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Abstract

The behavior of runaway electrons of Frascati Tokamak Upgrade (FTU) discharges is
investigated through the comparison of experimental synchrotron emission spectra and visible
images with their synthetic counterparts. Synchrotron spectra are measured in an unprecedented
wide wavelength range (450-4000 nm) while synchrotron images are collected by a visible
CCD camera. The simulated spectra and images are calculated with the synthetic synchrotron
radiation diagnostic SOFT (Synchrotron-detecting Orbit Following Toolkit) code. The aim of
this work is to extend the study of runaway electrons dynamics in FTU also to post-disruption
phases. The runaway number, radial profile, energy and pitch angle have been evaluated during
their whole time evolution, from the start-up to the post-disruption phase, assuming a given
runaway electrons (RE) distribution function. The runaway number is found to increase by two
orders of magnitude after the disruption, while the energy and pitch angle maintain similar
values before and after the disruption. The runaway electrons are mostly distributed in the core

6 See Pucella et al 2019 (https://doi.org/10.1088/1741-4326/ab19ef) for the FTU Team.
7 See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation Team.
* Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and

the title of the work, journal citation and DOI.

1 © 2025 The Author(s). Published by IOP Publishing Ltd



Plasma Phys. Control. Fusion 67 (2025) 055029

G Ghillardi et al

of the plasma. The inferred maximum RE energy and pitch angle are in agreement with the
results of simulations based on a runaway electron test particle model.

Keywords: runaway electrons, synchrotron radiation, Tokamak

1. Introduction

One of the main challenges for future fusion devices is
the identification and control of runaway electrons (RE). In
present fusion machines, sufficiently strong electric fields can
accelerate electrons to relativistic speeds, overcoming the col-
lisional friction. This situation can occur in different discharge
phases, during the plasma current (/,) ramp-up, during the I,
flat-top if the electron density is low or in the plasma disrup-
tion when the magnetic confinement and the thermal energy
are decreasing. RE created in this latter process can poten-
tially damage plasma-facing components. Several experiments
reported damages caused by RE and this is a matter of serious
concern for all large tokamaks, such as ITER [1]. Disruption
mitigation systems are envisioned for ITER, and they mainly
rely on impurity injection into the plasma with the goal of radi-
ating away most of the stored energy without any structural
damage [2].

Studies of RE dynamics in the Frascati Tokamak Upgrade
(FTU) were carried out as early as 2003 during the I, ramp-up
and flat-top of ohmic discharges [3]. The dynamics of RE was
investigated using a gamma-ray spectrometer, measuring the
gamma-ray spectra produced by thick-target bremsstrahlung
of RE, and a fast electron bremsstrahlung (FEB) monitor. The
gamma-ray system was used for the analysis of the RE energy
evolution while the FEB system provided information on the
generation, location and confinement of the runaway popula-
tion. The RE were found to be generated in the central region
of the plasma early in the discharge. The runaway produc-
tion can be explained by the Dreicer (primary) mechanism,
although the additional presence of the avalanche (secondary)
mechanism cannot be ruled out. The generation process takes
place during the /, ramp-up, when the electron density is low
and the electric field is high. The generated RE can be detected
for more than one second, during the whole discharge time.
The RE population tends to form a monoenergetic electron
beam [3] with an energy equal to the limiting energy result-
ing from the balance between the energy gain in the electric
field and the energy losses due to plasma collisions and syn-
chrotron radiation [4]. Maximum energy values in the range
5-35 MeV were inferred [3].

Lately, a more extensive suite of RE diagnostics was
used [5, 6] to investigate the processes of RE generation and
suppression in FTU RE stationary discharges, basically con-
firming earlier results: maximum energy values in the range
5-35 MeV and pitch angles of the order of 0.1 rad were
inferred through synchrotron radiation (imaging and spectro-
metry), while the details on the local RE losses linked to MHD
activity were provided by a Cherenkov probe [7]. Moreover,
measurements of the upper and lower bounds of the threshold

electric field for RE generation (Ey,) were obtained indicat-
ing that Ey,,, while being larger by a factor 2-5 than expected
according to the purely collisional theory, reasonably agrees
with the new threshold calculated including synchrotron radi-
ation losses [8]. In addition, in [6] a characteristic runaway dis-
sipation time 74 was found in the range 0.05-0.3 s. This can be
attributed to radial diffusion losses (as observed in [3]) such
as those driven by the underlying magnetic turbulence, but the
presence also of other mechanisms (e.g. kinetic instabilities)
cannot be ruled out.

The aim of this work is to extend the study of RE dynamics
in FTU also to post-disruption phases. We will follow the RE
evolution from the I, start-up phase up to the post-disruption
runaway beam phase. The FTU discharges that were analyzed
are part of a set of recent experiments carried out in order
to investigate the RE mitigation strategies for quiescent and
post-disruption RE beams [9]. Pellet injection into discharges
with RE seeding led to disruption and subsequent RE beam
formation.

