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Abstract
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CrossMark

In this work, L-mode analyses are performed in order to assess a modeling framework for the

prediction of electron cyclotron resonant heating (ECRH) -assisted current ramp-up phases for
JT-60S A tokamak hybrid scenario #4-2. We compare two turbulence transport models, CDBM
and TGLF, using the integrated modeling code CRONOS. Model validation is performed on the
basis of an L-mode ramp-up phase in a JET plasma, and a flat-top L-mode TCV (Tokamak a
configuration variable) plasma with applied ECRH. Parameter scans in Z and in-edge electron
temperature (7;) are performed. Our results indicate effective prediction of the g profile in JET
ramp-up if edge T, is properly captured. Indeed, our sensitivity scan demonstrates the strong
impact of edge T, on g profile evolution. The results of CDBM and TGLF modeling show good
agreement with the experimental measurements. With respect to a JT-60SA hybrid scenario, a
significant amount of ECRH off-axis is required to maintain a g profile above unity across the
entire plasma radius. Based on an analysis of power deposition location, we find that ECRH
applied close to p =0.33 allows a compromise between a g profile larger than unity, and high
central T,. We evaluate two current ramp-up rates, where the fast rate is double that of the
slower rate. The quantity of ECRH required for the fast ramp scenario is found to be greater by
almost a factor of two than that required in the slow ramp scenario.

Keywords: integrated modeling, current ramp-up, safety factor control, hybrid tokamak scenario

(Some figures may appear in colour only in the online journal)

1. Introduction

The prediction of plasma performance essential in terms of
assessing the potential development of present-day tokamaks,
as well as in relation to future devices such as JT-60SA or
ITER. In particular, predictions for the ramp-up phase are
of special importance, as successful plasmas in the flat-top
phase critically depend on the initial configuration. This is

* See the author list of E Joffrin et al Nucl. Fusion 59, 112021 (2019).
3 See the author list of H Meyer et al Nucl. Fusion 57, 102014 (2017).

1361-6587/21/025014+16$33.00

particularly the case for the so-called advanced scenarios, in
which considerations such as plasma shape, flux consump-
tion reduction, or the control of the g profile during ramp-up
are mandatory [1-3]. To tackle these challenges, ECRH is an
important resource used in present day tokamaks. However,
the prediction and simulation of plasma behavior during ramp-
up is a complex activity, due to a combination of several chal-
lenges: for instance, an accurate prediction of transport close to
the separatrix, and of neoclassical resistivity, to achieve a pre-
cise computation of g profiles. Therefore, a reliable computa-
tion of the turbulent transport and current diffusion in L-mode

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Characteristics of JET shot 72516: (left) plasma current, (center) total injected power and (right) average density. Vertical green
lines indicate interpretative simulation intervals, vertical red lines indicate predictive simulation intervals.
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Figure 2. JET: illustration of different Z.¢ profiles (a), (b) and electron temperature profiles (c) considered for the purpose of sensitivity
analysis. In (c) we observe also the 7, profiles measured based on Thomson scattering (TS), and electron cyclotron emission (ECE)
diagnostics. The three 7, profiles considered in the interpretative simulations are designated ‘Interp.’, ‘High Te’, and ‘Low Te’.

is needed in order to accurately predict g profile evolution in
ECRH assisted ramp-ups.

In this work, L-mode analyses are performed, combining
plasmas from different tokamaks in order to assess and to
provide a credible modeling framework for predictions of the
ramp-up phase of JT-60SA, and the initial phase of ITER, for
which ECRH is planned to be used [4—7]. In order to evaluate
their predictive capabilities, we compare two turbulent trans-
port models, CDBM [6, 8—10] and TGLF [11], using the integ-
rated modeling code CRONOS [12]. To this end, we run simu-
lations of the L-mode ramp-up phase inJET plasma, and in flat-
top L-mode TCV plasma with applied ECRH. Parameter scans
in relation to Z.s and in the edge electron temperature (within
the range of experimental uncertainties) are performed in
order to assess the simulation’s sensitivity to these quantities.

