, which is dif-
ferent from the research published earlier [730-732], is a list
of successful, but in the course of evolution of ITER project,
presently irrelevant studies. The authors believe that provid-
ing such a list will help to streamline the current mirror R&D.
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The list of past milestone results of the R&D which are valid
for ITER diagnostic mirrors is presented as well in the section
‘Risk evaluation and mitigation’. The use of single crystal and
possibly nanocrystalline mirrors, the use of shutters, the neces-
sity of MSR are viewed as necessary measures for ensuring the
longest mirror service life possible.

A high priority research on mirror surface recovery is
presented in the dedicated section on MSR. Here, the import-
ance of the in-situ mirror cleaning is clearly presented along
with the currently favorite mirror cleaning solutions including
the RF and pulsed DC discharges. Generally, a set of measures,
technologies and scenarios allow issuing the optimistic fore-
cast for the mirror lifetime for majority of ITER diagnostics.
An application of the envisaged solutions was demonstrated
on the FMU of the ITER IR Thermography system, used as an
example.

At the same time, there are several still unresolved ques-
tions needing immediate attention. Among those, the impact
of a steam event and addressing its consequences needs more
thorough investigations. Especially, an applicability of an in-
situ cleaning system to recover a mirror from of a steam event
must be evaluated. If necessary, the cleaning system must be
made capable of recovery after a steam ingress. The use of
steam-resistant mirror materials, such as silicon carbide used
e.g. in the space VUV systems [849], must be assessed. Such
an assessment is especially important for mirrors in ITER
which are distant from burning plasma. Several urgent engin-
eering solutions, among others, the use of a notch filter, the
robust and reliable cleaning-stop indicator need to be finalized.
The capability of modeling for making robust and reliable pre-
dictions still reveals significant doubts. Here, the opportunity
of conservative estimates necessary for outstanding engineer-
ing must be evaluated at the cost of discarding the predictive
feature.

The resolution of the mentioned outstanding open questions
will surely employ the most coordinated R&D efforts in the
field of ITER diagnostic mirrors in the nearest future.

As for a longer-term perspective, thorough thinking must
be given to address the late stage of ITER exploitation. The
research and engineering program in the late ITER phases
will need to be focused on preparation for the exploitation
of a fusion power plant, such as the DEMOnstration power
plant. We can assume that during commissioning and at early
stages of operation, a power plant will possess a diagnostic
suite similar to that of ITER. Later, the plant-relevant aspects,
resembling those in ITER significantly, will be inevitably
introduced. A quasi-stationary operation, the orders of mag-
nitude higher neutron fluences on the in-vessel components are
among factors which will define the future use of diagnostic
mirrors in DEMO. A possible and logically understandable
approach will be in limiting the use of diagnostic mirrors in
DEMO to necessary diagnostics only, providing reserve mir-
ror channels and backup mirror units. An example of crit-
ical thinking on the first mirror application is given in e.g.
[298]. Addressing the coming long-term challenges relevant
to a fusion power plant will certainly employ the first mirror
research and development efforts in a longer-term perspective.
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10. Synthetic diagnostics for real time plasma
control studies and diagnostic design

M. R. de. Baar***, D. Mazon!, L. Zabeo?, M. de Bock?,
M. Schneider?, Th. Blanken®™*, Th. Bosman™,

T Ravensbergen2, B. van de Boorn* and C. Orrico®

10.1. Introduction

The purpose of ITER is the study of plasmas with significant
alpha particle heating. In addition to an extensive science and
technology programme, ITER has two ultimate deliverables:
(1) the development of an inductive plasma scenario (in which
the plasma current is driven with a set of primary transformer
coils) with a power multiplication factor (the ratio between the
fusion power and coupled input power required to sustain the
conditions) of O = 10 and (2) a non-inductive scenario (in
which the current is driven without transformer action) with
Q0=>5.

The topic of plasma control is a branch of the field of system
and control research with a few peculiarities. First, a fusion
plant is operated close to operational and machine limits. A
second complication is the use of actuators that are shared
between various control tasks, while these in turn are strongly
coupled. The optimization of the fusion reactivity is associ-
ated with the control of a number of distributed parameters.
The sensor and actuator park is distributed poloidaly and tor-
oidally as well as radially. The interpretation of the sensor data
and the actuator input is plasma state dependent. To deal with
these complexities, the design of a PCS relies on model-based
approaches.

ITPA diagnostics and ITER-IO have started and activity on
the development of synthetic diagnostics for IDA and valida-
tion (IDAV) and application Real Time (RT) control systems.
The purpose of this activity is to develop, adapt and valid-
ate synthetic diagnostic models with associated test cases
for their use in the ITER Integrated Modeling and Analysis
Suite (IMAS) to make them available prior each phase of the
ITER Research Plan. An IDA workflow will be implemented
at ITER, starting with a rudimentary IDA workflow based on
just a few diagnostics (those already available). In addition, a
subset of synthetic models will be defined to be used for con-
trol applications, namely for the development of the ITER
PCS simulation platform (PCSSP).

Examples of the use of synthetic diagnostics in diagnostic
design validation are given throughout this special issue,
with special emphasis on integrated data-analysis in the next
subchapter 11. This subchapter presents one example of dia-
gnostic design and design validation for the VSRS, but mainly
focusses on the use synthetic diagnostics in real-time forward
modeling for real-time control.

A significant part of this activity consists of validating the
models onto existing fusion devices. As a starting point, AUG
and WEST have committed to provide the data for model val-
idation but the list of contributing devices is expected to grow.

A workflow to run and combine Synthetic Diagnostics
together has been developed. It is written in python following
the same spirit as the python H&CD workflow. The Minerva
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platform to apply Bayesian techniques for deducing the best
answer from combining models together has been installed on
ITER cluster. Specific synthetic diagnostics have been under
development in this context: magnetics, VSRS, H-alpha, etc.
A prototype workflow for IDA combining ECE, Thomson
Scattering and interferometry is being developed. In this con-
text, specific methods are defined for physics models to be
exploitable in the context of an IDA iteration loop. To provide
the required input for each synthetic diagnostic, a machine
description database has been developed and populated, which
contains the geometry of the various diagnostics. It completes
the already existing scenario database that provides the plasma
conditions (equilibrium, kinetic profiles) for the models to be
executed. The plan is to continue the development describe
above and to get new contributors/new models to cover all
the synthetic diagnostics for each phase of the ITER Research
Plan.

In this contribution, it is discussed how of synthetic dia-
gnostics are used for diagnostic design and design validation
and for the formulation of model-based plasma control for
ITER.

This paper is organized as follows. First we classify the
plasma control topics and discuss their interactions, and the
evolution of modern systems and control methods is summar-
ized. Notably, it is explained how models of the input-output
dynamics can be used in real time for optimal data analysis.
Then we give a number of examples of synthetic diagnostics
models and their application in ITER diagnostic design and
model-based control design: Iterative learning control (ILC)
for discharge optimization, model predictive control (MPC)
for current density and temperature, observation and sensor
fusion of the density profile and MPC for the density distri-
bution, synthetic diagnostics for the magnetics with applica-
tion to neo-classical tearing modes (NTMs) suppression and
a model of the VSRS diagnostic with the view to design an
optical dump and to simulate spectra.

10.2. Systems and control perspective on nuclear fusion

10.2.1. Classes of control tasks.  Traditionally, most of the
plasma control of reactors is done in feed-forward. In feed-
forward control the waveforms for the actuators are pre-
programmed by the tokamak operator. In spite of modeling
support, the feedforward waveforms are often not optimized
against multiple requirements and constraints. Moreover, the
feed-forward waveforms are intrinsically not able to deal with
varying limits, varying plant conditions, disturbances or actu-
ator failure.

A case where feed-forward control maybe essential is the
start-up optimization, consisting of the breakdown, the burn
through and current ramp phase. Start-up must be carried out
with a high success rate, and low loads on the central solen-
oid and heating systems. A key issue is that during the start-up
phase the current and density are low, and associated quant-
ities such as plasma position are difficult to diagnose as the
signals are small. Moreover, given the realistic path lengths
of the gas-feeds, long time lags are introduced. Consequently,
stable position, current and density feed-back control is hard to
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achieve in this phase. This introduces the first control category:
determination of optimal start-up feed-forward waveforms.

Once the plasma is established in feed-forward, the mag-
netic configuration control needs to take control of the plasma
shape, boundaries to the wall, location of the X-point and
strikes and total current while rejecting the vertical instability.
This is the second control category. The poloidal field coils
are the actuators while the central solenoid is used to drive the
Ohmic current in the plasma. Mathematically, the dynamics
associated with these control tasks can be formulated as ordin-
ary differential equations [846]. Magnetic configuration con-
trol has one unstable mode, associated with the vertical pos-
ition and velocity of the plasma centroid. Key challenges for
the magnetic configuration control in ITER and DEMO are the
sensors and the coupling with confinement physics. The tradi-
tional magnetic pick-up coils used in fusion research are prone
to thermal gradients and neutron fluxes. These will give rise to
drifts. The coupling to the confinement physics, such as dur-
ing LH back transitions, could give rise to variations in beta
and li that are too fast to be rejected by the magnetic control
system.

The SOL (with open field lines that intersect the machine
walls) interfaces the plasma with the reactor wall. It is used
to shield the core plasma from undesirable impurity influxes
and to abate the fluxes of heat and particles to the PFCs and
to guide the heat fluxes to regions in the tokamak designed to
deal with these fluxes. Tungsten components with active cool-
ing can tolerate up to 10 MWm—2. However, in ITER, if no
measures were taken the steady state and dynamic heat fluxes
would well exceed this. These fluxes would damage the reactor
wall components.

Detached plasmas are likely to drive the fluxes down to
acceptable limits. Plasma detachment can be induced by a high
neutral gas density in the divertor, a high electron density, low
temperatures and the introduction of low-Z radiative impurit-
ies (such as Nitrogen and Neon) in the plasma periphery and
possibly radiating high Z impurities (Argon, Krypton) within
the last closed flux-surface. Under these conditions, loss pro-
cesses are introduced leading to a pressure gradient along the
field lines. Radiative instabilities may emerge from the non-
monotonic relation between temperature and radiative power
losses per unit volume. In some temperature ranges, radiative
power losses decrease with temperature leading to instabilit-
ies. It follows that to actively control the edge radiative power
it is required to ensure sufficient dissipation of energy and
momentum. This introduces the third category: Exhaust con-
trol. This entails the controlled introduction of low Z radiat-
ing impurities in the plasma periphery, and the control of their
distribution.

The exhaust control is strongly coupled with the core
plasma. First, the required radiative power is subject to the
total heating power, including the fusion power. Second, the
inward transport of low and high Z impurities depends on
gradients lengths in the ion temperature and the ion density
distributions. This introduces constraints on the distributions
of T; and n; that can be formulated to ensure neo-classical
shielding of high Z-impurity and falls into the group for profile
control and the need for active control density profile control.
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The core plasma is organized in concentric surfaces with
constant toroidal and poloidal flux, magnetic winding num-
ber g and magnetic shear s, pressure p and electron and ion
temperature 7 ;. Strictly speaking, the particle density is not a
flux-surface quantity, but in most ITER relevant cases with low
toroidal rotation and low effective ion charge Z.¢, this quantity
can be treated in good approximation as a flux-surface quant-
ity. The consequence is that for the closed flux-surfaces, the
abovementioned quantities are functions of the flux surface
label p only. The transport of these quantities is perpendicular
to the flux-surfaces, and subject to 1D diffusion, or diffusion-
convection equations. It is very important to note the various
couplings between the transport channels, such as the coup-
lings between pressure and bootstrap current, temperature and
resistivity, magnetic winding number distribution and trans-
port, temperature and density gradient-length and heat diffus-
ivity and neo-classical impurity fluxes. The heating and fuel-
ing systems deposit power and particles at various radial loc-
ations. Non-linear coupled transport equations with a single
spatial coordinate (p) describe the relations between the depos-
ition locations, the fluxes and the distributions and the gradi-
ents therein. The fourth category of control challenges is often
referred to as profile control. The challenge here is to simultan-
eously maintain optimal distributions for the above-mentioned
quantities using the limited set-of actuators.

The profile optimization strongly couples to operational
limits associated with maximum density, maximum pressure
and current density gradients. Magnetohydrodynamic (MHD)
instabilities limit the achievable pressure and current density
gradients. NTMs can form at flux surfaces where g takes on a
simple rational value, such as g = 3/2, 2/1 and 3/1 in the pres-
sure gradient zone. The sawtooth instability (ST) develops at
the surface with ¢ = 1/1 and reorganizes the complete plasma
core. The fifth control category is MHD control and suppres-
sion. This entails NTM suppression, ST amplitude control, or
in general, control of resistive MHD modes often using ECRH
as an actuator. Control-oriented models for the sawtooth evol-
ution are often based on current diffusion, Porcelli conditions
for the crash and a profile reset. Models for the NTM evolution
are often based on the generalized Rutherford equation.

The sixth class of control challenges emerges where the
control system interfaces with the plant safety system and must
induce a safe shut down. There are three typical examples.
Reactive, in which the controller tries to reject an event
but cannot and triggers a shut-down, pro-active, in which
a MPC anticipates problems and ramps-down the plasma,
or blind/lame, in which the controller has to ramp-down
the plasma with less than the nominal actuator and sensor
availability.

These are special cases of event driven control. In the gen-
eral case, a supervisory controller needs to be designed that
can switch controller functionality and allocate actuators to
various control tasks in a plasma state dependent and objective
and tractable manner. The design of such a supervisory control
represents the seventh ITER controller challenge.

In addition to controller functionality, there is the aspect of
sensor and actuator design. The overall schematics is shown
in figure 175.
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Figure 175. Plasma control functions. Three continuous domains (magnetics, kinetics and exhaust) as well as two domains of events
(preprogramme and stochastic) need to be controlled. This calls for controllers in the domains, coordination between the domains, and
supervisory control. This requires a systematic, model based design approach.

It will be now discussed how these challenges connect
to advances in the development of the field of system and
control.

10.2.2. Overview development control technology.
Classical control engineering was developed between 1940
and 1960. The applications were controlled by single input
single output controllers (SISO). A reference was set, outputs
were measured and compared to the reference. The residual
was then used in a control law to calculate the control input.
A typical method to do this is by making the control law a
function that simultaneously has a Proportional, an Integral
and a Derivative term (PID).