RE synchrotron images collected in the visible range (400—
650 nm) and spectral measurements performed in an unpre-
cedentedly wide wavelength range (450-4000 nm) were used
for this study. Measurements of synchrotron radiation emit-
ted by runaway electrons are widespread in tokamaks. The
pioneering studies were carried out in TEXTOR by means of
infrared (IR) cameras [10, 11]. Later on imaging cameras were
employed in several tokamaks: (a) during the /,, flattop using
an IR camera (7500-13 000 nm) in HT-7 [12], a visible camera
(380-750 nm) [13] and an IR camera (30004900 nm) [14]
in EAST, an IR camera (3000-5000 nm) in KSTAR [15], a
visible camera (400-900 nm) in Alcator C-Mod [16], a vis-
ible camera equipped with a narrow band centered at 890 nm
in DIII-D [17], a visible camera detecting radiation in a nar-
rowband filter centered at 640.6 nm [18] and a multispectral
imaging camera (640.6 nm, 800 nm, 950 nm) [19] in TCV; (b)
during the post-disruption phase using an IR camera (3000—
3500 nm) in JET [20] and a visible camera equipped with a
narrow band near 709 nm in AUG [21]. Spectrometers were
used as well in previous work, but less frequently: in the (400—
850 nm) range in DIII-D [22], in the (300-1000 nm) range
in Alcator C-Mod [23] and in the (370-2100 nm) range in
FTU [5, 24].

In this work for the first time the combination of synchro-
tron images and spectra is used in order to infer parameters
of the RE distribution function. Synchrotron radiation, emitted
by relativistic electrons as a consequence of their gyro motion,
depends on their energy, pitch angle, number and radial dis-
tribution in the vessel. Such parameters are inferred for the
RE population by assuming a given RE distribution function
decoupled in functions of the momentum, pitch angle and
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radial coordinate. The analysis method is based on the com-
parison of the experimental synchrotron radiation spectra and
images with their simulated counterparts calculated using the
Synchrotron-detecting Orbit Following Toolkit (SOFT) code.
SOFT [17] is a synthetic diagnostic framework capable of
computing the synchrotron image and spectrum generated by
a population of relativistic electrons by solving the guiding-
center equations of motion, taking into account the spatial
position and the field of view (FOV) of the synchrotron dia-
gnostics. The distribution function of the relativistic electrons
is not calculated by the code, but is given as an input in a pre-
set form chosen by the user, that is checked a posteriori for
consistency with the experimental data.

The observations are described in section 2, the experi-
mental set-up of the synchrotron diagnostics is presented in
section 3, the analysis method using SOFT is described in
section 4 and the determination of the RE distribution function
parameters is provided in section 5. The discussion on the RE
dynamics, especially in the post-disruption phase, is provided
in section 6 and the conclusions are given in section 7. The pro-
cedure of the spectral measurements calibration is reported in
appendix.

2. Observations

The two discharges analyzed in the paper were carried out in
FTU (major radius R = 0.935 m, minor radius » = 0.3 m,
toroidal magnetic field B, = 2-8 T, I, = 0.2-1.6 MA) dur-
ing RE experiments performed in September 2019 with dif-
ferent By and I, values: #43651 (B; = 5.3 T, I, = 0.35 MA)
and #43540 (B, = 6 T, I, = 0.5 MA). These pulses have a sig-
nificant RE seeding population, i.e.: quiescent RE scenarios,
in which D, pellet injection has been performed in order to
investigate the RE mitigation capabilities in support of ITER
safe operation [9]. Such scenarios were achieved by using a
low D, gas prefill and reducing the electron density (7. ) refer-
ence below 3 x 10' m—3. The time traces of the two discharges
are reported in figure 1. In discharge #43651 I,,, after a ramp-
up phase, reaches the flat-top where a disruption is induced by
means of deuterium pellet injection. A first D, pellet injection
is at 0.300 s (2x10?° atoms) and a second D, pellet injection
occurs at 0.378 s (1x10% atoms). After the first pellet cools the
plasma, the control loop reacts to the I, that slowly decreases
due the increased resistivity, by increasing the current rate on
the ohmic transformer, and consequently, slowly increasing
the electric field (measured by the loop voltage (Vio0p)). This
electric field accelerates further the RE; a further accelera-
tion of the pre-existing RE occurs at the following disruption.
Mild MHD activity is seen just before the I, quench. Discharge
#43540 is similar, but I, does not reach a flat top; the RE beam
is formed after the injection of D, pellets at 0.284 s (2 small
pellets, 1x10?° atoms each, and 1 large pellet, 2x10%° atoms,
injected simultaneously) and lasts for more than 0.4 s.

In the pre-disruption phase both plasmas have a high effect-
ive ion charge (Z. in the range 7-10), that subsequently

decreases (Zr in the range 2—4). Note that FTU has a stain-
less steel vacuum chamber covered internally, on the high field
side (HFS), by a toroidal limiter made of molybdenum tiles; a
molybdenum poloidal limiter is also present on the low field
side (LFS) [25]. The high Z. values in the pre-disruption
phase is typical of low density discharges [5]. RE are generated
in both discharges during the I, ramp-up phase as shown by the
hard-x rays (measured by a NE213 scintillator) and the syn-
chrotron radiation (measured by the integrated spectral signals
of three spectrometers operating in different spectral ranges
(see next section)). When the disruption is induced, there is
an immediate strong increase of the bremsstrahlung gamma
radiation (indeed the NE213 scintillator signal saturates) and
of the synchrotron radiation (see bottom panels in figure 1)
which peaks 30 ms after the pellet injection. The neutron sig-
nal (**U fission chambers [26], third panel from the top in
figure 1) also increases after the disruption (peaking almost
simultaneously with the synchrotron radiation) indicating the
presence of RE with energy in excess of 7 MeV producing
hard x-rays by target bremsstrahlung on the vessel structures
and, therefore, neutrons by photodisintegration. Note that the
synchrotron and neutron signals share the same time beha-
viour, decreasing, after the initial peak, throughout the RE
beam phase.