Thevalidated model is then applied to JT-60SA ramp-up stud-
ies. We investigate the hybrid scenario #4-2 ramp-up [13].
The objective of this scenario is to achieve a safety factor
(g) profile which is flat, close, and just above unity in order
to avoid large sawteeth. Core plasma confinement is thereby
improved, and long pulse sustainment is facilitated. In this
scenario, the transition from L to H mode is expected to occur
when neutral beam injection (NBI) is applied to the latter-
half of the current ramp. In this study, we assess the evolution
of the g profile from the onset of plasma formation until the
moment prior to L-H transition. The objective is to estimate
the ECRH level and the radial location of ECRH deposition
required to obtain a g profile above unity. In an L-mode cur-
rent ramp-up ECRH assistance is important, because in this
phase electron temperature is low and the current diffusion
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Figure 3. JET: g profile values as a function of time at p =0.2 and p =0.7: (a) effect of Zs profiles (same shape but +10%, see figure 2
(a)), (b) effect of Z.s profiles (shape changed, see figure 2(b)) and (c) effect of edge 7. variations (see figure 2(c)). Here, the effect of 7.
changes is more significant, particularly at p =0.7. (d), g profile at t =48.485 s.
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fast, causing the central safety factor value to decrease. To pre-
vent the central g value being smaller than unity, and to achieve
a hybrid scenario, EC heating and current drive are both
needed. To tackle this problem, in this paper, the ECRH power
required is assessed on the basis of a JT-60SA hybrid #4-2
scenario.

This paper is organized as follows: in section 2 we show the
performed validation of neoclassical resistivity and turbulence
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Figure 4. JET: neoclassical resistivity profile at t =44 s (left) and =49 s (right) for different profiles of Z; and 7. (see figure 2).

models using JET ramp-up experimental data. In section 3 we
validate the ECRH ray tracing and power deposition model
using TCV experimental data. In section 4, we use the val-
idated model to estimate the ECRH power level and loca-
tion enabling the g profile to be larger than unity in JT-60SA
hybrid #4-2 scenario. For this scenario two different current
ramp-up rates are compared. Our conclusions are presented
in section 5.
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Figure 5. JET: (a) predicted 7. for CDBM and TGLF models compared to experimental measurements based on Thomson scattering (TS)
and electron cyclotron emission (ECE) diagnostics. With respect to TGLF NoBC, the acronym means that the model is used up to p=1,
otherwise the model prediction stops at p = 0.9. (b) Predicted 7; compared to experimental measurements performed via the charge
exchange (CX) diagnostic. (c) Predicted g profile evolution for CDBM and TGLF models compared to EFIT ¢ profile reconstruction.

(d) g profiles at t =46.8 s.
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Figure 6. TCV pulse 58 375. Vio0p evolution (both measured and via the ASTRA [22] interpretative simulation). Electron cyclotron (EC)
and neutral beam (NB) waveforms. Solid vertical line corresponds to = 0.88 s and dashed vertical line to t =1.40 s.

2. Neoclassical resistivity and turbulence model
validation

In our sensitivity study we vary the Z profile and edge elec-
tron temperature. The Z.¢ profile measures the plasma com-
position, and is defined as

ni(p)Z;

1
ne(p) W

Zei(p) =)

i

b

with Z; as the i ion atomic number, n;(p) as the i ion dens-
ity profile and n.(p) denoting the electron density profile. As
radial coordinate we consider p = /®/ ®,,,, the normalized
toroidal flux coordinate. We then analyze the current ramp-up
of the JET 72 516 pulse. This shot is selected due to the avail-
ability of motional Stark effect (MSE) constrained equilib-
rium reconstruction via EFIT [14]; in this way, the accuracy of
the g profile reconstruction, particularly at the plasma core, is
improved. In figure 1, the time evolution of the plasma current
(I,), total injected power (Pyy), and mean electron density
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Figure 7. TCV: (left) EC wave ray tracing, using two X2 EC launchers at the low field side in upper and lower locations, together with one
X3 launcher at the top. (Right) absorption ratio as a function of plasma radius p.
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Figure 8. TCV: comparison of (left) 7, profiles from Thomson scattering (TS) diagnostic, (right) 7; profiles from charge exchange (CX)
diagnostic.
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Figure 9. JT-60SA : equilibrium evolution for scenario #4-2 ramp-up. L-H transition occurs just after r = 12.45 s. The L-H transition power
threshold is estimated at 4.9 MW (see figure 21 left).