Between 1960 and 1980 the state-space formalism was
introduced. This formalism introduces the state. The state con-
tains all information of the evolution of the unperturbed and
unactuated system. In general, the variation of the state x’ is
a function of the state itself, the actuation u and the external
disturbances d, x’ = f(x,u,d). The output y is a static projec-
tion of the state and the input, y = h(x,u). Linearization yields
the state space equations x’ = Ax + Bu and y = Cx, in which
A, B and C are the system, the actuator and sensor matrices,
respectively. The state-space formalism is highly relevant for
the analysis and optimization of SISO systems and essential
for large-scale systems with MIMOs.

As shown above, the measurements only provide a static
projection of the state. However, the state-space formalism
allowed for an iterative process for the estimation of the
state, known as Kalman observation. In Kalman observation,
a model of the input-output dynamics is interfaced with syn-
thetic diagnostics. The model is subjected to the same inputs as
the plant and outputs of the plant and the synthetic diagnostics
can be compared. The residual is used to update the state. As
Kalman observation is a statistical procedure, it deals with
uncertainties in the measurements and can assess how much
confidence has to be put on the measurements. Advanced
implementations can deal with multiple sensors that measure
various aspects of the state at various locations.
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Also the field of robust control emerged in the seventies
and eighties. This is a branch of linear control theory that
explicitly takes bound uncertainties into account. In Hoo meth-
ods, control problems are expressed as a mathematical optim-
ization problem, and the controller is the result of this optim-
ization. Hoo techniques are used to synthesize controllers to
achieve stabilization with guaranteed performance and are
readily applicable to multivariate systems with cross-coupling
between channels. Robust control requires a priori informa-
tion about the bounds on these uncertain or time-varying para-
meters; if the changes are within given bounds the control law
needs not be modified. This is in contrast with adaptive control,
which is concerned with changing the control laws to adapt to
a controlled system with varying (or initially uncertain) para-
meters. The foundation of adaptive control is parameter estim-
ation. A common method of estimation is gradient descent,
providing an updated control law, which is then used to modify
estimates while the system operates.

The field of system identification (SI) arose between 1980
and 1990. In SI, statistical methods are applied to build math-
ematical models of dynamical systems from measured data.
SI also aims at the optimal design of experiments for effi-
ciently generating informative data for fitting such models as
well as model reduction. A common approach is to start from
measurements of the behavior of the system and the inputs to
the system, the disturbances and noise, and try to determine a
mathematical relation between them.

Very relevant for nuclear fusion is the identification of par-
tial differential equations, notably transport equations. This is
a field that is being developed now. Also very relevant for our
discussion is that the quality of parameter observers depends
on many factors such as the SNR of the measurements, sensor
availability, sensor locations, quality of the models available,
time scales of the processes, and if the operational regime fea-
tures non-linearities, transitions between regimes. As we dis-
cussed above, many of the parameters in DEMO that need to
be observed are distributed quantities (time-spatial), e.g. dens-
ity, temperature, current density. This implies that both the
temporal evolution and the spatial distribution are important.
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This also affects the sensor placement and choices in time-
spatial ratios.

Another problem which is highly relevant is the case
in which different sensors are used to observe a quantity
not measurable by either of the individual diagnostics. This
requires a dynamic model describing how the measurements
indirectly describe this parameter. Identification methods need
to be applied to build such an accurate dynamic model, and
the dynamic model needs to be implemented in a real-time
environment.

From 1990-2000, MPC, was developed. MPC optimizes a
finite time-horizon, but only implementing the current timeslot
and then optimizing again. The merit of this approach is that
a process can be controlled while satisfying a set of limits
and constraints and anticipating future events. MPCs rely on
dynamic (typically linear) models of the process. These can
be from white or grey box modeling or from empirical models
obtained by system identification.

From 2000-2010 hybrid (event-driven) system theory was
developed. Hybrid systems combine discrete logics with con-
tinuous controllers. For our purposes, the relevance is that
this enables a systematic analysis of the class of control prob-
lems in which control tasks need to be modified. This can be
due to a limit in the plasma (e.g. an instability emerged in
the plasma) or varying constraints (e.g. because less actuators
become available during the experiment).

In the same period, the field of distributed control emerged.
Normally, control is developed for systems that can dynamic-
ally be modeled with ordinary differential equations, only tak-
ing the time evolution of the control parameters into account.
Distributed control deals with the control of systems in which
both time and location need to be taken into account. These are
described by partial differential equations such as the transport
equations for flux or temperature.

In the last decade, the use of artificial intelligence and
machine learning have been applied in controllers, often
in situations where there are ample modeling results avail-
able. Recent developments suggest that reinforcement learn-
ing allows for direct inference of complex controllers from
modeled data.

Control theory is not only involved with feedback con-
trol. ILC is an active field of research with the view to find
optimal feed-forward control for systems that work in a repet-
itive mode. In each of these tasks the system is required to
perform the same action over and over again with high preci-
sion. Repetition allows the system to improve tracking accur-
acy from repetition to repetition, in effect learning the required
input needed to track the reference exactly. The learning pro-
cess uses information from previous repetitions to improve the
control signal ultimately enabling a suitable control action can
be found iteratively. The internal model principle yields con-
ditions under which perfect tracking can be achieved but the
design of the control algorithm still leaves many decisions to
be made to suit the application.
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10.3. Model based plasma control and synthetic diagnostics
for ITER

10.3.1. Magnetic configuration control. = The control of the
plasma boundary, the plasma current and the radial and ver-
tical position of the plasma centroid, as well as the suppression
of the vertical instability all fall in the frame work of magnetic
configuration control. This was the first domain in tokamak
physics that was cast in a proper control theoretical framework
[850]. Although the theoretical framework is mature, the field
is still under development as a consequence of the require-
ments that a fusion reactor poses to the controller. These are
associated with the development of new sensors for the plasma
boundary (such as Hall probes (see e.g. [851], reflectometers
[852] or visible imaging [853]) and [854] or with more strin-
gent safety margins that require more precise controllers that
can deal with limits and constraints (see e.g. [855] or [856].
The field is also driven by new divertor configurations such as
the super-X with flaring strike points, or new, reactor relevant,
plasma dynamics that needs to be rejected (see e.g. [857] or
[858] by modifying the plasma volume and shaping to off-set
undulations in the plasma burn. State of the art in reinforce-
ment learning in plasma control is the development of con-
trollers for the magnetic configuration [859].

10.3.2. Profie control and confinement optimization.
Predicting and controlling turbulent energy transport is a
grand challenge in nuclear fusion science. Control of the
spatial distribution profile of the toroidal plasma current dens-
ity distribution helps realizing improved confinement and
MHD stability. A high fraction of non-inductively driven
plasma current, could enable steady-state reactor operation
with high fusion gain. The dynamic evolution of the current
profile is nonlinearly coupled with several plasma paramet-
ers, motivating the design of model-based control algorithms
that can exploit knowledge of the system to achieve desired
performance.

Models for the input output dynamics using different actu-
ators were developed, see e.g. [860]. RAPTOR is a fast
dynamic model for the non-linear evolution of the coupled
distributions of the current density, the electron density and
the electron temperature. RAPTOR can be run in interpretat-
ive mode, as an extended Kalman filter [861-864].

Boyer [865] uses a first-principles-driven, control-oriented
model of the current profile evolution in low confinement
mode (L-mode) discharges in DIII-D to design a feedback con-
trol law for regulating the profile around a desired trajectory.
The model combines the magnetic diffusion equations with
empirical correlations for the electron temperature, resistiv-
ity, and non-inductive current drive. To improve tracking per-
formance of the system, a nonlinear input transformation is
combined with a linear-quadratic-integral optimal controller
designed to minimize a weighted combination of the tracking
error and controller effort.
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Maljaars [866—869] exploited the fact the tokamaks are typ-
ically operated in scenarios and showed that, using RAPTOR
to estimate the non-linear state, a MPC can be synthesized to
achieve the optimal distribution of the current density in ITER
plasmas [866]. The MPC was set-up to use the four Upper Port
ECH systems, the neutral beam injector and the primary pol-
oidal field coil as actuators to avoid the current density profile
peaking in ITER hybrid scenarios.

The density profile is notoriously difficult to control. Initial
real-time density control schemes were based on PID schemes
with interferometers as sensors and gas introduction valves as
actuators. This scheme is associated with a number of com-
plications: The interferometers may suffer from fringe jumps,
which may be difficult to compensate in real-time. New gen-
erations interferometers use multiple wavelength to become
robust against fringe jumps. In some case, mm-wave heating
systems distort the sensor signal e.g. [8§70]. The interaction
with the wall varies per discharge or even during the discharge.
This is particularly relevant in long pulses, with or without
on-line wall conditioning using lithium power [871]. Heating
schemes can affect the particle transport and the pumping of
the divertor cryo-pumps is plasma configuration dependent.
PID density controllers may respond to confinement back-
transitions by increasing the fueling rates, which may further
deteriorate the confinement. These effects may render the PID
tuning ineffective or even unstable. Gas introduction valves
have only a limited particle deposition depth. Other actuators
such as NBI and pellets have a deeper deposition but the depos-
ition location is plasma state dependent.

To deal with these complexities, RAPTOR was extended to
include the distribution of the electron density. It is assumed
that for cases with low torque input and low plasma rota-
tion, the electron density distribution is with sufficient accur-
acy a flux surface quantity and that also the transport equation
for the electron density is dependent on the radial location p
only. RAPDENS is a 1D + 0D multi-inventory model of the
particle transport in a tokamak. The particles inside the vessel
are attributed to one of three inventories: the plasma, the wall,
or the vacuum.

The model contains a 0D representation of the particles
contained in the wall and the vacuum surrounding the plasma,
a 1D representation of the flux surface averaged electron dens-
ity in the plasma. The evolution of the density distribution is
represented by the 1D particle conservation law. The particle
transport I'(p, ) is modeled by a drift-diffusion equation with
empirical transport coefficients. The particle sources and sinks
S(p, t) include particles injected via NBI and pellet injection,
particles entering the plasma due to ionization of neutrals at
the edge of the plasma and the loss of particles due to recom-
bination of ions at the edge of the plasma.

Blanken validated this model for the density evolution
(a.k.a. RAPDENS) off-line and showed that the model man-
aged to reconstruct the evolution of the central density as
well as the distributions of the density right in both TCV
and ASDEX Upgrade [872, 873]. Closed loop density control
experiments were successfully carried out in ASDEX Upgrade
and TCV with RAPDENS in observer mode [874].
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Highly relevant for fusion reactors is the control of the
distributions of the deuterium and tritium densities np and
nt. At present, experimentation at JET [875] and gyrokinetic
modeling [876] suggest that the transport from the LCFES to the
core is quite equal for D and T and in fact it suffices to guaran-
teenp(p=1) =nr(p = 1) to achieve np(p = 0) =nt(p =0).If,
however, a significant isotope effect would emerge in DEMO,
the distributions of D and T must be controlled to ensure

np(p = 0) = nr(p =0).

10.3.3. MHD control and suppression. The control of
NTMs requires an intense micro-wave beam to be focused and
deposited at the location where the magnetic island crosses the
EC wave deposition resonance. The island’s radial location as
well as the mm-wave ray propagation and resonant absorption
condition are plasma state dependent and difficult to estim-
ate. Moreover, the island rotates, and can be attributed a fre-
quency and a phase. The power has to be deposited when a
poloidal deficiency in current density (the O-point) crosses the
resonance condition. The frequency and phase of the rotating
island must be determined in real-time and used to modulate
the ECCD system.

DIII-D [877] and ASDEX Upgrade teams [878] have set-
up an NTM control scheme that use multiple sensors. As an
example, the DIII-D implementation uses ECE and Mirnov
coils, magnetics, and MSE as sensors. Multiple real-time
estimators for the mode rational surface location and real-
time raytracing are required to identify the optimal launcher
angle to aim the ECH beam to the mode rational surface. This
scheme is the ITER reference [879].

An alternative scheme uses deep (120 dB) and narrow
(1 GHz) notch filter around the gyrotron frequency. This
allows for measuring the plasma temperature with ECE in
close vicinity of the ECCD deposition, along the same optical
path as the heating beam. This concept eliminates the equilib-
rium and the ray-tracing from the problem.

The challenge for in-line ECE is to design a notch filter
with 120 dB suppression of the ECCD frequency (140 GHz
on TEXTOR and ASDEX Upgrade) with a quality of bet-
ter than 1 GHz. This then isolates the ECE channels from
the ECCD and allows for measuring the temperature fluc-
tuations associated with the island [880]. An ITER relevant
notch was designed and constructed based on the mm-wave
cavity FADIS. A mover coil was used for cavity tuning, in
particular to couple the ECE to the radiometer and the resid-
ual ECCD to a dump [881]. A prototype, designed for 500 kW
ECCD power was mounted on ASDEX Upgrade [882]. A sim-
ilar set-up was achieved on DIII-D [883]. The EU DEMO
concept for NTM suppression (also known as quasi in-line
ECE) is derived from this concept [884, 885].

Hennen used in-line ECE for closed loop MHD track-
and-kill experiments in TEXTOR. A linear control technical
analysis was set-up by casting the Rutherford equation for
the island evolution into a state-space formalism [886]. Also,
the control performance analysis of the ITER NTM suppres-
sion system was done by casting the generalized Rutherford
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equation in state-space formalism for typical ITER high per-
formance discharge conditions with the view to sustain islands
that have sizes below the critical island width [887].

Van de Brand demonstrated on ASDEX Upgrade that the
fluctuations associated with small magnetic islands could be
observed after correlation of the in-line ECE system with the
interferometer and that interferometer was associated with the
correct alignment of the radial location of the tearing mode
could be identified [888].

Various methods were tried to determine the phase and fre-
quency of the rotating modes in real time: Hilbert transforms
on FPGA, a phased locked loop [887] and various variants of
Kalman filters [889].