3. Experimental set-up

An enhanced spectrometer system belonging to the run-
away electron imaging and spectroscopy system diagnostic
(REIS) [24] was used in conjunction with a fast CCD visible
camera [27]. Figure 2 shows the layout of the spectrometers
and the CCD camera in the FTU tokamak. The camera and
spectrometer FOV are shaded, respectively, in grey and brown.
The spectrometer system is composed of four spectrometers
(figure 3): each spectrometer has either a RE forward (FW) or
backward (BW) direction, while the camera is viewing simul-
taneously the FW and BW directions. The parameters of the
spectrometers and of the camera are summarized in table 1,
following the notation in [17]. Examples of the experimental
CCD images and spectra acquired in FTU in RE experiments
are shown in figures 4 and 5, respectively.

Three spectrometers are for RE FW view: an Ocean Optics
model HR2000+ for the VIS range (374-826 nm), an Ocean
Optics model NIRQuest for the NIR range (878-2500 nm) and
a SpectralProducts Model SM301 for the MIR range (1430—
5030 nm). The overall effective range of the FW view spec-
trometer system is limited to the range 450-4000 nm once the
calibration procedure is applied (see appendix). One VIS spec-
trometer is used to monitor/cross check the RE BW view: it is
of the same type as the other VIS spectrometer used for the FW
view. The synchrotron radiation is collected by a wide-angle
CaF2 lens and routed to the spectrometers through an inco-
herent 19 m long bundle of optical fibers. The lens and the
fibers, as shown in figure 3, are inserted in a protective tube
with a BK7 glass window. The BK7 has a transmission gap
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Figure 1. Discharges #43651 (left) and #43540 (right). From top to bottom: I, and Vo, central line-averaged electron density (from CO,
interferometer) and central temperature (from Thomson scattering), gamma-ray/neutron signals, integrated synchrotron spectra in visible

(VIS), near InfraRed (NIR) and medium IR (MIR) ranges.

Toroidal
Limiter

Poloidal
Limiter

Figure 2. Schematic view of the FTU mid-plane cross section,
showing the location of the spectrometers’ head in port 6 (P6) and
CCD camera in port 3 (P3).

around 2700 nm that is corrected in the spectrum calibration.
The optical head connected to the spectrometers was installed
in port 6 on the equatorial plane at z = 0 cm and at a distance of
approximately 35 cm from the vacuum vessel axis. The spec-
tra are calibrated and cleared of saturated wavelengths. The
acquisition software [3] is written in LabVIEW™ and is based
on the FTU discharge phases PRE-RUN, START-RUN, END-
RUN. The VIS and NIR spectra were acquired every 20 ms
while the integration time window was set at 15 ms. The MIR

spectrometer acquired data every 15 ms with an integration
window of 15 ms.

The fast CCD camera (Toshiba model IK-M51H, sensitive
in the visible range) was installed in port 3 at z= —0.105m
and at a distance of 35 cm from the vacuum vessel axis. This
camera captures images every 40 ms with a FOV of 111°.
The images were spatially calibrated using the OpenCV lib-
rary [28] and chess board images taken in the laboratory after
the experimental campaign. The RE signal in the discharges
produced experimental visible images reaching over 80% of
the camera dynamics. For the analysis carried out in the fol-
lowing sections, a filtering process is applied to the images
by setting to zero all the pixels which are fainter than 70%
of the maximum intensity, in order to remove light due to
reflections and isolate the RE synchrotron spot from the sur-
rounding noise, see figure 6. The task of evaluating the con-
tribution of reflections is difficult since the wall reflectivity
is generally unknown. A first attempt to evaluate reflection
effects in synchrotron camera images in JET has been made
recently in [29].

4. Analysis method

The analysis method is based on the comparison of experi-
mental and simulated synchrotron spectra and images. The RE
synchrotron emission is simulated by SOFT [17], a synthetic
synchrotron diagnostic framework based on a guiding-centre
discretization of space. For our study we used three types of
SOFT outputs: spectra and images to compare with experi-
mental data, and Green’s functions for performing the analysis
on the RE distributions.

SOFT calculates the amount of synchrotron radiation at
a given wavelength that reaches an observer at Xy from a
population of runaway electrons, represented by a distribution
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Figure 3. Schematic drawing of the spectrometer system.

Table 1. Parameters of the spectrometer system and CCD camera.