(nmean) are presented. The total injected power is composed Interpretative simulations are performed for the sensitiv-
of around 3 MW of NBI and 1 MW of ohmic power between ity study: interpretative means that only the current diffu-
t=43.26sand t=48.51s. sion equation, together with Grad—Shafranov equation, are
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Figure 11. JT-60SA: (left) averaged electron density evolution, (center) Greenwald fraction, and (right) electron density profile at

t=1245s.

considered [12]. This equation is solved using NCLASS [15]
for the computation of neoclassical resistivity. We take into
account a plasma composed mainly of deuterium, with 5%
hydrogen and 1% carbon content. The time interval considered
is from t =43 s to t = 50 s (see vertical dash-dotted green lines
in figure 1). Five time-constant Z profiles are tested, from
which we take the measured value, £10% of the profile, and
decreasing and increasing linear functions (see figures 2(a)
and (b)). With respect to the edge electron temperature, we
consider a variation of +15% at p = 0.8 (figure 2(c)). The T,
profiles are taken from experimental measurements, and there-
fore evolve over time. The impact of these changes are illus-
trated in figure 3. In this figure we observe that variations in
Z.r have only a weak effect on safety factor evolution. Both a
+10% alteration, and the change of profile shape only modify
the final g values by a few percent. These results are in agree-
ment with those of a previous publication [16]. On the other
hand, a larger effect is observed in terms of edge 7, variation
on g profile evolution. If we decrease the edge 7, by 15%
(within experimental uncertainties) we are able to match the
EFIT reconstructed values (we obtain a g profile change at
p=0.7 of more than 10%). Figures 3(c) and (d) show that if
we consider a low edge T.. the simulated g profile is closer to
the EFIT equilibrium reconstruction.

The difference in terms of the impact of Z. and edge T,
on g can be explained by the stronger impact of edge 7, on
neoclassical resistivity. In figure 4 this effect can be observed,

the edge electron temperature variation induces a change in
neoclassical resistivity of more than 10% at the plasma peri-
phery. Low T, values at the edge allow a better match with
the experimental data, since neoclassical resistivity is large,
and therefore current core penetration is faster, and g profile
decreases at a stronger rate (see ¢ profile in figure 3(c) and neo-
classical resistivity in figure 4). In fact, resistivity multiplies
the diffusive term on the current diffusion equation, causing
the current to diffuse more rapidly towards the plasma center
(see equation (1) in [12]).

Predictive simulations (evolving the flux function v, T,
and T;) are performed to evaluate the precision of the tur-
bulence models. The time interval considered for these sim-
ulations is #=[45.5 s,47 s] (see vertical dashed red lines
in figure 1). The initial condition is the interpretative sim-
ulation, ‘Interp.” presented in the previous section (see fig-
ures 2 and 3). In figures 5(a) and (b) the computed 7, and
T; profiles are compared at t =46.5 s (two thirds of simula-
tion interval) to the experimental 7, measured with Thom-
son scattering (TS) together with electron cyclotron emission
diagnostic (ECE), and T; measured with the charge exchange
diagnostic (CX). The CDBM model produces a good predic-
tion of 7, profile. With regard to the ion temperature profile,
the edge plasma is well predicted; however, at the plasma
center, T; is overpredicted. This can be explained by the fact
that CDBM computes a single diffusion coefficient for T,
and T;. Further details regarding this limitation are given in
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Figure 12. JT-60SA: (a) Poloidal view of ray trajectory. (b) Toroidal view of ray trajectory. (c) Absorbed power fraction. The three angles
correspond to the poloidal injection angles of the EC beam (see appendix A.2 in [13]).
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Figure 13. JT-60SA: (left) EC power deposition on electrons, (right) EC current density source, at t = 12.45 s (just before L-H transition)

for injection poloidal angles varying from —8° to 23° (see appendix A.2 in [13]). Here, we have a 25° toroidal injection angle, an EC
frequency of 138 GHz, and a toroidal field of 2.28 T at a radius of 2.93 m.