Another intriguing aspect of magnetic islands is that the
rotating magnetic perturbations induce mirror currents in the
conducting walls of the tokamak. The slower the islands rotate,
the easier the mirror currents are induced. The mirror cur-
rents, however, lead to a deceleration of the plasma rotation,
which promotes further growth of the islands. This mechan-
ism, known as mode-locking is responsible for violent events,
known as disruptions. La Haye coupled the equations for
the island-wall interaction with the generalized Rutherford
equation to study the combined dynamics. Van de Brand used
this modeling to derive the requirements of the ITER NTM
stabilization system [890].

Witvoet developed a control-oriented model for the saw-
tooth. This is based on the evolution of the current density pro-
file, leading to varying magnetic shear at the ¢ = 1 radius. If
the magnetic shear exceeds a threshold, the profiles are reset to
their starting condition. This model has been used to success-
fully tune SISO [891, 892], MISO [893] and adaptive [894]
controllers and to test their performance.

Paley et al [895], Van Berkel ef al [896] and van den Brand
et al [897] developed advanced real time sawteeth period
estimators.

A particular aspect of Witvoet’s control-oriented sawtooth
model is that it predicted strong non-linear response to mod-
ulated ECCD input, a phenomenon called locking [891]. The
relevance of locking is that it allows for a very strong response
of the plasma state to feed-forward waveforms. Witvoet and
Lauret obtained corroborating experimental evidence for lock-
ing in the TCV tokamak [898]. Lauret described the sawtooth
locking phenomenon with a simple model for the evolution of
the magnetic shear. Lerche applied the concept of sawtooth
locking on JET discharges using ICRH [899].

Lennholm did control and physics experiments in which the
energetic ion population was varied by Ion Cyclotron Heating.
Lennholm derived a control-oriented model for sawteeth with
the destabilizing magnetic and stabilizing fast particle effects
[900]. Alexandre Gomes (IST Lisbon) set-up a heuristic model
for the fast particle generation and losses and interfaced this
with Lennholm’s sawtooth model. Gomes derived an adapt-
ive controller for two actuators (ICRH and ECCD). The ICRH
is used to pump destabilizing ion orbits at the inboard of
the g = 1 surface while the ECCD acts on the magnetic
shear.
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10.3.4. Edge dissipation control, radiation and plasma
exhaust control.  ASDEX upgrade team tuned a PID con-
troller to keep the radiation induced with nitrogen seeding
in high performance H-modes in close proximity to the X-
point while remaining detached. The sensing was done with
real-time x-ray tomography [901].

MANTIS is a ten camera multi-imaging spectroscopy sys-
tem that allows for the observation of a single field of view
with multiple real-time cameras, while each camera has a dif-
ferent filter for line-radiation. The first MANTIS system was
mounted on the TCV divertor. The TCV divertor area can be
imaged in real-time, in different wavelengths [902].

Ravensbergen adapted the optical boundary recognition
procedure from Hommen [854, 903, 904] to find fronts in the
divertor region [905]. Assuming the CIII emission front as a
proxy for detachment, Ravensbergen and van Berkel applied
a system approach to identify the input output dynamics and
derived a controller to position the radiation front in the TCV
divertor in both L-mode and H-mode. Controllers were derived
and successfully applied [906].

Recently, the control of the x-point radiator was improved
by applying system identification [901]. Multi-input-multi
output system identification was done to achieve simultan-
eous core density control as well as radiation front control in
TCV [907].

10.3.5. Break-down optimization. — Ravensbergen developed
ILC for the gas introduction system in ITER [908] and shows
that optimal feed-forward waveforms can be obtained for the
breakdown and burn-through phase.

As a conclusion, we see a development towards state-
controllers rather than output controllers. This is motivated by
the need to deal with limits and constraints, as well as man-
aging the complexity of the plasma by coordinated control and
supervisory control.

All these methods rely on the availability of the complex
plasma state, rather than a physics parameter. This motivates
the development of state-observers, which are forward mod-
els (FMs) of the plasma dynamics interfaced with synthetic
diagnostics.

10.4. Synthetic diagnostics and applications

10.4.1. VSRS. The VSRS is a passive optical diagnostic.
Its primary purpose is to provide measurement data of the
Bremsstrahlung continuum radiation in the visible light range.
From this data, the line-averaged effective ion charge (Z.¢) can
be determined, which in turn can provide information on the
impurity content of the plasma. Also, Z.g is used to provide
an early warning on HNB shine-through. In case of neutral
beam shine-through a part of the beam power passes through
the plasma and is deposited on the wall of the tokamak which
may damage the wall.

Decreasing Z.g or n. in the plasma core increases the
beam shine-through fraction. The back-up role of the VSRS
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is therefore to provide a value for the line-averaged electron
density, in case the designated diagnostic for electron density,
the system for toroidal interferometry and polarimetry fails.
The continuum emission measured by the VSRS scales with
electron density squared n.2, square root of the electron tem-
perature 7 ~"2 and the effective ion charge Z.g. In case of
measurement failure of the former, the latter two are set at their
current value and the VSRS is used to measure ne. This role
is strictly meant to shut down the plasma in an orderly manner
and not as a means to keep the experiment running.

The VSRS diagnostic collects line integrated data on
a single line-of-sight that passes through the plasma from
Equatorial Port #8 to Equatorial Port #3 at a height just
above the midplane of the tokamak, corresponding to a
height of about Z = 0.60 m measured from the mid-plane.
Coincidentally, the VSRS line-of-sight also crosses the DNB
in the core of the plasma. Therefore, also active exchange
occurring in the beam at the cross section is measured. Both
of these emission measurements are supplementary roles of
the VSRS diagnostic. The first mirror, that forms the start of
the line-of-sight, is positioned Equatorial Port #8 and at the
other end in Equatorial Port #3, a viewing dump is located.
The purpose of this viewing dump is to decrease the reflec-
tions from the divertor region of the tokamak that are meas-
ured by the VSRS. The functioning of the viewing dump plays
an important role in achieving the main purpose of the VSRS.
Both the first mirror and viewing dump are positioned relat-
ively far behind the port plug in order to decrease reflections
and damage from incoming particle fluxes. The viewing dump
is visible from inside of the vessel through a hole in the port-
plug and is encased in a cavity of which the final design is not
yet determined.

A synthetic diagnostic for the VSRS has been developed
in python. This model produces representative output of the
diagnostic, in the form of emission spectra in the visible
light range, using raytracing simulations. The raytracer mod-
ule Raysect is used as a framework upon which the synthetic
diagnostic is built, as it is used for the definition of geometry,
light sources and detectors within the model. In order to use
a plasma as light source and to allow for the implementa-
tion of other physics properties, Raysect is used in conjunc-
tion with the CHERAB spectroscopy modeling framework.
Atomic Odata is provided by the ADAS database.

The synthetic diagnostic is developed such that VSRS spec-
tra can be modeled see figure 176 based on plasma simulations
stored in IMAS scenarios and used to investigate the function-
ality of the viewing dump of the VSRS diagnostic, for which
use of the retroreflector of 55. FA, the DIP, is projected. It is
main purpose is to decrease reflections of radiation on the inner
vessel wall of ITER from the divertor region of the plasma.
These reflections cloud the measurement results and should
be suppressed.

The functionality of the viewing dump is determined in two
representative cases see figure 177: a case with reflections, but
without viewing dump and a case with reflections and with
viewing dump. The information on the reflection sources is of
major importance to the VSRS. The diagnostic should be able
to measure small changes in the continuum radiation in the
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Figure 176. Plasma model for core (left) ad edge (right) radiation.
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Figure 177. Modeled Bremsstrahlung spectrum for visible
spectroscopy reference system with reflections without a
viewing-dump (top figure) and with a viewing dump (bottom figure).

core of the plasma. Reflections from the edge of the plasma can
cloud this measurement and would make it almost impossible
to know whether measured bremsstrahlung changes are caused
by the core or the divertor. Separate simulations of these two
areas of the plasma provide a positive result in this regard; only
0.39% of 2.34% reflections stem from the edge and divertor
region while the majority comes from the core. This edge/-
divertor value is lower than the desired 1% overall accuracy
for the VSRS Bremsstrahlung measurement and can therefore
effectively be disregarded.

The impact of changing the reflectively of the retroreflector
surface is investigated see figure 178. It is discovered that
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Figure 178. Effect of roughness on the viewing dump efficiency.

a more mirror-like surface decreases the reflections, while a
more’rough’ surface has negligible impact. Due to the small
improvement, the standard DIP retroreflector does not require
adaptation for the VSRS system.

The geometry of the enclosure in which the viewing dump
is positioned is not set. The two most extreme case shapes are
analyzed, a large box around the viewing dump and a cylinder
that closely wraps viewing dump. The reflections are slightly
decreased when using the cylinder shape, but it is questioned
whether this slight impact warrants the increase in manufactur-
ing complexity of this shape. The VSRS Synthetic diagnostic
is currently too slow for real-time control and the model struc-
ture is not suited for a Kalman filtering approach.

10.4.2. RT analysis of magnetic signals for NTM suppression.
The poloidal magnetic field is measured by a system of high
frequency multiple magnetic pick-up coils. These coils are
used to measure the time resolved MHD perturbed poloidal
component of the magnetic fields The individual pick-up coils
are mounted on cooled mounts and distributed both poloidally
and toroidally, as indicated in figures 179(a) and (b).

A model is set up of the dynamic magnetic fields due
to rotating NTMs. The island width growth dynamics for
w is modeled by the Modified Rutherford Equation (MRE),
width, rs is the mode-rational surface, Ay, Ay¢ and A/CD are
the contributions to the mode growth due to the nominal tear-
ing mode stability, the Bootstrap current and the stabiliz-
ing non-inductive current drive from the Upper Port ECCD
systems.

The MRE is coupled to the Lahaye equation for the island
rotation frequency dynamics w which is dependent on both w

dw _ o w _ ___ L (%)3 Although this is very

YAt T T TE mCyTh,w
much a simplified representation, it provides a good basis
for the synthetic HF pick-up coil diagnostic and a good test
case for the unscented Kalman filter frequency tracker and the
extremum seeking control (ESC) algorithm. In particular, it
does not contain the effects of other MHD activity, such as
the sawtooth instability or edge localized modes. As methods

1Ay + riAps — rAgp, in which w is the island

and w
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Figure 179. (a) Poloidal and toroidal distribution of HF pick-up
coils (). For the analysis presented here, all coils have been
modeled at a single toroidal location.

have been discussed in the literature to filter spike-like disturb-
ances from continuously varying signals, this omission was
not expected to be a problem. Moreover, the MRE is well-
studied and could therefore conveniently be extended with the
efficiency maps for modulation and misalignment necessary
for the ESC scheme. The parameters used in the NTM model
can be validated and tuned to match the simulated NTM devel-
opment, once ITER is operated experimentally.

Synthetic HF pick-up coil signals are generated by model-
ing the magnetic perturbation in the plasma as a result from
the NTM dynamics using the following equation:

dB
. \Um,n, mn707
= (s 0,0)
m+1
= —Wm,nlge (rm,n> sin (m@ _ DMfmn
Ic R()

X (ﬁg + 151 + 1) sin (0) + n¢ +wm7nt>

These signals are used to test the unscented Kalman filter
for frequency tracking (UKFFT). The UKFFT is an instantan-
eous, computationally inexpensive algorithm for signal prop-
erty estimation. It is shown that the UKFFT algorithm is robust
and able to track both synthetic and actual coil data. The out-
put of the UKFFT are the frequency, the amplitude and the
phase of the mode. Phase differences that have not been incor-
porated in the synthetic diagnostic could exist due to eddy cur-
rents in the metal structures surrounding the diagnostic. These
should be experimentally determined and incorporated in the
diagnostic afterwards. This would have acted as added noise
to the UKFFT algorithm, which was synthetically applied in
simulations.
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Figure 180. Synthetic signals from NTM model with 10% white noise and 0.2 ms input delay, estimated with UKFFT. 10 ms to converge.
Max. error e_f <3% and e_60 <1%, Expected noise level for HF pick-up coil in ITER as given in [698].

The UKFFT algorithm has proven to have robust signal
estimation capabilities with fast convergence (<10 ms) for
both the synthetic and actual coil data, figure 180. When the
algorithm is applied to the synthetic data, it shows strong
performance with disturbances well over the ITER require-
ments (tracking achieved for signals with SNR of 10.45 dB and
12 mm measurement delay). The performance of the algorithm
is for these reasons deemed satisfactory and could be useful for
the tracking of harmonic signals found in other diagnostics as
it is a computationally inexpensive method for signal property
estimation.

The estimates from the UKFFT are utilized for the applica-
tion of NTM suppression with ECCD. The ESC scheme is self-
optimizing and does not rely on a model to achieve perform-
ance. The scheme is used to autonomously steer the ECCD to
drive current at the optimal location in the plasma, which lies
at the center of the magnetic island. Besides the misalignment,
the ECCD modulation is successfully optimized as well.

The extremum-seeking control scheme applied here fol-
lows the approach applied in [906] and the references therein.
An harmonic perturbation y, is mixed with the input of
the controller. This leads to a variation of the cost func-
tion, which can be used to estimate the gradient in the cost-
function, and the size and direction of the control action, see
figure 181.

In the noise-less case, see figure 182, this scheme proved
able to optimize both the modulation frequency and phase as
well as the radial misalignment of the ECCD deposition. The
scheme does not converge to the optimal modulation when
subjected to ITER noise levels. The reason for this is that
the scheme cannot distinguish the effect of the modulation
from the added noise. Also, as the extremum-seeking con-
trol scheme only converges to a local minimum, convergence
might fail in cases of too significant initial misalignment.
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10.4.3. Detachment diagnostics.  Reliable diagnostics that
measure the detached state of the ITER divertor plasma will
be necessary to adequately control heat flux to the ITER diver-
tor targets during steady state operation. The feasibility of the
ITER shunt diagnostic as a lightweight, robust, and real time
detachment sensor has ne. The ITER shunt diagnostic is a set
of shunt lead pairs affixed to the body of the ITER divertor
cassette that measures the voltage drop along the CB.