Parameter Spectrometers Camera
Aperture (square side length)  0.017 m 0.017 m
Position (X,Y,Z) [0,—1.265,0] m [0,—1.265,—0.105] m
Viewing direction (i, ny, n;) [0.5,0.87,0] [0, 1, 0]
Field of view [FOV] 0.52 rad 1.93 rad
Spectral range [374, 5030] nm [400, 650] nm
Rotation angle (roll) 0 rad 0.131 rad (CW)
Acquisition rate 50 Hz (VIS, NIR) 25 Hz

66.7 Hz (MIR)

zZ

Height [m]

-1.5 -1 0.5 0
Width [m]

Figure 4. Experimental CCD image (discharge #43651, r = 700 ms): the RE synchrotron spot in the forward direction and the contour of
the plasma outer boundary (represented as a green circle) are seen in right side of the picture. The inner vessel is also visible. The position
of the geometrical axis (Ro) and the magnetic axis (Rax) from equilibrium reconstruction are shown in black and blue, respectively.
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Figure 5. Experimental synchrotron spectra for forward view
(discharge #43651, disruption at = 377 ms). Data are calibrated,
cleared of saturated zones and interpolated. Shadowed bands
represent the estimated error bars.
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Figure 6. Example of image correction in discharge #43651 at
540 ms: on the left the full signal image, on the right the signal after
the noise filter application, both in monocromatic scale.

function f(x,p) for position x and momentum p, in a given
magnetic field:

ar Xp — X
dA/9<|xO—x|>

Here, O(v) is a step function which is one if the vec-
tor v lies within the field-of-view of the detector, n is a
unit vector which is normal to the detector surface, and
dP/dN\dS? is the angular and spectral distribution of radi-
ation emitted by a single particle. The differential dA indic-
ates that integration should performed across the aperture of
the detector. When considering the pixels of a camera, we
evaluate equation (1) separately for each pixel, and integ-
rate the contribution from all wavelengths to which the cam-
era is sensitive. It is important to stress that in the following
analysis the distribution f is assumed given and fixed, based
on parametrizations as explained in detail below. To reduce
the number of dimensions in f, and improve computational
speed, SOFT utilizes that according to Liouville’s theorem, f

(xo—x)-n dP
Ixo — x> dAd2

f(x,p) dxdpdA.
(1)

must be constant along trajectories in phase-space. Therefore,
instead of discretizing the integral (1) using e.g. a uniform
mesh in phase-space, which would require storing the value
of f in a six-dimensional space, we parametrize it using the
orbit coordinates (x,p) = (r,6,,p,0,,(), where ris the radial
coordinate, € is the poloidal angle, ¢ is the toroidal angle, p is
total momentum (normalized to the electron rest mass m.c),
0, is pitch angle and ( is the gyro angle. Using arguments of
symmetry it can be concluded that f is independent of ¢ and (,
while, since the effects of collisions on runaway electrons are
negligible on the poloidal transit time scale, we can consider
that f is also independent of the poloidal angle 6 [17].

For the purpose of studying the sensitivity of the synchro-
tron diagnostic to runaway electrons, it can be useful to sep-
arate and pre-evaluate those parts of the integral which f is
independent of. Hence, the integral (1) can also be written in
terms of the Green’s function f(r7 p,0,) for the diagnostic as:

1:///f(r,p,9p)i(r,p,9,,) drdpd6),.

Apart from being useful in studying the sensitivity of the dia-
gnostic, the Green’s function 1 also enables us to constrain the
distribution function by experimental measurements of syn-
chrotron radiation.

] contains the radiation function of the particle, dP/dAdS2,
that can be treated in many different ways; in this study we
opt to use the so-called cone model, as implemented in SOFT,
in which the synchrotron radiation is assumed to be emit-
ted in a circular cone around the guiding-center velocity vec-
tor, as described in more detail in (1). Specifically, we take
the angular and spectral distribution of synchrotron radiation
to be:

@

d’p 1 dpP
<d/\dQ> = %JS(COSM—COSHI,)

where angular brackets denote an average over the gyro-angle,
 is the angle between the velocity vector of the guiding-center
and the observation vector xy — X, and dP/dA\ is the spectral
distribution of synchrotron radiation [30]:

3

P 1 ce? / e
dA  V3eA Y S
where e is the electron charge, c is the speed of light, ¢y is the
vacuum permittivity, Ks,3(x) is the modified Bessel function
of second kind and order 5/3,  is the relativistic factor, S is
the electron speed normalized to ¢, A is the wavelength, and
A¢ is the critical wavelength.