section 3. TGLF with a boundary condition (BC) at p=0.9
also provides a good prediction, but an artificial pedestal forms
when the BC is at p=1 (see NoBC profiles in figures 5(a)
and (b)). This problem is known as shortfall, and arises owing
to under-resolved GYRO radial computations (GYRO simu-
lations are used to calibrate TGLF); this problem has recently

been fixed [17], but the newly calibrated TGLF was not used in
this study.

The accuracy of CDBM and TGLF are also verified when
comparing the safety factor evolution with the EFIT recon-
struction (figure 5(c)). In this figure, we observe that CDBM
and TGLF computations reproduce g profile evolution at
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Figure 15. JT-60SA: (a) 7. profiles, (b) 7; profiles, (c) current density profiles at = 12.45 s (just before L-H transition).

p=0.2 and p=0.7. As previously mentioned, to start the pre-
dictive simulation we use the interpretative run, ‘Interp.’. For
this reason, the starting point does not correspond to that of for the two turbulence models. However for CDBM at p = 0.7,

the EFIT equilibrium reconstruction. Looking at the g profile
evolution, we note that the decay rate is similar for EFIT and
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the decay rate is slightly faster. This effect is explained by
the lower edge temperatures predicted by CDBM, as com-
pared to the TGLF model (see figure 5(a)). With CDBM,
therefore, the edge neoclassical resistivity is larger, the cur-
rent diffusion is stronger, and the edge g profile decreases
slightly faster. In figure 5(d) the g profiles computed by
EFIT, interpretative, CDBM and TGLF simulations are com-
pared. We find that the four profiles are in relatively good
agreement.

All previous results allow us to validate the neoclassical
resistivity calculation and both CDBM and TGLF turbulence
transport models in CRONOS. In the following we use only
CDBM. This model has two advantages compared to TGLF:
firstly, it can be used up to p = 1 (no shortfall problem) and it
has a faster computation time. In addition, the CDBM model
has been successfully benchmarked against other turbulence
models: see, for example [6, 10, 18]. In the next section we
validate the ECRH source code REMA [19] using CDBM as
our turbulence model.

3. ECRH source code validation

To validate the ray-tracing and ECRH deposition code REMA
[19] integrated in CRONOS, we used experimental data from
TCV. The L mode pulse selected here is number 58375
(see figure 6). This is a lower single null discharge, where
I, =148KkA, Bior = 1.43 T, and mean electron density nmean =
1.5 x 10! m~3. In order to validate REMA using the CDBM
turbulence model, we take into account two instants on this
pulse: at r =0.88 s, where X2 (82.7 GHz) and X3 (117.8 GHz)
EC waves are injected, and at r = 1.40 s, where we have X2
and NBI. The NBI source term is computed using NUBEAM
[20, 21]. In figure 7 we show ray tracing of the EC waves and
the absorption ratio at t =0.88 s. Full absorption of X2, and
80% absorption of X3 are observed.

The comparison of experimental temperature profiles and
predictive simulation with REMA and CDBM is presented
in figure 8. Electron and ion temperature profiles are meas-
ured respectively with Thomson scattering (TS) and charge

exchange (CX) diagnostics. The calculation is accurate for
T, but T; is underestimated. In fact, the CDBM model com-
putes a single thermal diffusion coefficient applied to 7, and 7;.
CDBM solves the transport coefficient for the pressure equa-
tion, where P = n,(T, + T;). Therefore if both temperatures
are different (in this particular case T; < T,) the model is bet-
ter able to predict the temperature profile with larger gradients
(in this case, the T, profile).