This measurement is combined with impedance modeling
of the divertor cassette assembly to calculate the current flow-
ing through the divertor, which is equal to the current flow-
ing through the plasma SOL. The relationship between the
SOL current and the detached state of the divertor plasma
is established using several SOLPS-ITER boundary simula-
tion cases for control-relevant ITER plasma scenarios. Across
all simulation data studied, there is a clear and significant
decrease in thermoelectric current through the SOL coincid-
ing with the onset of partial detachment at the outer divertor
target. Preliminary electromagnetic modeling of a simplified
divertor cassette assembly was set-up to develop a control-
oriented resistance-inductance circuit model, from which SOL
currents can be calculated given shunt pair voltage measure-
ments. The reliability of this model-based approach is then
verified. The sensitivity and frequency-response of the result-
ing system to evaluate the availability of the diagnostic sys-
tem is determined. Due to modeling limitations, we conclude
that physical impedance measurements of the ITER divertor
cassette are necessary to calculate accurate SOL current val-
ues from divertor shunt measurements. Given these measure-
ments, combined with further development of time dependent
SOL plasma simulations and inclusion of future SOLPS-ITER
data, the ITER shunt diagnostic will adequately reconstruct the
detached state of the divertor plasma for steady-state control
purposes [29].
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Figure 183. Dynamic state observer using multiple diagnostics on ITER, including real-time Thomson scattering. The top box presents the
time evolution of the core density. The predicted density is wrong in terms of absolute value and does not correlate with the reference
(green), while the state estimation follows the reference very well. The middle box shows the discrepancy between the reference and the
estimated value. After an initial discrepancy of ~15%, the discrepancy decreases to ~3%. The bottom box shows the estimate of the density
distribution at three instances. The inclusion of Thomson scattering profile yields very good estimates, including the pedestal.

10.4.4. Density distribution control.  Initial ITPA diagnostic
focused on the control of the line-integrated density with inter-
pretation of the interferometry. Recently, the control of the
density distribution has been extended in two ways. First, a
multi sensor Kalman state estimator was developed which
also includes real time TS. Simulations show that high quality
density profile estimation can be achieved with this Estimator,
see figure 183.

Second, an ITER relevant robust MPC is developed as a
strategy to regulate the density profile while avoiding limits
associated with the total density (Greenwald limit) or gradients
in the density distribution (e.g. neoclassical impurity trans-
port). Simulations show the controller is capable of regulat-
ing the distribution as desired, including the observation of the
limits [909].

10.5. Summary and conclusions

For the systematic development of the various controllers tak-
ing the various couplings into account, a model-based con-
troller design is required. An activity has been started within
the ITPA diagnostics group to provide the synthetic diagnostic
needed for the design of diagnostics, the optimal interpretation
of the physics experiments and for real time control.

After giving a rudimentary introduction in systems and con-
trol theory and an overview how control engineering has been

applied to nuclear fusion plasma research and operation, it is
shown how sensor models or synthetic diagnostics are used in
model based controller synthesis.

A plasma and synthetic diagnostic have been set-up for the
VSRS have been set-up, and used for the design optimization
of the viewing dump.

A synthetic diagnostic of a section of high frequency pick-
up coils for MHD characterization. The signals of these coils
can be interpreted using an UKFFT to estimate the frequency,
amplitude and phase of a rotating NTM. The UKFFT can be
interfaced to an extremum seeking controller to optimize the
radial deposition, the modulation frequency and phase. In the
noiseless case, this approach works for the deposition, phase
and frequency. In case of realistic noise, the gradients in the
cost function for the phase are shown to be too shallow for
convergence.

An robust MPC has been developed for control of the dens-
ity distribution with gas feed and pellet injection as actuators,
taking limits and constraints into account. This scheme relies
on a Kalman filter for the real-time estimation of the density
profile. The addition of the TS data in the Kalman filter gives
fast and very good convergence.

A synthetic diagnostic has been set up for the divertor
shunts and tested numerically.

As we have seen from e.g. the observer for the dens-
ity, the requirements of the presented models for control and
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observation are not very stringent in accuracy. It is critical
that the model formulation is such that it can be cast into the
Kalman observation framework. Then the real-time constrain-
ing of the model by multiple measurements will ensure con-
vergence. In this context, a key requirement is that the models
are tractable, and can be evaluated on timescales that are faster
than the dynamics that needs to be controlled. For physics
interpretation or diagnostic design, the fidelity-requirements
of the models are more stringent.

10.6. Outlook

The development of synthetic diagnostics for real time control
will be further pursued. Focus will be put on the diagnostics
needed for 1st plasma. Special attention will be put on the real
time estimation of the pellet fueling efficiency, the optimal
control of the density distribution and the impurity transport.
Finally, we will focus on data integration aspects. Multiple
diagnostics with similar outputs need to be integrated. The
associated control capabilities and robustness against failure,
degradation, and limitations due to long pulses need to be
assessed. The real-time WG has just started an effort to set-up
an Multi-Domain Matrix of the elements of the control sys-
tem, including the plasma. This approach will be pursued to
model the structure of the control system including aspects of
real-time sensor or actuator failure and the real-time diagnosis
thereof.

11. Integrated data analysis and validation

R. Fischer®, A. Bock™, S. S. Denk?’, A. Medvedeva®,
M. Salewski**®, M. Schneider? and D. Stieglitz"(’

11.1. Introduction

In present and future fusion devices huge amounts of meas-
urements coming from many diagnostic systems have to be
analyzed. The information obtained from these measurements
are and will be used for machine control and safety as well as
for physics studies. The goal of the IDA method is to integ-
rate measured data and their analyses to optimize informa-
tion available for plasma operation and physics studies. The
measured data from diagnostics providing redundant or com-
plementary information are combined, together with available
physics knowledge and modeling information within a prob-
abilistic framework.

The IDAV specialist WG within the ITPA diagnostics TG
was founded in the year 2020. It was motivated by the useful-
ness of IDA applications at present day machines [910-922].
The goal of the IDAV specialist WG is to provide and apply an
IDA framework for present and next generation fusion devices
such as ITER and DEMO for self-consistent data analysis and
validation procedures.

A comparison of the concept of IDA with a traditional
approach for data analysis, based on the analysis of individual
diagnostics data and a subsequent combination of the results,
can be found in [923].
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IDA in the framework of Bayesian probability theory
(BPT) provides a concept to analyze a coherent combination
of measured data from heterogeneous diagnostics and to com-
bine them with physics knowledge and modeling information
[924]. Since every piece of information from measurements
and modeling are subject to uncertainties, quantification and
processing of uncertain information is central to this probab-
ilistic approach. Complex error propagation is obtained auto-
matically combining data in a concise probabilistic one-step
analysis. The extended set of measurements and modeling
information allows for an improved treatment of ill-posed
inversion problems of, e.g. profile reconstruction, tomography
or equilibrium reconstruction. Different techniques for meas-
uring the same subset of physical parameters provide comple-
mentary and redundant data for, e.g. improving the reliabil-
ity of physical parameters, increasing the spatial and temporal
resolution of profiles, resolving data inconsistencies, and for
reducing the ambiguity of parameters to be estimated without
employing non-physical constraints.

IDA was developed and first applied to reconstruct elec-
tron density n. and temperature 7, profiles from a probabil-
istic analysis of Thomson scattering (TS) data [925] in com-
bination with interferometry and SXR measurements at the
W7-AS stellarator [910]. A corresponding application at the
ASDEX Upgrade tokamak includes additionally to the TS and
interferometry data also data from ECE and the lithium beam
(LIB) diagnostic for which an improved FM was developed
[914, 926]. This LIB FM was additionally used in a prob-
abilistic analysis of the JET LIB diagnostic [913]. At W7-
AS, Bayesian graphical models were introduced for integ-
rating diagnostic data analyses [927]. IDA was then applied
at ASDEX Upgrade to reconstruct the effective ion charge
Z. profiles from various CXRS measurements [915]. A non-
Maxwellian electron energy distribution function in the pos-
itive column of a neon dc-discharge was reconstructed from
the visible emission spectrum using IDA [911]. At JET the
Bayesian combined analysis of LIDAR, edge LIDAR and
interferometry diagnostics provided n. and T, profiles [912].
At the TJ-II stellarator the ne profile was reconstructed in an
IDA approach using data from interferometry, reflectometry,
TS, and the helium beam [916]. At the Madison symmetric
torus (MST) reversed field pinch (RFP) the T, profiles were
estimated in the probabilistic framework from a combination
of the double-foil SXR system and the TS diagnostic [917].
Additionally, at the MST RFP Z. profiles were determined
by the integration of SXR tomography and CXRS impurity
density measurements [918]. The ion temperature T; and rota-
tion profiles vy, were reconstructed at ASDEX Upgrade in a
probabilistic integrated approach from various CXRS meas-
urements using Gaussian process regression [920]. Recent
Bayesian analyses combining various diagnostics can be found
at W7-X [921, 923], at ASDEX Upgrade and JET [919], and
the MST RFP [928].

The present paper aims at showing the basic ingredients of
IDA in the Bayesian framework, reviewing the work previ-
ously done, and some examples highlighting typical realiza-
tions. More details of the implementation of IDA can be found
in publications which are cited as appropriate. The references
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in this paper cannot be exhaustive as they should only provide
an entrance point for the interested reader.

Section 11.2 compares IDA with a conventional data ana-
lysis approach for multiple-diagnostic data analysis and sum-
marizes the main ingredients of IDA: BPT (section 11.2.1),
FMs (11.2.2), uncertainty quantification (11.2.3), likeli-
hoods (11.2.4), prior information (11.2.5), parameteriza-
tion (11.2.6), methods for parameter and uncertainty estim-
ation (11.2.7), validation (11.2.8) and numerical implementa-
tion (11.2.9). Section 11.3 addresses the ITER IMAS for phys-
ics modeling and data analysis as a standardized way to access
and process data. Section 11.4 shows examples applying
IDA to obtain synergistic effects (11.4.1), profile reconstruc-
tion (11.4.2), equilibrium reconstruction (11.4.3) and velocity-
space tomography (11.4.4). Section 11.5 summarizes.

112. IDA

The IDA approach in the framework of BPT is conceptually
different from an often used sequential (conventional) data
analysis approach. Frequently, due to the large amount of dia-
gnostics available at fusion devices, in conventional data ana-
lysis the individual diagnostics are analyzed by the respons-
ible diagnosticians familiar with the hardware, physics and
analysis details (figure 184(a)). To obtain a unique (linked)
result the various results of the heterogeneous diagnostics are
mapped on a common, typically magnetic, coordinate system
and fitted with a joint parameter set. Often the analysis of
the single diagnostics are augmented with additional inform-
ation to regularize ill-posed inversion problems and obtain,
e.g. smooth and well-defined results. The linked result might
then be used as input for the equilibrium (mapping) estima-
tion, the analysis of other diagnostics or for result validation
and consistency checks.
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Various challenges of this conventional approach arise from
the parametric entanglements involved. In this iterative pro-
cedure it might be difficult to obtain a (self-)consistent res-
ult, in particular if many diagnostics are involved as is the
case for present and future fusion devices. An automation of
this analysis chain is challenging if a huge amount of data
has to be analyzed. The propagation of information between
diagnostics might be incomplete if single estimates from
one diagnostic are used as input for other diagnostics, neg-
lecting complex parameter interdependencies. Error propaga-
tion is frequently neglected, resulting in an underestimation
of the estimation uncertainties. Data and result validation
and overall consistency checks between coupled diagnostics
might be a non-trivial task because a quantitative and unified
description and processing of statistical and systematic uncer-
tainties is missing. Furthermore, often backward inversion
techniques are used which might be prone to noise fitting or
numerical instabilities necessary to be regularized by addi-
tional constraints or data binning. The estimated parameters
(linked result) and their uncertainties often miss a description
of the non-linear dependencies.

These difficulties are resolved by the IDA approach
using a probabilistic combination of different diagnostics
(figure 184(b)). The scheme starts with a complete set of phys-
ical parameters (section 11.2.6), as a function of a common
coordinate system, which is sufficient to describe all dia-
gnostics data. Only forward modeling is used which allows
one to evaluate the diagnostics data given the parameters of
interest (11.2.2). Forward modeling is known to be numeric-
ally stable. The measured data of a diagnostic is compared to
the forward modeled data with a likelihood probability dis-
tribution function (pdf) (11.2.4) describing the distribution of
the data uncertainties (11.2.3). Additional physical inform-
ation and its uncertainty can readily be integrated with a
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probabilistic description and is used only once in the ana-
lysis of the combined set of diagnostics (11.2.5). Systematic
effects are described with nuisance parameters. Their uncer-
tainties are quantified with probability distributions. The nuis-
ance parameters are integrated out (marginalized) such that the
uncertainty in these parameters propagate to the uncertainty
of the parameters of interest. Uncertain nuisance parameters
can arise from calibration constants, atomic data, or quantific-
ation of systematic effects which are candidates for diagnostic
inconsistencies. Quantification of inconsistency effects might
help to resolve the reason for diverging diagnostics res-
ults. Finally, the result of the Bayesian approach is a multi-
dimensional probability distribution which quantifies how reli-
able a certain set of parameter values is in the light of all meas-
ured data and the additional information provided (11.2.1).
This posterior probability distribution includes all parameter
interdependencies. Low-dimensional properties of this pos-
terior pdf allows for estimating the parameters (maximum or
mean), their dependencies (covariance) and their uncertainties
(variance) (11.2.7).

11.2.1. BPT  The interpretative and numerical framework of
IDA is given by BPT. BPT provides a unique interpretation
of probability as a measure of uncertainty and rules to com-
bine and process (uncertain) information. Uncertainty in the
Bayesian framework is lack of knowledge. An introduction
to Bayesian inference and further references can be found
in [929]. Measured data as well as most information used to
describe the measured data or constrain the parameter space of
interest suffer from uncertainties. Therefore, a unique frame-
work to handle any kind of uncertainty is mandatory if dif-
ferent sources of information have to be analyzed jointly. An
overview of various types of uncertainties encompassed by
BPT is given in section 11.2.3.

Additional to the unique quantification of information and
its uncertainty, BPT provides rules to combine and process
information. Bayes’ theorem in its most reduced form relates
the posterior pdf p(f|d) for the parameters of interest f given
the data d with the likelihood pdf p(d|f), the prior pdf p (f) and
the evidence p (d):

_pl)xp(f)
P =200

p(A|B) means probability that A is true given (assuming) B
is true. The power of Bayes’ formula is that it provides what
we actually want to know from what the FM by themselves
can produce. The likelihood pdf with the FM of the measured
data provide the probability of the measurement data, given the
parameters of interest, p(d|f). But we actually want to know
the probability (reliability) of the parameters of interest, given
the diagnostic data, p(f]d).