The following approximations and experimental inputs are
used for performing the simulations:

Ksy3 (1) di, “

e approximations:
— cone model approximation (circular cone of radiation
emitted by guiding-center orbit with half opening angle
6,, centered on its direction of motion V);
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— instead of the numerical magnetic field, whose uncertain-
ties did not allow us to obtain stable simulation results,
we opted for an analytical magnetic field. This option in
SOFT allows the user to specify common properties of
the magnetic field, such as its on-axis strength and major
radius, and generates a magnetic field with circular flux
surfaces that is a reasonable approximation in the circular
tokamak FTU. The magnetic field vector (derived in the
large-aspect ratio limit) is:

BoRy, roy
R —rcosf \ g(r)Rn

B(r,0) = é+03¢> (5)
where r and R, denote the minor and major radius of the
machine respectively, 6 denotes the poloidal angle, 6 and
¢ are unit vectors in the poloidal and toroidal directions
respectively, op and o; the toroidal field and plasma cur-
rent sign, By is the on-axis magnetic field strength, and
q(r) is the safety factor, fitted to the experimental profile
using a quadratic polynomial;

— the drift orbit shift, corresponding to the first-order terms
in the guiding-center equations of motion, are neglected.
In practice, this means that electrons exactly follow flux
surfaces, while their pitch angles evolve due to the vari-
ation of the magnetic field strength along the flux surface.

e cxperimental inputs:

— coordinates and parameters of synchrotron diagnostics
(see table 1);

— minor/major radii of the tokamak and time traces of the
safety factors radial profiles (gedee and gayis) provided
by the equilibrium reconstruction plasma parameters (see
figure 7);

— the number of toroidal section to divide the tokamak into
is 7000. This is the resolution parameter for the toroidal
integral in the radiation diagnostic integral;

— time-steps, respectively 2000 for spectra and 7000 for
images, indicate the number of time steps per orbit. The
orbit quantities (particle position and momentum) are
given in a uniformly distributed set of time points in one
orbit;

— integration time: one poloidal transit time.

The chosen distribution function of the RE is a paramet-
rized approximation, namely:

f(rapa ep) :fr (r)(S(p _p*)eKcosep

that is physically justified as follows. The use of the delta func-
tion in p (i.e.: monoenergetic distribution) is justified by the
results of earlier RE dynamics studies in the pre-disruption
phase of similar FTU discharges, which indicated the form-
ation of almost monoenergetic RE beams in similar plasma
conditions [3, 4]. The effect of alternative energy distribu-
tions would not be major: the synchrotron spot shape depends
only very weakly on the energy, and is due to the drift-
orbit shift. With a distribution of energies, we would obtain
a weighted sum of synchrotron spots corresponding to each

(6)

=)

w

~

Safety Factor (AU)
()]
Magneuélc Field (T)

N ES
- N

=]

550 600 650 700 750
Time (ms)

Figure 7. Safety factors and magnetic field values in discharge
#43651 at times of images analysis.

energy in the distribution, with stronger contributions at higher
energies. The energy distribution can just contribute to ‘blur-
ring’ the spot, since spots corresponding to different energies
will have a somewhat different dependence on magnetic field
strength [17, 31]. The fact that the synchrotron pattern is rather
insensitive to variations in the runaway energy distribution is
also used to fully decouple the spatial coordinate » from the
momentum parameter p and, since K is mainly a function of
p, also from K. In this model we thus assume for simplicity
that the momentum and pitch distributions are the same across
all flux surfaces [21].

The choice of the the pitch angle distribution e P is
motivated by the following reason. In the plateau phase of a
disruption, the pitch distribution of the runaways will be set by
a balance between the electric field (which settles on a value
close to the avalanche threshold, E = E; [32, 33]) and pitch
angle scattering and this does not depend on how RE have
been generated. The RE distribution f will therefore satisfy
the following kinetic equation [34]:

o 0 E . wv(p) of
o= oe 09 (%)

Kcos 6,

where vp(p) is the pitch angle deflection frequency and £ =
cosf,. Assuming weakly varying plasma parameters in the
plateau phase, taking the steady state limit (9f/9t — 0) of this
equation, and integrating once with respect to £ on the range
[—1,&], yields

wof_E
2 8£_pEc

f, @®)

which is generally solved by

f@t.p;§) = F(t,p) xp (K¢), ©)

2sinh K ¢
with K =2E/(E.pvp). We note that the energy distribution
F(t,p) is decoupled from the pitch distribution, which takes the
simple form f(¢) ~ eX¢. Kinetic simulations show that even
before the distribution reaches the steady state, pitch angle
scattering often leads the pitch distribution to take the same
exponential form displayed here. The coefficient K is however
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in that case not the same simple function of E and vp as here,
but instead varies in time and approaches its steady state value
as t~! (see appendix B of [21]).

The pitch distribution function f in (6) is monotonically
decreasing with 6, while the emitted synchrotron radiation
intensity / is monotonically increasing. This causes the detec-
ted radiation to have the characteristics of the particles which
dominate the emission, i.e. which are sufficiently numerous
while at the same time emitting enough radiation at the same
points in space. Mathematically we can characterize this 6, by
maximizing the integrand of equation (2), and here we will
call this pitch angle corresponding to the maximum of the
product f

Ox = max (ﬁ) (10)

The subscript K indicates that the value of this angle directly
depends on the factor K appearing in the exponent of the pitch
angle distribution. Later in this paper we will associate a pitch
angle with the synchrotron radiation measurements, and it is
Ok which is exactly this associated pitch angle.