In this case, there is an important difference in the TCV
pulse between ion and electron temperatures (7;/7, < 0.4).
This fact makes CDBM underestimate 7;. To limit under-
predictions of 7; using CDBM, as a safety check, we will verify
that the ratio 7;/T, > 0.5 in the remainder of this study. In
addition, the next section examines the prediction of g profile
evolution in ECRH assisted ramp-ups. Previous results have
shown that 7, prediction via CDBM is correct and robust. For
example, despite the fact that for TCV, T; is underpredicted,
T, is well reproduced (see figure 8). As shown in the first sec-
tion, 7, is the quantity with the stronger impact on neoclassical
resistivity, and in consequence, on the g profile (the quantity
of interest). Therefore, based on sections 2 and 3, we consider
that a good modeling framework for g profile predictions with
ECRH is to use a combination of REMA and CDBM. In the
next section, we apply the modeling frameworks REMA and
CDBM to current JT-60SA ramp-up studies.

4. Application to JT-60SA ramp-up prediction

Following the validation of the REMA and CDBM transport
models, we apply CRONOS to the JT-60SA hybrid scenario
#4-2 ramp-up [13]. The goal of this study is to determine the
level and location of EC power, making the ¢ profile larger
than unity prior to L-H transition. In H mode, the ¢ profile is
almost frozen because the resistivity is low due to a high elec-
tron temperature. Therefore, if we reach L-H transition with
the ¢ profile above unity, a hybrid scenario without sawteeth
can be more easily obtained.

In this section, we analyze two current ramp-ups: the first
reaches a plateau at t =28 s (slow Ip ramp); the second at
t =15 s (fast Ip ramp). With respect to the slow Ip ramp, we
first analyze the effect of the radial power deposition loca-
tion with fixed EC power. We then determine the level of EC
power injected off-axis in order to achieve a g profile larger
than unity. For the fast Ip ramp, we perform the same exercise
to assess the amount of EC power needed to achieve a g profile
above unity. Note that the current ramp-up rate is one of the
main parameters used in order to optimize flux consumption,
flat-top duration, the avoidance of MHD instabilities, etc. In all
of the following simulations, we consider a plasma composed
mainly of deuterium, with 5% hydrogen and 3% carbon. We
begin by presenting the equilibrium evolution during the slow
Ip ramp-up prior to L-H transition (see figure 9).

For the slow Ip ramp (figure 10 left) we test the effect of
EC deposition location, taking into account a linear power
ramp-up from 0.16 MW at r=0.5s to 22MW atr=12.45s
(see figure 10 right). Experimentally, the increase in EC power
does not occur linearly, because the gyrotrons are turned on
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Figure 18. JT-60SA: (left) EC power deposition on electrons, (right) EC current density source at = 12.45 s (just before L-H transition).

one by one; in our simulations, for simplicity, we consider a
linear increase. To assess the impact of a more realistic EC
power ramp, we compare linear and staircase ramps at the end
of this section. For all cases, we consider the same density
evolution (see figure 11). Notice that n, averaged is almost
constant between t=3 s and t=12.45 s (just before L-H
transition). Therefore, between these two instants, the Green-
wald fraction decreases because Ip is increasing (see figure 11
center).

For a power deposition close to p = 0.33, the wave ray tra-
cing and absorbed power fraction at r = 12.45 s are illustrated
in figure 12. In this figure we observe full absorption of EC
power. We vary the deposition radius from p=0.23 to p=0.7
by varying the EC poloidal injection angle. The power and
current source locations computed with REMA are shown in
figure 13. We compute power deposition and current density
source profiles discretising the wave beam in 113 rays, sum-
ming up their contributions, and smoothing the result with a
Gaussian function. We find that with increasing radial posi-
tion, the power and current sources decrease. Furthermore, the
current source drops to very small values and becomes neg-
ligible for a deposition radius where p > 0.5 (see figure 13
right).

Figure 14 illustrates the effect of power deposition radius
on g profile. At position p=0.5, the safety factor value
increases with increasing radial deposition (see figure 14
left). On the other hand, at the plasma core (figure 14 right),

if the power deposition is in the range p=(0.33,0.6), the
safety factor profile is high at the plasma center (p € (0, 0.3)).
If power is deposited at p=0.7, the g profile is higher at
p = 0.5 but it then drops faster towards the core. Based on these
results, we conclude that to achieve a g profile higher than
unity, particularly at the plasma’s center, we need the depos-
ited EC power to be between p =0.33 and p =0.6.