The Bayesian scheme can be expanded by taking the
product of all likelihood pdfs describing all diagnostic meas-
urements and prior pdfs describing any kind of additional
physical information used. Therefore, the likelihood p(d|f)
in the IDA framework consists of the product of the likeli-
hoods of the various diagnostic data to be analyzed jointly,

(11.1)

p(d|f) =11 (pedx|f ), where the data of diagnostic k, d, are
described with the likelihood py(d|f). The functional form of
a likelihood pdf depends on the uncertainty distribution of the
measured data and might differ for the various diagnostics (see
section 11.2.3.1). As a likelihood pdf describes the probab-
ility of measuring a certain data value assuming one knows
the underlying physics, the likelihood links the measured data
with a FM of the measurement process Dy, (f) (2.2), which typ-
ically also varies for the heterogeneous diagnostics. The like-
lihood for each diagnostic, py(dilf), is typically a product of
likelihoods of the measured data points if the data uncertain-
ties are uncorrelated or a multi-dimensional likelihood if the
uncertainties are correlated.

The prior pdf, p (f), describes what we know about the para-
meter of interest independent of the measurements. Typical
information to be encoded in the prior are non-negativity
constraints for, e.g. temperature and density, monotonicity
constraints, smoothness constraints, constraints from physics
modeling such as for profile gradients. More examples for use-
ful prior information can be found in the velocity-space tomo-
graphy section 11.4.4.3.

11.2.2. FMs. A FM evaluates synthetic data to be compared
with the measured data within the likelihood pdf. Various fidel-
ity levels of FMs for a diagnostic might be available for various
purposes. High-fidelity FMs are typically used for post-plasma
analysis where the most reliable results are aimed at. For
post-plasma analyses numerical resources and time restric-
tions are less crucial. Low-fidelity FMs are typically used for
time critical applications as real-time analyses or if numer-
ical resources are limited. An example for a low-fidelity FM
is given by ECE analyses where optically thick thermal plas-
mas are assumed. For optically thick plasmas black-body radi-
ation can be assumed which results in a radiation temperature
which equals the electron temperature, Ty,g = T.. This ECE
FM belongs to one of the simplest FMs where the parameter
of interest, here T, is proportional to the measured intens-
ity. A high-fidelity ECE FM is given by solving the radiation
transport equation [930, 931]. An implementation of the radi-
ation transport FM can be found in the ECRad code [931].
The ECRad FM is capable of analyzing optically thin plas-
mas with broadened EC emission regions due to high temper-
atures, as expected for ITER, or due to low-density scenarios.
Additionally, it is capable to describe oblique ECE measure-
ments, harmonic overlap, different polarizations and emis-
sion from non-thermal electron energy distribution functions
[932]. For the analysis of ECE data with this sophisticated
model electron density n. profiles are necessary. Therefore,
a combination of the ECE diagnostic with density diagnostics,
e.g. Thomson scattering or interferometry, within an IDA
framework is mandatory.

Another example for a multiple-fidelity FM is given by
CXRS. Frequently, ion quantities as ion temperature 7; and
rotation velocity are pre-evaluated and available from data-
bases. These data allow for low-fidelity FMs as the para-
meter of interest, a profile of the ion parameter, can easily be
evaluated at the measurement positions. Ideally, the database
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provides also information about the uncertainties of the meas-
ured values. A high-fidelity FM for CXRS data describes dir-
ectly the measured spectra [933]. Although numerically more
expensive, this high-fidelity FM would allow to incorporate
nuisance parameters describing, e.g. uncertainties in calibra-
tion quantities or in the atomic data [911].

The preparation of a FM and its combination with other
diagnostics FMs in a probabilistic framework is typically less
challenging than developing and combining inversion tech-
niques which additionally might suffer from noise fitting or
numerical instabilities as for, e.g. Abel inversion techniques.
An example of a multiple-purpose FM for velocity-space
tomography (weight function) can be found in section 11.4.4.

11.2.3. Uncertainty quantification. Uncertainties in the
Bayesian framework are interpreted as lack of knowledge
covering any type of uncertainty. Statistical uncertainties are
distinguished from systematic uncertainties which, in contrast
to statistical uncertainties, cannot be reduced by increasing the
data sample. As the results of data analysis depend critically on
the uncertainties associated with the data, the quantification of
uncertainties of measured data (likelihood) and of additional
information (prior) is a major part of a parameter estima-
tion problem. Uncertainties determine the absolute amount of
information available and determine the weight of measure-
ments of various diagnostics and prior information relative
to each other. Especially for the detection and resolution of
inconsistent measurements, uncertainties play a major role as
consistency is obtained if all data and prior information are
reasonably well described within their uncertainties. Details
about the interpretation and definition of uncertainties can
be found in Evaluation of measurement data—Guide to the
expression of uncertainty in measurement (GUM) [934].

11.2.3.1. Uncertainties in measured data.  Statistical meas-
urement noise is always quantified with the likelihood pdf
(section 11.2.4). A systematic measurement uncertainty is typ-
ically described with a prior pdf (2.3.2). For example, a cal-
ibration uncertainty can be quantified with a prior pdf on
a calibration nuisance parameter. In special cases this sys-
tematic uncertainty can be propagated to the likelihood pdf
(see (11.2.4) and [925]).

The distribution of measurement noise is frequently
described with a standard deviation. Higher moments are often
neglected. This defines the use of a multivariate Gaussian dis-
tribution suitable for normally distributed measurement errors.
Depending on the measurement scheme other distributions
such as the Poisson distribution for counting measurements
might be suitable. The measurement uncertainty of the lithium
beam diagnostic at ASDEX Upgrade was estimated by assum-
ing a Poisson distribution for the photon counts with unknown
offset and amplification factor of the measured signal [926].
In case of unknown measurement uncertainties, contributions
to the measurement with unknown source or contributions not
described in the FM, or in case of data failure, robust estima-
tion techniques are mandatory as described in (11.2.4).
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11.2.3.2. Uncertainties in physics models. =~ FMs describing
measured data or physical models providing prior knowledge
to constrain the parameter space frequently are not exactly
known and are, therefore, subject to uncertainties. Typical
uncertainties arise from uncertainties in calibration ‘constants’
from calibration measurements, from degrading effect of,
e.g. optical components or glass fibers, or from atomic data
which themselves are determined by measurements or uncer-
tain modeling. An example for this is given in section 11.4.4.4
for uncertainties in the FM (weight matrix) for the velocity-
space tomography.

Such systematic uncertainties are tackled in the Bayesian
framework by nuisance parameters which describe the vari-
ability of the model due to the unknown systematic effect.
The uncertainty of the nuisance parameters are quantified with
prior distributions and marginalized (integrated out). This way
the uncertainty of the nuisance parameter propagates into the
uncertainty of the parameter of interest. A systematic (bias)
uncertainty might arise due to uncertainties in the prior inform-
ation as, e.g. the functional form and weight of the regulariza-
tion term (see section 11.4.4.4).

11.2.3.3. Uncertainties in estimated quantities.
Uncertainties in estimated quantities should describe the reli-
ability with which parameters can be inferred from measured
data and modeling information. These uncertainties arise due
to statistical and systematic measurement uncertainties, uncer-
tainties in the FM and uncertainties in the prior information
used. Various methods for uncertainty estimation exist which
are summarized in section (11.2.7).

11.2.4. Likelihoods.  The likelihood pdf quantifies the prob-
ability of measuring a certain data set given the FM which links
the parameters of interest and the measured quantity. Since
the probability of measuring certain data is closely related to
the measurement uncertainties, the likelihood quantifies the
uncertainty distribution of the data. The most often used likeli-
hood is given by the Gaussian pdf with the familiar > -misfit
between the data d and the forward modeled data D (f)

p(d|f) xexp{-x?/2}

XZZZX?ZZ (di—Di)z/Ui2

i

(11.2)

given here in its most simplified version. The use of the
Gaussian likelihood is justified for normally distributed meas-
urement errors € with variance (€?) = o? and mean error
(€) =0. Frequently only the measurement uncertainty
describing the statistical distribution of the measurement error
is considered. The Bayesian interpretation of measurement
uncertainties additionally comprises systematic uncertain-
ties from, e.g. calibration or modeling uncertainties which
can be considered in the likelihood pdf in special cases. An
example of the use of the Gaussian likelihood with an exten-
ded interpretation of the uncertainty can be found in the ana-
lysis of Thomson scattering data measured at the stellarator
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Figure 185. Comparison of a Gaussian with a Cauchy distribution appropriate for outlier robust estimation.

Wendelstein 7-AS, see subchapter 8. The statistical uncertain-
ties of the TS data are augmented with the uncertainties of the
background-estimation data, the uncertainty of the calibration
measurement, uncertainties of physical model parameters and
uncertainties of measured nuisance parameters. A sensitivity
analysis of the uncertainties and model parameters allows for
finding the crucial uncertainties which have most impact on
the diagnostic performance [925].

If measurements suffer from outliers, e.g. due to mis-
specified uncertainties, measurement failure or physical con-
tributions not included in the FM, an outlier robust likelihood
is recommended. The Student’s t-distribution treats outliers
leniently due to its heavy tails [935]

p(db‘)ocH/{a+X,-22}7(a+l/2). (11.3)

The Cauchy pdf is obtained for a = 1/2 and the Gaussian
pdf in the limit of @ — co. The heavy tails give outlying
data less weight in the fitting process than the Gaussian pdf
(figure 185). The Student’s t-distribution can also be used if
the standard deviation of the uncertainty is not known [935].
The parameter a of the Student’s z-distribution allows one to
select the weights of the wing, and therefore the weight outly-
ing data have in the fitting process.

This outlier robust likelihood is used routinely at ASDEX
Upgrade for estimating electron temperature and density pro-
files in the IDA framework [914]. Examples for outlying data
are given in the following examples: Fringe jumps in inter-
ferometry measurements, remaining after a fringe-jump cor-
rection procedure, typically occur for rapid density changes
due to, e.g. pellet injection or signal cross-over due to ICRH.
ECE data might be deteriorated, e.g. from cut-off, non-thermal
electron distributions or harmonic overlay when not described
properly by the standard black-body radiation assumption or
the more sophisticated radiation transport modeling [930-
932, 936]. Thomson scattering data might be affected by non-
Gaussian calibration uncertainties, low SNR especially at the
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low-density edge of the plasma, or by transient events such
as filaments which are resolved in the TS diagnostic, which
typically has a temporal resolution of about 20 ns, and which
are not resolved with other diagnostics. Lithium beam data
might be deteriorated by beam drifts typically not covered by
the calibration procedure performed after a plasma discharge,
local filaments not measured simultaneously at the positions of
the interferometry or TS channels, or background subtraction
uncertainties due to frequent events (ELMs) during the beam-
off phases [926]. The emission profile of the thermal helium
beam data is typically located at the plasma edge with low
SNR at the far scrape-off-layer with low density and temperat-
ure values and within the separatrix where the neutral helium
beam diminishes due to ionization [937]. This low SNR in
the intensities easily produces outlying data in the line-ratio
data when the denominator comes close to zero destroying any
Gaussian assumption about the error distribution.

11.2.5. Prior information. =~ The Bayesian approach allows
to combine measured data from multiple diagnostics with
additional information from physical considerations. In the
Bayesian terminology the data independent information and
its uncertainty/reliability is quantified with the prior pdfs.
Ubiquitous in profile or tomographic reconstruction is the
assumptions of some degree of smoothness, non-negativity
or monotonicity. Smoothness constraints are typically applied
using Tikhonov regularization. Most often Tikhonov regu-
larization is used to penalize the amplitude (zeroth-order),
gradient (first-order) or curvature (second-order) of distribu-
tions. An example for Tikhonov regularization can be found
in section 11.4.4 with velocity-space tomography.
Non-negativity constraints are less frequently applied due
to its degrading performance in the optimization steps.
Nevertheless, optimization routines for estimating best fit-
ting parameters providing boundary constraints are available
although at the expense of increased computation time. An
example for the use of a non-negativity constraint can be found
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in the tomographic reconstruction example in section 11.4.4.
An alternative for boundary constraints for parameters is
to quantify a positive parameter with an exponential, e.g.
T(x) =exp(f(x)) where f(x) could be an unbounded spline
representation.

The exponential of a spline is used at ASDEX Upgrade for
the estimation of the temperature and density profiles within
the IDA framework and the estimation of the effective ion
charge Z.st = 1 + exp (f(x)) which lower bound is 1 [915]. An
unbounded estimation of Z. can easily go below 1 due to
uncertainties in the data but also due to a deteriorating cal-
ibration of the data in case of, e.g. degrading optical com-
ponents. The exponential representation of Z.y avoids values
below one which is justified if the data are described reas-
onably well within their uncertainties. As an estimation of
Zesr = 1 is physically meaningful, it is frequently an indication
of a problematic data set. At ASDEX Upgrade Z is estim-
ated from the line-integrated bremsstrahlung background of
CX recombination spectra (CXRS) [915]. A degradation of an
optical component (coatings on lenses or mirrors, degradation
of glass fibers) of the CXRS system is most sensitively detec-
ted with an estimated Z. value at the lower limit for a clean,
high-density discharge closely after boronization where Z. is
expected to be between 1.0 and 1.2. If, additionally to an estim-
ated Z.5 = 1, the residuals between the measured and forward
modeled bremsstrahlung data is systematically negative, this
is a clear indication of a degradation of an optical component.
This Z, criterion is more sensitive to a deterioration of the cal-
ibration than monitoring impurity concentrations determined
by CXRS. Future fusion devices working in a harsh environ-
ment might use the Zz =1 criterion together with the data
residuals for an early detection and quantification of a degrad-
ation of optical components and to specify the need for a re-
calibration or a cleaning procedure.

Monotonicity constraints or penalty for non-monotonicity
can easily be applied similarly to Tikhonov regularization

)} (11.4)

where the sum goes over positions x; where df(x;) /dx has the
wrong sign. o, quantifies the amount of tolerance from the
monotonicity penalty. As o, decreases, the penalty becomes
a constraint. A strongly monotonic function can be obtained
equivalently to the non-negativity constraint by using for
the function derivative an exponential of, e.g. a spline. A
subsequent integration with appropriate boundary conditions
then yields a monotonic function without applying a non-
monotonicity penalizing prior.