The value of p* and the dependence of f on pitch angle and
r (all as a function of time) are determined through an iterat-
ive process in two steps (section 5). In the first step the pur-
pose is only that of finding the best match between measured
and simulated spectra and therefore we assume a simplified
version of the distribution of equation (6) in which the pitch
angle and r are kept constant. This approach is justified since
the fitting of the spectra does not depend much on the type of
functional dependence on the pitch angle and on the radius,
but, rather, only on the value of p. In the second step also the
experimental images are used in the analysis and the full distri-
bution as indicated in (6) is employed. At the end of section 5
it will be shown a-posteriori that no good matching can be
obtained between simulated and experimental images unless
the correct dependence in pitch angle and radius as in (6) is
used.

5. Determination of the RE distribution parameters

First, a comparison is made between measured and simulated
synchrotron spectra. For each time slice, several simulations
of the synchrotron spectrum are performed by varying the RE
energy (namely the normalized momentum p) and pitch angle
values (a suitable grid of values is used, typically in the 5—
50 MeV energy range and 0.1-0.3 rad pitch angle range, using
mono-energetic and mono-pitch distributions.

Since SOFT does not take into account the number of sim-
ulated electrons, the comparison between power intensities
of simulated (dgmu/d)) and experimental (dZga,/dA) spec-
tra must take into account a multiplicative factor C, constant
over the wavelengths, such that dlgy,/d\ & C X dlgimy/dA.
This factor is proportional to the number of runaways Ngg:
SOFT spectra are computed from a RE distribution in the
phase-space, hence, the d/g,, /d\, must be normalized for the

phase-space volume selected (Vsorr = | f(r,p,0,)drdpdd,),
in order to represent the intensity of a single electron. The
C parameter is estimated, for each time, as the value which
minimizes the sum of the square error (E(C)) of the single
wavelength power intensities (d/gimy/dA and dlgy, /dN):

df simu g
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The mean of E(C) in wavelengths is used as the mean
square error in this analysis. For each time, a scan over sim-
ulations at different energy and pitch angle is performed, and
the one with the lower E(C) is selected.

The number of RE is computed from the C parameter as:

dldata/d/\
(dlsimu/dX) /Vsorr

The best fit of the spectrum for each time instant provides
working estimates of normalized momentum and pitch angle
couples (different combinations of normalized momentum and
pitch angle give similar spectra) as well as the total RE num-
ber. Note that the estimated RE number does not practically
depend on the selected pitch angle and/or energy and, incid-
entally, note also that the approximation of mono-energetic
distribution used in this paper may lead to an underestimate
of the total number of runaways since the contribution of less
energetic particles to the synchrotron spectra is missing.

Secondly, the experimental images and the simulated
Green’s functions obtained using the K values selected are
used (i.e.: the p*, K and 6 values coupled in the previous
step). In order to obtain the radial distribution that enables the
best matching between experimental and simulated images,
using the inversion algorithm as presented in [21], we make
use of the Green’s function SOFT output. This output module
enables the use of many different types of Green’s functions,
which may be integrated over any or all of phase space, the
image pixels and/or the detector spectral range.

With the use of the Green output the RE radial profile is
selected, by comparing each pixel’s simulated intensity with
the experimental one from the CCD camera. In this step, we
create unique combinations of momentum p*, the pitch angle
parameter K, and the radial profile f,(r). With such informa-
tion, the simulated images are created and the combination is
selected as the best fit between synthetic images and real ones.
Note that this step can be performed only at times when syn-
chrotron images are available.

In summary, firstly, we have determined the RE number
and (p*,K) couples, and secondly, we have added the radial
info to each (p*,K) couple and determined the best paramet-
ers of the assumed distribution function. The results of these
processes are summarized, respectively, in figure 8 (showing
four subsequent time slices of the simulated and experimental
spectra in discharge #43651) and in figure 9 (showing for the
same discharge the time sequence of the simulated and exper-
imental images). Figure 10 shows the RE radial profiles in the
same time slices as in figure 9.

Ngg = = C- VsoFr (12)
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Figure 8. Synchrotron spectra: measured (red line) and simulated best fit (black line) for discharge #43651. Error bars include calibration

and counting statistics (square root of the counts).
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Figure 9. Synchrotron images: measured (top) and simulated image best fit (bottom) for discharge #43651. Note that the simulations have
been carried out using the exponential pitch angle distribution and the legend displays the O values.

As discussed in relation to equation (10), the product of
the distribution function f(r,p,6,) and the Green’s function
attains a maximum at the pitch angle value which we denote
by 6k, as shown in figure 13. Around this 0, the detected radi-
ation rapidly drops off, and so most of the radiation in the
measurement comes from particles with pitch angles in the
vicinity of 0. This fact allows us to approximate the distri-
bution function even further as a delta function, or mono-pitch

distribution, in order to quickly converge on the appropriate
value of 0. While this approximation works well to repro-
duce spectra, it is not sufficient to quantitatively reproduce
camera images. This is illustrated in figure 11, which shows
that using a simple mono-pitch distribution with a Gaussian
radial profile, or an exponential pitch distribution with a flat
radial profile (see figure 11 center and right, respectively), does
not enable a good reconstruction of the experimental image,
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Figure 10. RE radial profiles determined as explained in section 5 for discharge #43651.

..