In figure 15 we present 7, T;, and the current density profile,
defined as j(p) = (R)(j- V) (with (...) the average on a flux
surface). In the figure, we note that the central 7, and 7; both
drop with increasing deposition radius. Current density pro-
file peaking decreases with power deposition radius, varying
from p=0.23 to p=0.40, then increases again when power
is deposited from p=0.60 to p =0.70. For large off-axis EC
power deposition the temperature is low, and therefore res-
istivity is high, and the current is almost fully determined by
the ohmic current, which in turn depends on the electron tem-
perature through conductivity. Therefore, the peaking of the
current will be determined primarily by the peaking of 7,. The
peaking is high for extreme cases in the scan, whereas for inter-
mediate cases there is a region of flat 7, in the core, which helps
to flatten the current.

We need to find a compromise between large central T,
and a safety factor profile larger than unity. We conclude that,
to obtain simultaneous high g profiles and high central 7, a
good compromise is to deposit EC power close to p=0.33.
We verify also that for all cases the ratio 7;/T, > 0.5.
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Figure 19. JT-60SA: (a) 7. profiles, (b) 7; profiles, (c) current density profiles at t = 12.45 s (just before L-H transition).
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Figure 20. JT-60SA: (left) fast ramp considered in relation to previous slow current ramp, (right) ECRH power injected considered for fast
and reference slow Ip ramp.

With a fixed power deposition radius at p=0.33, in the unity. In figure 17 we observe the ¢ profile at r = 12.45 s. With
next part of the study we vary the EC power levels. Injected increasing EC power, the core g profile increases. At a max-
EC power is increased linearly from a fixed value of 0.16 MW  imum power of 2.7 MW, the g profile is above unity for all
at t=0.5 s to respectively 1.3, 2.2 and 2.7MW at t=12.45 radii. The change in g profile is mainly visible for p < 0.4. As
s (see figure 16). Different runs are conducted until we are expected, the power and current drive are larger with injec-
able to find a final EC power producing a g profile larger than ted EC power (see figure 18). The power and current drive
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Figure 21. JT-60SA: (left) total power (ECRH plus ohmic) and L-H transition threshold (horizontal gray line), (right) electron density

profile prior to L-H transition.
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Figure 22. JT-60SA: (left) g profile, (right) zoom of g profile prior to L-H transition.
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Figure 23. JT-60SA: EC power deposition on electrons.

deposition peak is not radially constant for all cases, because
T, profiles change due to the different levels of EC power. In
figure 19, we observe the significant change in 7, and current
density, j, with power. The T, and j profiles flatten at the cen-
ter where p < 0.4. In all cases, the temperature ratio found is
T;/T, > 0.5. We conclude that to maintain a g profile above

unity requires an EC power ramp finishing at a minimum of
2. 7MW (see figures 16 and 17), with a power deposition at
p=0.33.

For the fast Ip ramp (see figure 20 left) we obtain res-
ults similar to those for the slow Ip ramp. However, the
ECRH power needed for g profile to be larger than unity is
higher. As a consequence, the L-H transition occurs earlier
for cases with high EC power injection. In figure 20 we
show the two current ramps and the different ECRH power
waveforms taken into account in the simulations. Injected
powers vary from 0.16 MW at r=0.5 s to 2.7MW, 4.5 MW
and 6.0MW at t=12.45 s. The time of L-H transition is
not the same for all cases, because the EC power injected is
higher, and EC power alone is able to trigger the L-H trans-
ition. In figure 21 (left) we observe the total power evolu-
tion, where the L-H power threshold is evaluated automat-
ically in CRONOS at 4.9 MW using ITPA scaling [23]. For
fast Ip ramp cases at 4.5 and 6.0 MW of ECRH, the L-H
transition occurs at respectively ¢t =10.74 s and r=8.34 s.
In the following the profiles of interest are plotted at the
time prior to L-H transition, i.e. at t = 12.45 s, except for the
last two cases, where we plot the profiles at = 10.74 s and
t =8.34 s. To begin, density profiles are plotted in figure 21
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Figure 24. JT-60SA: (a) T. profiles, (b) T; profiles, (c) current density profiles prior to L-H transition.
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Figure 25. JT-60SA: (left) ECRH power injected, (right) total power (ECRH plus ohmic) and L-H transition threshold (horizontal gray line).