Another valuable prior information might arise from phys-
ical modeling. Examples are discussed in section 11.4.4 with
the example of velocity-space tomography where, e.g. the
velocity space is restricted or penalized due to simulations or
the slowing-down physics is included as a regularizing prior.

= (df(xi) /dx)*/ (207,

i
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11.2.6. Parameterization.  The assignment of the parameter
space affects the results of data interpretation. As shown in
section 11.2.5 the choice of parameters allows one to include
physics knowledge as positivity, boundary or monotonicity
constraints via parameter space reduction. Additionally, the
choice of the parameter set determines the flexibility of the
results. For example, the number and position of spline knots
in profile reconstruction determines the spatial resolution. A
reduction of the number of spline knots as well as an increase
of the spline knot distance reduces the spatial resolution of data
fitting. Similarly to the smoothness priors, a sparse parameter
setting is suitable to reduce noise fitting as well as to mitigate
fitting of problematic data if an outlier robust likelihood pdf is
applied.

Comparable to the flexibility in the number of the para-
meters, Gaussian process regression (GPR) allows to reduce
profile flexibility by introducing spatial correlation. Gaussian
process regression is applied, e.g. in fits to electron density and
temperature profile data and the estimation of impurity trans-
port coefficients from Alcator C-Mod [938], in the reconstruc-
tion of various plasma parameters as in the estimation of ion
temperature and rotation profiles at ASDEX Upgrade [920],
for estimating Z.¢ profiles from line integrated bremsstrahlung
spectra at Wendelstein 7-X [921], and tomography for SXR
spectroscopy at WEST [939]. GPR is beneficial for linear
problems, e.g. for interpolation and smoothing of noisy data.
For these cases GPR is computationally fast because ana-
Iytical formulas for the best estimate and for the estimation
uncertainty are available. Additionally, with a Monte Carlo
sampling approach any derived profile, e.g. logarithmic pro-
file gradient and its uncertainties [920], can efficiently be cal-
culated using the covariance matrix.

To estimate how much flexibility in the parameter set-
ting is needed, e.g. how much spline knots to be chosen
for the profiles, criteria are necessary for complexity estim-
ation. The preferred criterion is to allow as much flexibil-
ity as necessary to describe the significant information in the
data and reduce flexibility otherwise to avoid noise fitting
(Occam’s Razor). Various Bayesian and non-Bayesian tech-
niques are available to (automatically) select the necessary
flexibility [929, 938, 940].

11.2.7 Methods for parameter and uncertainty estimation.
The result of a Bayesian analysis is a posterior pdf for the para-
meters of interest given all the data and additional information.
The posterior pdf quantifies how reliable a set of parameters
is in the light of the information used. It contains all the para-
meter interdependencies.

Parameter estimates can be obtained with various methods
distinguishing different properties of the posterior pdf. The
most popular estimate is given by the maximum-a-posterior
(MAP) solution where the posteriori pdf is maximized with
respect to the parameters. For numerical reasons it is preferred
to maximize the logarithm of the pdf. For Gaussian likelihood
and prior pdfs, this is equivalent to minimizing the sum of
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all x? -terms. The uncertainty of the estimate can be derived
from the covariance matrix of the parameters at the MAP solu-
tion. This is equivalent to approximating the typically non-
Gaussian posterior pdf with a Gaussian pdf at the MAP estim-
ate (Laplace approximation) [929]. The parameter covariance
includes the parameter dependencies but fails for strongly
asymmetric pdfs as they occur, e.g. when non-negativity con-
straints are applied.

For an alternative estimate the mean of the posterior pdf
can be used which is different from the MAP estimate for
asymmetric pdfs. Asymmetric pdfs typically occur for non-
linear FMs. Since usually the mean of a multidimensional pdf
with non-linear parameter dependencies are not available ana-
Iytically, Monte-Carlo (MC) sampling methods are used to
explore the full pdf [929]. Among various sampling meth-
ods, Markov chain Monte Carlo (MCMC) sampling is fre-
quently used because it is efficient and rather easy to imple-
ment. It allows to sample the full parameter space, to find mul-
timodal pdfs with multiple estimate candidates, to visualize
marginal distributions for finding an unresolved subspace or
parameter correlations not resolved by the data. In case of an
uni-modal posterior pdf, the mean of the parameter samples
provide an estimate, which can be compared to the MAP solu-
tion, and the covariance of the samples provides information
about the estimation uncertainty. Furthermore, any derived
quantity from a parameter sample can also be averaged and
its uncertainty estimated. As an example see [920] where the
electron density and temperature profiles were estimated from
MCMC sampling of the posterior pdf of an IDA approach of
multiple diagnostics at ASDEX Upgrade. The uncertainties of
the profiles as well as estimates for the profile gradient and
the logarithmic gradients and their uncertainties were obtained
applying MCMC sampling.

In any case when a new data inference problem is tackled, it
is recommended to explore a posterior pdf with MCMC meth-
ods at least once to learn about the subtleties of the data ana-
lysis problem at hand.

11.2.8. Validation. = The validation of the results from a
Bayesian analysis is closely related to the methods for para-
meter estimation and the estimation of the parameter uncer-
tainties (section 11.2.3.3). Exploring the parameter space
of the posterior pdf via MCMC sampling and comparing
the mean and the MAP solutions and their uncertainties is
recommended as a first validation step. Multi-modal pdfs
with similar weights around the posterior maxima cannot
easily be summarized by single estimates and uncertainties.
Furthermore, they can result in misleading estimates in para-
meter ranges not supported by any of the diagnostics data
[935]. Such a multi-modal posterior pdf can be obtained,
e.g. for inconsistent diagnostics data when the individual ana-
lyses of the diagnostics result in distant estimates with non-
overlapping uncertainties, for outliers within a set of data,
or for a misspecified uncertainty level for the data [935].
As outliers of known or unknown source and misspecified
uncertainties can be tackled with an outlier robust likelihood
(section 2.4), inconsistent diagnostics need to be studied in
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more detail. After a thorough inspection of sources for the
inconsistency, candidate sources can be quantified with addi-
tional nuisance parameters, its uncertainties with a corres-
ponding prior pdf, and marginalized (integrated out) from the
posterior pdf. This way the uncertainty of the nuisance para-
meter propagates to the parameters of interest. If the posterior
pdf becomes a unimodal distribution with parameter estimates
and uncertainties capable of describing all diagnostics, a reas-
onable candidate for the inconsistency is found. This way vari-
ous candidates for the inconsistency can be tested and com-
pared for their success in explaining all data simultaneously.
Please note, that with this method reasonable candidates can
be identified, but the method does not guarantee to find the
correct source of the inconsistency. Nevertheless, this prob-
abilistic method puts any inconsistency study on quantitative
grounds.

Similar methods as for inconsistent diagnostics are applied
for diagnostics deterioration, e.g. degradation of optical com-
ponents (see also section 11.2.5). An IDA method combin-
ing data from multiple diagnostics including calibration data
provides a self-consistent approach to constrain uncertain
and varying calibration nuisance parameters. This approach
becomes important in any harsh environment of future fusion
devices as DEMO.

An extension of the validation methods described so far
is given by the combination of measured data with modeling
information. Physical modeling allows to avoid non-physical
prior information, to reduce the parameter space on phys-
ical grounds, and to validate the measured data. Transport
analyses, e.g. given by ASTRA modeling, might help to
identify diagnostics lack of strength, e.g. unresolved para-
meter dependencies, as well as, e.g. limiting profile gradi-
ents not restricted by diagnostics data within their uncertainty.
Validation typically performs best if all relevant information,
measured data and modeling information, are jointly analyzed.
The most important criterion is given by reasonable data resid-
uals. Successful validation needs data residuals within the
uncertainties and data residuals scattering according to the
likelihood pdf used. Again, successful probabilistic validation
does not imply a physically correct description of the data and
correct physical modeling, but it provides a quantitative frame-
work for the validation process.

11.2.9. Numerical implementation. =~ Nowadays ample exper-
ience exists from applying IDA at various fusion devices (W7-
AS, ASDEX Upgrade, JET, W7-X, TJ-II, and MST RFP),
for various diagnostic combinations and for various parameter
sets. Based on this experience and due to the conceptional
clearly defined Bayesian approach an open-source IDA tool-
box written in python and designed to be modular and flex-
ible to be used at present and next generation fusion devices
is presently under development. The code is intended to be
highly modular in the set of diagnostics considered, in the
type of likelihoods to address different uncertainty conditions,
in the multi-fidelity FMs (synthetic diagnostics) to allow for
fast analysis with reduced physics for real-time applications
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up to post-plasma data analysis with highly-sophisticated dia-
gnostics models, modular in the parameterization (splines,
Gaussian process regression, ...), in the priors encompassing
non-physical conditions (e.g. smoothness) or physical inform-
ation from modeling codes, and modular in the evaluation
and representation of results using MAP solutions or using
MCMC sampling to explore the full probabilistic parameter
space. A first implementation showing the combination of a
synthetic set of interferometry, Thomson scattering and ECE
diagnostics for the estimation of electron density and temper-
ature profiles is described in section 11.4.2.

The IDA workflow is controlled by code parameters for,
e.g. the selection of the set of diagnostics to be analyzed, the
likelihood and FM to be used for each diagnostic, the equilib-
rium to be used, the time frame and temporal resolution with
which the physical quantities are to be estimated, the para-
meterization of the physical quantities (profiles) to be estim-
ated, the prior constraints to be applied (smoothness, physical
models), or the parameter and uncertainty estimation methods
(MAP, MCMCO). A frequently used format for code paramet-
ers is given by the XML format. The present IDA implement-
ation relies on the YAML format which is easier to be read and
edited by humans.

11.3. IMAS

A multiple purpose data analysis framework should be adapt-
able to handle any data input and output method. Nevertheless,
a standardized communication scheme between codes and
databases is beneficial for an efficient workflow.

The ITER IMAS is the implementation of a physics model-
ing and data analysis suite for plasma operation and research.
It provides standardized access to experimental and simulated
data [397]. The data are organized in interface data structures
(IDS) which are designed for high modularity and flexibility
to be suitable for any fusion device. The IDS provide within
a data dictionary a definition of data structures in a tree con-
figuration and the names of the data to be used with the most
popular programming languages. New IDS are continuously
developed and existing ones are extended according to the
needs of code developers and users.

IMAS is designed to provide workflows for plasma mod-
eling, data analysis and data structures. The IDS encom-
pass, e.g. the full description of the tokamak subsystems (dia-
gnostic, heating system, etc) or the physical concepts describ-
ing the plasma (equilibrium, set of core plasma profiles, wave
propagation, etc) [397]. IMAS is used within the IDA frame-
work, at present, by reading the machine description data for
the diagnostics properties (geometry), the diagnostics data,
diagnostics FMs, and the equilibrium. The linkage with IMAS
will be extended as further diagnostics and FMs will be
provided.

For a diagnostic FM provided by IMAS to be used, the para-
meter representation internal to the IDA framework has to be
mapped to the corresponding IDS needed as input to the IMAS
FM. For example the spline representation of profiles within
the IDA framework has to be mapped to the core-profile IDS
defining the interface to the IMAS routines.

Eventually, the results of the data analysis, e.g. the estim-
ated profiles and their uncertainties, and the forward modeled
data and the residuals have to be written into the correspond-
ing IMAS database for further usage. The residuals, which
describe the misfit of the measured data or modeling prior
information with the forward modeled data, is of central
importance for a (later) validation of the estimation results.

FMs provided by IMAS ideally have to be provided in
a numerically-efficient modular way since the estimation of
physical parameters requires a fitting (MAP solution) or a
sampling (MCMC approach) procedure where the FM is eval-
uated multiple times. Separate sub-functions for initialization
and evaluation of synthetic signals, such that only the eval-
uation method is iterated in the IDA loop, have to be distin-
guished. Three instances of the FM are to be separated: First,
the initialization of time independent (static) quantities such
as reading the geometry of the interferometer LOSs from the
IMAS machine database which has to be done only once for
the complete evaluation of a plasma pulse. Second, the ini-
tialization of time dependent (dynamic) quantities such as the
magnetic equilibrium and the magnetic coordinates along the
interferometer LOSs, which has to be done once for each time
point. Third, the evaluation of the FM (synthetic diagnostic
signal) from the parameters to be estimated. The third and
innermost part of the IDA iteration loop defines the most crit-
ical part for numerical efficiency.

11.4. Examples

11.4.1. Synergistic effect. =~ The result of a Bayesian analysis
is a probability distribution of the parameters of interest. In
case of a multidimensional probability distribution, the pdf
contains the dependencies between the parameters. These
dependencies allow one to obtain a synergistic effect where
the result of a diagnostic set is more informative than the
sum of the results of individual measurements. This is depic-
ted in figure 186 where Thomson scattering data are analyzed
together with SXR data [910].

The left panel shows the two-dimensional likelihood pdf
as a function of density and temperature using only the TS
data. The hyperbolic structure is typical for this TS diagnostics
which was most sensitive to the electron pressure. The middle
panel shows the pdf of a SXR analysis where only temperat-
ure information was obtained, to be seen in the structure-less
shape with respect to the density. Assuming we are interested
in the density only, the two-dimensional posterior pdfs have to
be marginalized over the temperature. The result of this mar-
ginalization is shown in the right panel for the Thomson data
only (dashed curve), SXR data only (dotted flat curve) and the
joint analysis taken from the product of the two pdfs (solid
line). Although the SXR data do not provide any information
about the density, the joint analysis shows a 30% reduction of
the estimation uncertainty (width of the marginal distribution)
of the density. This example shows on the one hand the mech-
anism how a probabilistic synergistic effect is obtained, and,
on the other hand, that exploiting the dependencies between
the parameters are valuable for the combined analysis of het-
erogeneous diagnostics.
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Figure 186. Synergistic effect by exploiting full probability distribution.

11.4.2. Profile reconstruction. ~ Various applications for pro-
file reconstruction using IDA at the W7-AS stellarator [910], at
the ASDEX Upgrade tokamak [914, 915, 920, 926], at the JET
tokamak [912], at the TJ-II stellarator [916], at the MST RFP
[917,918], and at W7-X stellarator [921, 922] can be found.