Figure 11. Image reconstruction at 700 ms (discharge #43651)
using: exponential pitch distribution and Gaussian radial profile as
in figure 9 (left), mono-pitch distribution with Gaussian radial
profile as in figure 9 (center) and exponential pitch distribution with
flat radial profile (right). In all cases the momentum distribution is a
delta function.
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Figure 12. Spectrum calculated at 697.5 ms (discharge #43651)
using mono pitch distribution and exponential pitch distribution.

while the combination of exponential pitch angle distribution
and Gaussian radial profile is needed (see figure 11 left). On
the other hand, the approximation of using a mono-pitch dis-
tribution in the initial phase of the analysis (to determine the p*
values) is justified since the effect of the choice of pitch distri-
bution on the calculated spectrum is irrelevant (see figure 12).
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Figure 13. Pitch angle distribution profile: the choice of the
parameter K is made by centering the peak of the distribution in the
Ok value selected.

6. Runaway electron dynamics in post-disruption
phase

The RE energy, pitch angle, number and radial position estim-
ated for the discharges #43540 and #43651 based on the results
of the previous analysis (section 5) are shown in figure 14(pan-
els 2-5) together with the plasma current (panel 1) and loop
voltage (panel 6).

The second panel shows the RE energy (green bars) determ-
ined in those cases in which no experimental images are
present, by setting 6 in the range 0.25-0.30 rad. The energy
estimates at times for which experimental images are avail-
able are represented by the black dots. The energy panel also
includes, shown as grey area, the energy values obtained from
simulations performed with a test particle model (TPM) [4,
35]. These TPM simulations are performed for time intervals
right after the formation of the plasma, when the synchrotron
radiation emission is still too low to enable spectral or imaging
measurements, and use plasma parameter values from experi-
mental data (Vi,0p, line averaged density). The electron energy
range is estimated by carrying out the simulations for differ-
ent values of the inductance L;,;, which determines the electric
field seen by the electrons during the /, ramp-up and depends
on the plasma current profile shape. In particular, the grey area
represents energy values obtained by the TPM by varying Liy,
in the range Li, = 0 (upper values in energy) and Liy = toRo
(lower values in energy), where p is the vacuum permeab-
ility and R, the geometric axis of the device. In discharge
#43651, the energy before the disruption is initially 10 MeV;
it then increases slightly just after the disruption, followed by
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Figure 14. Discharges #43651 (left) and #43540 (right) from top to bottom: I,; RE energy corresponding to: fx values extracted from
synchrotron images (black dots), 0k in the range 0.25-0.30 rad (green bars) and TPM simulations (grey)); Ok values obtained from
synchrotron images (black dots) and from TPM simulations (grey); RE number; major radius of RE radial distribution peak (Rrg) with grey
bars indicating FWHM of Gaussian radial distribution, plasma inner, outer (Riy,out) and magnetic axis major radius (Rax); Vioop. The dashed

vertical line indicates the disruption time.

a gradual decrease until the Vio,p, spike, at # = 622 ms, when
it reaches 17 MeV. In discharge #43540 the RE energy after
an initial rise levels off at 10 MeV, and this value is main-
tained also after the disruption. There is a good match between
the energy values measured by the synchrotron diagnostic and
those determined by the TPM in the time interval where they
can be compared, namely in the pre-disruption phase.

The third panel of figure 14 shows the RE pitch angle 6
values. Again, TPM simulation are shown as grey area before
the disruption time, while the values determined using the pro-
cedure explained in (section 5) are represented by black dots:
these data are available only when experimental images are
present and therefore no overlap with the TPM simulated data
is possible in this case. It is found that higher values of pitch
angle are found in this post-disruption phase experiment than
during the plasma current ramp-up and flat-top of ohmic dis-
charges in previous experiments: values up to 0.3 rad are found
here against prevoious values up to 0.15 rad [5, 6]. Note, how-
ever, that the energy and pitch angle values depend on the vari-
ability among the different discharges and discharge phases
of that plasma parameters [6] affecting the accelerating field
(Vioop)» the collision losses (), the synchrotron losses (Br)
and the pitch angle scattering (Ze).

The fourth panel of figure 14 shows the number of RE (Ngg)
determined from the comparison between experimental and
simulated spectra (see (section 5) equation (12)). In both dis-
charges, there is a very large increase of Ngrg in correspond-
ence with the disruption (about two orders of magnitude) fol-
lowed by a slow decrease. This analysis, therefore, enables
us to clarify that the signal increase observed in the neutron,
gamma, and synchrotron time traces after the disruption is not
related to an increase in the RE energy, but instead to a large
variation of the RE number. The RE energy, on the contrary,
has just a slight variation. A possible explanation for this is that

a significant hot-tail population of electrons could be gener-
ated in the disruption, as has been seen in other devices of sim-
ilar size, e.g. ASDEX Upgrade [21]. This hot-tail population
would initially have relatively low energies, but would quickly
be accelerated to multi-MeV energies in the current quench.
In fact, a time integration of Voo, shows that electrons could
gain up to 14MeV energy in #43651, and 11 MeV in #43540,
which is close to the measured pre-disruption RE energy. The
pre-disruption RE, from which we measure synchrotron radi-
ation before the disruption, would also increase their energies
by this amount in the current quench. However, since the pre-
disruption RE are much fewer than the hot-tail electrons gen-
erated in the disruption, their radiation will be drowned out by
that of the hot-tail electrons, which attain approximately the
same energies as the pre-disruption RE.

An interesting and different situation, in which both an
increase of RE energy and Ngrg occur, is represented by the
transient event at 600 ms (related to a kinetic instability [36])
in discharge #43651. The Vo, spike at this time produces an
increase of Ngrg (more than one order of magnitude) followed
soon after by a significant increase also of the RE energy (from
~ 10 MeV to ~ 17 MeV).

The fifth panel provides the time traces of the plasma inner,
outer (Rinouw) and magnetic axis major radius (R,y) together
with the time trace of the major radius of the center of the RE
radial profiles (Rrg) as shown in figure 10. It is also worth-
while to note that the transition from a circular to a crescent
shape of the synchrotron pattern observed in the experiment
is caused by the redistribution of the RE density towards the
outer region of the plasma. In particular, compare the images
at the time slices 540 ms and 660 ms in (figure 9) and the cor-
responding RE density profiles in figure 10): the particles on
the HFS collectively emit relatively more radiation than those
on the LFS, yielding a crescent pattern at 660 ms and beyond.
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This is in agreement with what already explained and observed
in [21].

7. Conclusion

This work has investigated the behavior of runaway electrons
in the post-disruption phase of FTU discharges through the
comparison between experimental synchrotron emission spec-
tra (range 450—4000 nm) and visible images and their synthetic
counterparts obtained with synthetic diagnostic (SOFT code)
simulations. Assuming a given parametrization of the RE dis-
tribution function, the RE number, radial profile, energy and
pitch angle have been determined from the start-up to the post-
disruption phase of runaway discharges, thus providing a com-
prehensive view of the evolution of RE in a tokamak plasma.
The main finding is that the RE number is found to increase
by about two orders of magnitude after the disruption, while,
in contrast to this, in practice the RE energy and pitch angle
maintain after the disruption the same values they had before
the disruption. A possible explanation for this is that a signific-
ant population of hot-tail electrons is generated in the disrup-
tion, and accelerated to the same energies as the pre-disruption
RE. The RE maximum energy and pitch angle inferred exper-
imentally have been compared and found in agreement, in the
pre-disruption phase, with the results of simulations based on
a runaway electron test particle model, thus providing a con-
tribution to the validation the runaway models used to make
predictions about runaway generation and dynamics in ITER.
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Figure 15. Nominal power spectra emitted by the Oriel source at 50
cm distance (calibration provided by the company).

Appendix. Calibration of spectrometers

This appendix explains how the spectral response of the REIS
spectrometer system was calibrated in ENEA laboratories. For
the calibration, two different light sources were used. The first
one is a quartz halogen tungsten lamp of 1000 W made by
Oriel, absolutely calibrated in irradiance (W nm~' cm?) in the
range 400 nm-2500 nm; the second one a ThorLab lamp cov-
ering a wider range spectrum (400-5500 nm), but not abso-
lutely calibrated. The power spectra are shown in figures 15
and 16.

The calibration consists in comparing the nominal lamp
power spectrum with the signal measured by the spectro-
meters. The ThorLab source is used for obtaining the rel-
ative response of all the spectrometers, due to its spectral
range, while the Oriel source is used for fixing the power
units (mW/(nm x count)). The background is subtracted off
the spectrometer signal and the calibration curve is computed
as the ratio of nominal lamp radiance to the raw spectrometer
signal:

Lamp Nominal Power

Calib = :
Detector signal

13)

The Oriel Lamp calibration was performed at a distance
of 50 cm. The ThorLab lamp was instead placed close to the
REIS head in order to maximize the signal. The two calibra-
tions curves were then compared in order to fix the units of
the ThorLab one. By calculating the ratio of the two calib-
rated signals, the correction factor D = C,,/Cy, for the abso-
lute calibration of the ThorLab lamp in Wnm™! is found in
each spectrometer range. Due to the limitation of the Oriel
lamp wavelength range it was supposed that Dnjr = Dvir- The
scale factors were found using the minimization of the sum of
the square uncertainties, E(D).

ED) =Y (Ch—D-C))’
A

(14)
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The final calibration curves are presented in figure 17.

Figure 18 shows the different sources of uncertainty. Since
the ThorLab lamp was not calibrated, we assumed a conser-
vative uncertainty of 15% on the expected intensity shape (red
line). The other sources considered are the square root of the
signal counts (blue line) and the uncertainty on the correction
factor D (yellow line).

As it can be seen from the bottom panel of figure 18
the uncertainty on the lamp dominates the total uncertainty.
Hence, the calibration can be improved using an absolutely
calibrated source in the whole wavelength range (this is fore-
seen in the next upgrade of the system).

The range of wavelengths chosen for the analysis for the
spectrometers has been limited to those wavelength intervals
where the total uncertainty is below 20%. The ranges are the
following: VIS: (490-820) nm, NIR: (960-2450) nm, MIR:
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Figure 18. Top panel: the total relative uncertainty on the
calibration. Bottom panel: different uncertainty components.

(1560-4400) nm. Therefore the overall effective range adop-
ted for the data analysis is (450—4000) nm.
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