Due to the conceptional clearly arranged Bayesian
approach a general-purpose IDA toolbox, written in python,
for present and next generation fusion devices was developed
and will continuously be complemented as new diagnostics or
parameterizations are requested. The ingredients are summar-
ized in section 11.2. A first application of this IDA tool-
box implemented at ITER combines synthetic diagnostic
data from artificial ECE and TS diagnostics. These two dia-
gnostics were augmented with a synthetic data set from the
TIP [518]. The IDA software package allows for selecting
(via the YAML parameter file) for the diagnostics individually
among Gaussian and Student’s t-likelihoods and for the profile
parameterization between a spline representation optionally
with non-negativity constraints or an exponential of a spline
representation which is by definition positive. The profiles can
be estimated in two ways, by finding the MAP solution of the
posterior pdf or by evaluating the mean profiles from MCMC
samples from the posterior pdf. Both estimation techniques
allow to evaluate profile uncertainties.

The IDA software package reads from the ITER:IMAS
database: From the ITER machine description database the
interferometry geometry of 5 LOS (figure 187) and from the
ITER scenario database an ITER equilibrium were taken. For
the TIP a synthetic data set was generated by line-integrating
a core density profile corresponding to profiles from the ITER
scenario database. Random noise with a standard deviation of
5% was added to the TIP data. The ECE data and TS data were
generated similarly at arbitrary positions within the plasma
due to, at present, lack of realistic coordinates of the two dia-
gnostics in the machine database. For the ECE FM the basic
assumption of a thermal and optically-thick plasma (black-
body radiation) is assumed where the radiation temperature
equals the electron temperature (7;,g = 7¢) at the cold reson-
ance position. This frequently used, trivial ECE FM will be
complemented with the radiation transport forward modeling
using the ECRad code [930, 931]. For simulating TS data, T,
and n, pair values are taken at various positions in the plasma
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Figure 187. Toroidal plane of ITER (major radius 6.2 m, minor
radius 2 m) and the 5 TIP LOSs.

from the temperature and density profiles. Random noise of
10% for both ECE and TS data were added.

The profiles taken for generating the data sets for the
three diagnostics are shown in figure 188 as black solid lines
(original). The noisy data are shown as crosses (TS blue,
ECE green, TIP orange) where the length of the vertical line
corresponds to the uncertainty chosen. As the TIP data are
line integrated, the data are normalized to the lengths of the
LOSs as shown in figure 189. The 5 TIP data are plotted
at arbitrary plasma position sorted according to the smal-
lest (largest) length of the LOS to the largest (smallest) ppol,
correspondingly.

The profiles were parameterized with the exponential of
a spline which ensures non-negativity. For the ECE and
TS data the Student’s t and for the TIP data the Gaussian
likelihood were arbitrarily chosen. If sporadic fringe jumps in
the TIP data are expected and routine (unsupervised) analysis
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Figure 188. Simulated (black solid line) and reconstructed (red
solid line) temperature and density profiles estimated from the noisy
data from the ECE (green), TS (blue) and TIP (orange) diagnostics.
The open diamonds depict the forward modeled TIP data using the
fitted density profile. The dashed area covers the uncertainty band
from a MCMC sampling method.

is foreseen, the Student’s t-likelihood is beneficial in down-
weighting the corrupted data, as routinely used within the IDA
approach at ASDEX Upgrade. No smoothing prior is applied.

The profiles estimated from the set of noisy data using the
MAP solution are shown as red solid lines (MAP) with uncer-
tainties employing the Gaussian approximation as red dashed
lines. The profiles from the mean of the MCMC samples
hardly deviates from the MAP profiles (not shown). The uncer-
tainty band estimated from the upper and lower standard devi-
ations of the MCMC samples relative to the mean values are
shown as shaded area (MCMC). Please note that the use of
upper and lower standard deviations typically result in asym-
metric uncertainty bands if the posterior pdf is not symmet-
ric with respect to its mean value. As expected, the MAP and
MCMC estimates for this test example agree within the eval-
uated uncertainties with the original profiles.

11.4.3. Equilibrium reconstruction. A reliable magnetic
equilibrium reconstruction is essential for stability and trans-
port studies as well as for the development of advanced
plasma operation or steady-state tokamak operation with high
bootstrap current fraction and non-inductive current drive
[941, 942]. Additionally, a reliable equilibrium is of major
importance for the mapping of the diagnostics on a common
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coordinate system in the IDA framework. Various equilibrium
reconstruction codes and methods are available at the vari-
ous fusion devices (see e.g. [943-948]). Frequently, for early
availability and robustness equilibrium reconstruction is based
on a reduced data set as, e.g. magnetic probe measurements
only. But this usually results in reduced reliability especially
of the core parameters (current and g -profiles and flux sur-
faces). Therefore, for best performance the equilibrium recon-
struction is part of the IDA workflow where a lot of relevant
information for an improved equilibrium can be provided.

Often abundant measurement and modeling information is
available for an improved reconstruction of the magnetic equi-
librium. This is exemplified with the ASDEX Upgrade equi-
librium reconstruction using the IDE code package [948, 949].
This framework is based on coupling of a Grad-Shafranov
solver with current diffusion modeling. The neo-classic cur-
rent diffusion model (CDM) describes the temporal evolu-
tion of the equilibrium between two successive equilibrium
reconstructions employing the Grad-Shafranov solver [950].
The CDM predicts the flux-surface averaged current dens-
ity profile which provides data including their uncertainties
additionally to all the other measurements to constrain the
next equilibrium reconstruction. The free-boundary equilib-
rium solver employs data from magnetic measurements (field
probes and flux measurements), diamagnetic measurements
[951], pressure profiles from electron [914] and ion temper-
ature and density measurements [920] and fast-ion pressure
modeling (RABBIT [952] for NBI or TRANSP [953] for NBI
and ICRH), effective ion charge Z. [915], internal current
measurements from MSE and IMSE [954] and polarimetry
[955], tile (halo) currents for SOL currents, loop voltage meas-
urements, g -constraints from mode analyses, topological iso-
flux constraints from multiple measurements of 7, or 7; on
the same flux surface [945, 956], and plasma rotation meas-
urements for considering centrifugal effects in an extended
Grad-Shafranov equation [945, 957]. For the neo-classical
current diffusion the electron and ion temperature and dens-
ity and the Zeff profiles are needed for the bootstrap current
and the conductivity. Additionally, the EC and neutral beam
driven currents are provided by the TORBEAM and RABBIT
codes. Sawtooth reconnection events are described by two
different sawtooth models for the sawtooth induced current
re-distribution [949]. All these inputs provide redundant and
complementary data for an improved and validated magnetic
equilibrium.

The close interdependencies between the IDA profile
estimation and the equilibrium reconstruction mutually influ-
ence also their reliabilities [920, 946]. As a fully integrated
IDA approach covering profile estimation and equilibrium
reconstruction simultaneously is still to be provided, a prag-
matic approach is given by an alternating iteration of profile
estimation and equilibrium reconstruction which was observed
to converge within a few iterations. The uncertainties of the
input data for the equilibrium reconstruction are taken into
account in the fitting part of the Picard iteration, and, there-
fore, propagate to the uncertainties of the equilibrium quantit-
ies. The equilibrium uncertainties for the profile estimation can
be considered by a MC approach sampling the base-function
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Figure 189. Measurement of a fast-ion velocity distribution function [a.u.] in the center of a plasma heated by co-current and
counter-current neutral beam injection at EAST. The tomographic inversion is based on (a) FIDA spectra using two detectors, and (b)
additionally a NES spectrum. The expected ion densities to the right of the dashed line are low as expected from a calculation with
TRANSP/NUBEAM. Reproduced from [958]. © EURATOM 2020. All rights reserved.

equilibrium coefficients from their covariance matrix and eval-
uate a random sample of equilibria to be used for the study of
equilibrium-induced profile uncertainties.

11.4.4. IDA by velocity-space tomography.  An application
of IDA, which has emerged in recent years, is the measure-
ment of fast ion VDFs by velocity-space tomography [959—
961]. As for any tomography application, IDA of all available
measurements is essential. Position-space plasma tomography
systems are usually designed with nominally identical or at
least similar detectors. Velocity-space tomography uses any
available detector monitoring the same spatial measurement
volume, regardless of the type of diagnostic [960].

An example appears in figure 189 showing the VDF at
EAST for a plasma heated by co- and counter-current NBI
[941]. E is the energy and p is the pitch. The measurements
are analyzed using (a) only two fast-ion D ,, (FIDA) spectro-
scopy detectors and (b) the two FIDA detectors and in addition
neutron emission spectroscopy (NES).

The dashed line represents the upper boundary of a VDF
computed with TRANSP/NUBEAM. Few ions are expected to
the right of the dashed line because only NBI heating was used
and no acceleration of ions is expected. If, on the one hand,
only the two FIDA detectors are used to compute the tomo-
graphic image, large ion densities at energies significantly lar-
ger than the NBI injection energies are erroneously found.
We additionally recognize these as artifacts since similar arti-
facts appear in tomographic inversions of synthetic measure-
ments, where the true solution is known, for this diagnostic
setup. If, on the other hand, in addition NES measurements
are used, they force the distribution function to very small val-
ues at large energies. This works well since NES measure-
ments are highly sensitive at large energies [962, 963]. This
example shows that the IDA of FIDA and NES here suppresses
the artifacts at large energies. A second example in addition to
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figure 189 is velocity-space tomography based on y -ray spec-
troscopy (GRS) measurements and NES measurements at JET
[964]. The NES measurements are made by TOF, liquid scin-
tillator and single-crystal diamond detectors [965], so that in
total four different detector types were used in the tomographic
inversion.

Until now velocity-space tomography has been applied at
ASDEX Upgrade [961, 966-971], JET [964], MAST [972],
DIII-D [941], EAST [973, 974] and TCV [975]. Various com-
binations of data from FIDA, NES, GRS as well as CTS with
two to five simultaneous detectors have been used at these
tokamaks. VDFs in plasmas heated by NBI as well as electro-
magnetic wave heating in ion cyclotron range of frequencies
(ICRF) have been measured.

AtITER, velocity-space tomography of the « -particle dis-
tribution function based on GRS and CTS has been shown to
be feasible for energies from about 1.7 MeV upwards [629].
However, since all currently foreseen diagnostics observe in
a perpendicular direction with respect to the magnetic field,
the sign of the pitch p of the « -particles cannot be determ-
ined. But the absolute value |p| can be determined, so that
the VDF f(E,|p|) can be measured. If an oblique v -ray
detector is installed, the sign of the pitch can be found,
too [629].

Velocity-space tomography is also applied to measure
anisotropic deuterium temperatures 7} and 7, as well as the
deuterium density and drift velocity [976]. In this applica-
tion, the full (fast and thermal) VDF is determined based on
simultaneous measurements with several D, -spectroscopy
detectors, and then the lowest moments of the full VDF are
computed [976].

Reviews of velocity-space tomography are available in
[962, 977]. In the following we will focus on methods of
velocity-space tomography and discuss the FM, the inverse
problem, prior information, uncertainties as well as related 1D
to 5D tomography problems.
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Figure 190. Exemplary weight function showing the velocity-space sensitivity of a CTS measurement at a particular Doppler shift.

Reproduced from [961]. © 2014 IAEA, Vienna. All rights reserved.

11.4.4.1. The FM: synthetic diagnostics. ~ To do tomography
in velocity space, we need to quantify the sensitivity of the
diagnostics in velocity space. This is analogous to model-
ing the lines-of-sight in traditional position-space tomography.
Weight functions quantifying this velocity-space sensitivity
have been developed for all major fast-ion diagnostics: FIDA
[978, 979], NPAs [978], CTS [627], NES [980, 981], GRS
[982, 983] and FILDs [984]. Recently, weight functions for
3 MeV proton diagnostics [985] and ion cyclotron emission
spectroscopy weight functions [986] have been numerically
computed, too. A weight function w relates a 2D fast-ion dis-
tribution function f to a measurement s through the integral
equation [627, 978-983]

8

s(my,my) = w(my my,vp,v1)

\8

xf(v)

S

8

|7VJ_>dVHdVJ_ (11.5)
s (my,my) is the measured signal in the spectral bin [m,m;)].
FIDA measures spectra in wavelength [987], GRS in ~ -ray
energies [988], TOF NES in flight times [963], and CTS
in wave frequency [989]. (vj,v.) are the velocities parallel
and perpendicular to the magnetic field, respectively. (E,p)
coordinates are also often used but in (v” vV L) the geometrical
shape of weight functions is often clearest. The weight func-
tion hence shows the quantity [signal/fast ion] where the units
of the signal are particular to the instrument. An example of a
weight function appears in figure 190. The colored regions are
observable for the given measurement bin whereas the white
regions are not observable.

Substitution of a § -function modeling Ny ions at coordin-
ates (v, v_Lo) into equation (11.5) and integration shows that
the amplitude of a weight function at velocity-space position
(vjj0,v.L0) is readily computed from

s(my,my)

N, (11.6)

w (m] y M2, V)10, Vl()) =

using a standard synthetic diagnostic code for the diagnostic.
The computation of the signal by weight functions neglects
spatial effects, which is usually fairly accurate for the plasma
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center where plasma profiles are flat and spatial effects are
hence negligible.

Knowing the weight functions for all available measure-
ment bins in a measured spectrum, we can write the FM of
the diagnostic as the matrix equation

S=WF (11.7)
which summarizes a discretization of equation (11.6) [959]. S
is a vector holding the measurement data of all available dia-
gnostics, F holds the VDF rearranged as column vector, and
each line of the matrix W holds a weight function rearranged
as a row vector. Given a simulation F and knowing the weight
matrix W, we can rapidly compute the corresponding synthetic
signals S for all diagnostics.

11.4.4.2. Likelihood. To determine F, given W and S,
equation (11.7) has mathematically the same form as any
traditional position-space tomography problem. However,
velocity-space tomography often requires combinations of
entirely different diagnostics or detector types. For practical
reasons, to combine measurements with vastly different amp-
litudes by orders of magnitude, each individual measurement
in S and its corresponding weight function is normalized by
its uncertainty [960]. This is equivalent to the unnormalized
data if likelihoods with the 2 -misfit between the data and
the forward modeled data weighted with the measurement
uncertainty are used as, e.g. for the Gaussian and Student’s t-
likelihood (equations (11.2) and (11.3)). In the present inverse
problem of velocity-space tomography the Gaussian likeli-
hood is employed.

11.4.4.3. Prior information. ~ The amount of measured fast-
ion diagnostic data is always small in fusion plasmas due to
the limited access to the plasma and the often comparatively
low SNR for tomography applications. Furthermore, there are
never more than just a few detectors, such that we must always
determine the 2D image from just a few projections (medical
tomography uses hundreds of projection directions). Due to
this limited amount of data and projection directions, the use of
prior information for this ill-posed inference problem is often
essential to reduce noise fitting and obtain meaningful images
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[966], in particular in velocity-space regions observed by only
one or two detectors [629, 919, 941, 972].

As in many tomography problems, the problem to find F
from W and S is ill-posed and must be regularized with addi-
tional (prior) information. The most successful regularization
method in velocity-space tomography has been the Tikhonov
regularization in which we solve a least-square problem of the

form [966]
w
(%) (3)

The upper row of this matrix equation seeks to fit the
data whereas the lower row penalizes undesired features of
the solution. L is the regularization matrix. Velocity-space
tomography usually uses zeroth order Tikhonov regulariza-
tion, where L is the identity matrix, or first-order Tikhonov
regularization, where L is a matrix effecting a gradient. This
penalizes large absolute values or large gradients, reflecting
our prior information that we believe the VDF to be smooth
due to collisions. Equation (11.8) is equivalent to maximiz-
ing a posterior pdf given by the product of a Gaussian likeli-
hood with a Gaussian prior pdf with the Tikhonov term in the
exponent [919].

A is the regularization strength that balances data fitting
versus the regularization requirement. A is a free parameter
of the problem that must be determined as part of the solution.
Various methods to choose A automatically have been tested,
e.g. the L-curve or the generalized cross validation method
[966]. However, no method is clearly always advantageous,
and they usually produce similar A’s within a factor 10. It is
advisable to inspect a range of \’s to make sure that no phe-
nomena are missed.

This is the standard regularization technique in many
plasma tomography applications. If no constraints are intro-
duced, the solution is given by the so-called normal equation

S

0 (11.8)

minimize
F

2

Fy= (Ww+ 22" wrs (119)

We write the index A in F) to emphasize that the solu-
tion depends on the regularization strength. However, F, com-
puted with the normal equation usually becomes negative in
some velocity-space regions, which is unphysical. This can
be remedied by further prior information about non-negativity
constraints. We are certain that the fast-ion VDF is not negat-
ive. This prior can be encoded by solving a least-square prob-
lem with non-negativity constraint [966]:

(% )(3)

One can simply use a non-negative least-squares algorithm
[990]. Alternatively, one may penalize negative values and
hence force them to become small [967]. The non-negativity
constraint also acts as a useful smoothing regularizer since
it tends to dampen high-frequency spatial oscillations in the

S

0 subjectto F > 0.

2

minimize
F

(11.10)
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Figure 191. The colored lines are boundaries of weight functions
connected to null-measurements. The black line is their envelope,
presenting a boundary to the velocity space region empty of fast
ions. Reproduced from [966]. © 2016 EURATOM. All rights
reserved.

solution. Since the prior information of non-negativity is abso-
lutely certain, we regard the non-negative Tikhonov problem
as our standard method.

Several other constraints have been implemented in addi-
tion to non-negativity: isotropy, monotonicity, or restrictions
on the target velocity space to be reconstructed. For example,
a minimization problem with non-negativity, restricted velo-
city space, and monotonicity constraint in energy can be

written as
L. w S
mlnlgnlze (/\L)F<O> )
F>0,
subjectto ] F(Ep,pg) =0, (11.11)

Ly gF (Ep,pm) < 0.

F(Ey,po) =0 is the velocity-space region with negligible
fast-ion densities according to null-measurements, as identi-
fied by weight functions [966]. A null-measurement in the
measured signal S is the measured absence of evidence for
fast ions. An example of an experimentally determined null-
measurement velocity space region at ASDEX Upgrade is
illustrated in figure 191. It is advantageous to use null-
measurements as they restrict the velocity space by redu-
cing the number of unknowns [966]. Null-measurements are
perhaps more intuitively understood in position-space tomo-
graphy problems: A ray that misses the object altogether will
measure the absence of any material, and thus this part of
position-space does not need to be reconstructed.

A monotonicity constraint in one of the coordinate direc-
tions, in equation (11.11) the energy, can be advantageous if
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Figure 192. k; (E,p) encodes the NBI injection energies and pitch. Reproduced from [966]. © 2016 EURATOM. All rights reserved.

one is confident that the distribution function is monotonous
[941]. This is likely a good assumption for « -particles or usu-
ally ICRF fast-ion tails. However, any local minimum in the
distribution function may be physical, which would be missed
when this mathematical constraint is enforced.

Prior information may also be encoded by modifying the
penalty function to become dependent on the velocity-space
coordinates. For example, to promote nearly isotropic solu-
tions, we can penalize gradients in pitch direction much more
strongly than in energy direction [919, 991]. This idea is
similar to anisotropic regularization along flux surfaces in
position-space plasma tomography. We may further enforce
isotropy as constraint by assuming the solution to be constant
in pitch direction [977].

Another way to modify the penalty function is to introduce
a function &, (E,p) acting with a first-order Tikhonov regu-
larizer or another function kg (E,p) acting with a zeroth-order
Tikhonov regularizer [941, 966, 972, 973]. The minimization
problem with a mix of zeroth- and first-order Tikhonov terms
is written as

w S
minimize | | A (Ep)Ly | F={ 0 (11.12)
Aokio (E,p) Lo 0 /1,

k1 (E,p) used with the first-order Tikhonov penalty term
A1L; can encode the velocity-space positions of the particle
sources of an NBI. The velocity-space positions of the particle
sources at the full-, half- and one-third NBI injection energies
at a particular pitch are well-known. If x; (E,p) is chosen to
have minima at these well-known peak locations, as illustrated
in figure 192, gradients are penalized less in the vicinity of
the particle sources than elsewhere [966]. This can allow the
formation of peaks in the image but does not force it. Observe
that when the gradients are penalized less, a local minimum
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is equally well formed as a local maximum. Data will usually
dictate the formation of a maximum.

Instead of a formulation of null-measurements as a
mathematical constraint, we can introduce a zeroth order
Tikhonov penalty in the null-measurement velocity space
as A\oko (E,p) Lo [972]. This method can be used if we are
in doubt if the velocity-space is empty, e.g. if the null-
measurements are too uncertain to set the related velocity
space to zero. An example of a function k¢ for a velocity-
space tomography problem at the MAST tokamak appears in
figure 193.

The increasing penalty with energy reflects our increas-
ing doubt to find ions at increasing energies [972]. If the
boundary between the null-measurement velocity space and
the target velocity space cannot be found from measure-
ments, we can use a numerical simulation, for example using
TRANSP/NUBEAM, to restrict the velocity-space region con-
sidered for the inversion [972]. This assumes that there is no
acceleration mechanism for fast ions to accelerate them bey-
ond the boundary from the neoclassical simulation.

A recent idea is to expand the VDF into a series of slowing-
down distribution functions fsp [973]. The tomography prob-
lem is then to determine the coefficients a; associated with
the ith base function. In matrix form this expansion can be
written as

F =FgspA (11.13)

where the vector A holds the expansion coefficients, and the
matrix Fsp holds the slowing-down distribution functions
rearranged as columns. The forward problem becomes

S = WFspA. (11.14)
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Figure 193. Prior information of unlikely velocity space for velocity-space tomography at MAST according to (¢) TRANSP/NUBEAM
and (b) null-measurements. The monotonously growing ko (E,p) towards higher energies expresses our increasing doubt to find ions.

Reprinted from [972], with the permission of AIP Publishing.

Given A and knowing W and Fsp, we can calculate the sig-
nal S. Calculating A, given S, is an ill-posed problem, as the
tomography problem with the expansion. We can then solve a
zeroth-order Tikhonov problem in the expansion coefficients

(2 o)

If Fsp is invertible, we can substitute A = F' gljl F, and
equation (11.15) can be equivalently written as

(et )= (5)

which shows that the expansion in basis functions can be for-
mulated as a standard Tikhonov problem with Fsp~! as the
regularization matrix L. This allows us to interpret this expan-
sion in slowing-down basis functions as slowing-down regu-
larization. This type of regularization reflects our prior belief
that the usual slowing-down physics will in part determine
the shape of the distribution function. However, if data dic-
tates otherwise, deviations will appear due to the upper row of
equation (11.16).

Lastly, if there is not enough data to do a full tomographic
inversion, we can use a numerical simulation Fg, as prior
information and penalize any deviation from the simulation
[966]. The penalty term becomes ||L(F — Fsim)||,, and we
write the problem as

(3 ) =

Other prior information can still be added in the same way
as described. However, observe that this Tikhonov problem
pursues a less ambitious goal than a full tomographic inver-
sion due to the use of the simulation. Our goal here is only

WFsp
A

S

0 (11.15)

minimize
A

2

S

0 (11.16)

minimize
F

2

S S
minimize ALF,;,

r (11.17)

2
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to identify regions in velocity space where the measurements
suggest deviations from Fsim which we can find by success-
ively decreasing .

We summarize the different types of prior information that
has be used in velocity-space tomography:

e smoothness (zeroth- or first-order Tikhonov)

e non-negativity constraint or penalty for negative values

e restricted velocity space by null-measurements or according
to a simulation (constraint)

unlikely velocity space by null-measurements or according
to a simulations (penalty)

monotonicity constraint

isotropy constraint or penalty for deviation from isotropy
beam injection peak locations

slowing-down physics as regularizer

numerical simulation as prior.

11.4.4.4. Uncertainties. ~ Sources for uncertainties in the
estimated velocity-space distribution can be divided into four
categories: (1) uncertainties due to (statistical) measurement
noise [960], (2) bias uncertainties in the measurements (sys-
tematic uncertainties), (3) uncertainties in the weight matrix
W (FM) due to uncertainties in nuisance parameters [970] and
(4) bias uncertainties due to the regularization [970] (prior
information).

Analytic formulas for estimating uncertainties due to meas-
urement noise and uncertainties in the nuisance parameters can
be given for the unconstrained Tikhonov problem [629, 969].
For the constrained Tikhonov problem, these uncertainties can
be found by sampling. The fast-ion measurements and the
nuisance parameters are sampled from their probability dis-
tributions. For each sample we obtain an inversion. Hence we
generate a population of N inversions, F ;. Its mean is the best
estimate of the velocity-distribution function, and its standard
deviation is the uncertainty due to uncertainties in the signal
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and the nuisance parameters:

1
(Fr) = NZ Fxi, (11.18)

1
SFy = HZ (Fai— (F)). (11.19)

Each pixel in the inversion hence has its own uncertainty
[969, 970]. The two contributions can also be individually cal-
culated if required.

The computation of bias uncertainties due to regulariza-
tion and due to systematic errors in the measurements are
open problems. Bias uncertainties make it impossible to recon-
struct the true distribution function even with perfect, noise-
free measurements. To quantify this bias, we would need to
know the true solution, which we never do [919].

Systematic bias uncertainties in the measurement data are
also notoriously difficult to detect. But such systematic meas-
urement errors can lead to systematic artifacts which can
sometimes reveal that some error is present. For example,
errors in the calibration of the measurements lead to system-
atic artifacts that can give clues to what might be wrong.

11.4.4.5. Discussion. To make optimal use of the diagnostic
set at ITER or other tokamaks and stellarators, we must
develop 1D to 5D inversion tools and be able to use prior
information to deal with the sparsity of data on these devices.
The methods presented here will allow measurements of o-
particle VDFs for energies from 1.7 MeV upwards based on
IDA of GRS and CTS [629]. Hence energy spectra in ITER,
as requested by the ITER measurement requirements [4], can
also be determined. Below «-particle energies of 1.7 MeV,
CTS will be the only diagnostic for o-particles. If only one
detector is available, 1D inversion techniques need to be used
to determine energy spectra, for example by assuming isotropy
or near-isotropy as prior [977, 991].

It is now also becoming possible to measure 3D phase-
space distribution functions by orbit tomography [992, 993].
This approach is analogous to velocity-space tomography, but
in 3D phase-space of constants of motion which covers the
entire ion population in the tokamak. Each grid point in 3D
phase space corresponds to an orbit in the tokamak. The FM
computes the signal generated by fast ions on each orbit. In the
tomography problem, the 3D phase-space distribution func-
tion of all fast ions in the plasma is inferred from the measure-
ments of all detectors. The computed orbits constitute the prior
information for orbit tomography. This approach has worked
well at ASDEX Upgrade [994] and is being implemented at
JET [993]. It requires many measurements to cover the 3D tar-
get phase space, but with appropriate additional prior inform-
ation it will hopefully be useful at ITER.

Lastly, the presented method to expand the distribution
function in 2D base functions is actually not restricted to
2D. The base functions can be 3D, 4D or 5D functions. For
non-axisymmetric plasmas, the entire phase-space distribution
function is described by 3D in position space and only 2D
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in velocity space due to the fast gyromotion. 5D tomography
would allow IDA of all measurements on stellarators or non-
axisymmetric tokamaks.

11.5. Summary

IDA in the framework of BPT provides a method for improved
results by a coherent combination of heterogeneous diagnostic
measurements with physical prior and modeling information
to restrict the parameter space of otherwise ill-posed inversion
techniques. The concept of IDA is outlined and contrasted with
conventional data analysis. The ingredients of this probabil-
istic approach is given by forward modeling, suitable likeli-
hood pdfs with comprehensive uncertainty quantification of
measurements, probabilistic quantification of prior informa-
tion, and probabilistic quantification of nuisance parameters
and their marginalization. The probabilistic approach enables
us to obtain synergistic effects by exploiting the parameter cor-
relation structure and diagnostics interdependencies.

A general purpose IDA toolbox was developed for present
and next generation fusion devices and applied to a combina-
tion of ITER profile diagnostics. Profile estimation and equi-
librium reconstruction is closely correlated and is recommen-
ded to be combined in an IDA approach. An example of IDA
by velocity-space tomography highlights the benefit of com-
bining various heterogeneous diagnostics with physical prior
information including their uncertainties.
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