(right); for all cases we observe very small changes for the
considered times, keeping in mind that the average density
is almost constant between t=3 s and t=12.45 s (see
figure 11).

As previously mentioned, the ECRH power injection
needed to maintain the g profile above unity for the fast Ip ramp
is higher than for the slow Ip ramp. In figure 22, we note that
the g profile is marginally above one in the 4.5 MW case, and

that it is completely above unity for an EC ramp of 6.0 MW. In
these measurements, we also compare the slow Ip ramp case at
2.7 MW. Based on the above results, we conclude that increas-
ing the current ramp-up rate has a strong impact on the amount
of ECRH power needed to maintain the g profile above unity.

Little variation in the EC power deposition peak can be
observed (see figure 23), and the power is well deposited
around p = 0.33. The temperature and current density profiles
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Figure 26. JT-60SA: (left) g profile, (right) zoom of g profile prior to L-H transition.
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Figure 27. JT-60SA: (left) g profile at L-H transition, (right) core ¢ profile at = 12.45 s (L-H transition).

in figure 24 show that ohmic power is not negligible, the
central 7, goes from near 2 keV for the slow Ip ramp to more
than 3 keV for the fast Ip ramp, at the same level of EC power
injection (2.7 MW). For a high power and fast Ip ramp, the T
profile is hollow; this is reflected in a slightly reversed g profile
(see figure 22 right, we observe a local minimum at p~0.34
for fast Ip ramp at 4.5 MW and 6.0 MW of ECRH). For all
cases, the observed temperature ratio is 7; /7T, > 0.5.

To compare our model with a more realistic EC power
ramp, where each gyrotron is turned on one by one, we per-
formed a simulation, taking as reference the fast Ip ramp with
4.5 MW. In figure 25 we plot both cases. At each step we
increase the EC power by 1 MW. The L-H transition arrives
early in the staircase scenario, at 9.54 s, compared to 10.74 s.
The transition occurs at the same total power as the reference
case, at 4.9 MW (see figure 25 right). In figure 26 we plot the
q profiles prior to L-H transition. We observe that there is no
significant change in their shape. We conclude that increasing
the EC power by increments does not significantly affect the
resulting g profile.

In the final part of this study we analyze the independent
contribution of EC heating and EC current drive on ¢ profile
shaping. To this end, we artificially turn off the EC current

Table 1. Estimation of EC power needed.

Turn on 1 MW Total power
EC power gyrotron (25% loss) needed
rate every (IMW gyrotrons)
Slowlp 02MWs™! 3755 3 MW (4 gyrotrons)
Fastlp 04MWs™! 188s 4 MW (6 gyrotrons)

drive and the EC heating in two different simulations, and
compare the results to the standard simulation where the two
sources coexist. We take into account the slow Ip ramp with
an EC power ramp at 2.2 MW for 1 =12.45 s (see figure 10).
Based on figure 27, we can clearly observe that the EC current
drive does not play a major role in safety factor profile shaping.
Taking into account only the EC heating source (without cur-
rent drive) the calculated g profile compares very well to the
standard case. In fact, the electron temperature and the current
density profile are not modified with EC current drive only
(see figure 28). We observe in this last figure that only the EC
heating source is needed to explain the changes in the 7, and
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Figure 28. JT-60SA: (a) T, profiles, (b) T; profiles, (c) current density profiles at r = 12.45 s (L-H transition).

Jj profiles. Moreover, for these cases, the temperature ratio is
found to be T;/T, > 0.5.

5. Conclusion

In this paper, modeling framework allowing the simulation of
ECRH-assisted current ramp-ups has been validated, and was
applied to the study of a JT-60SA hybrid #4-2 scenario ramp-
up. In the validation exercise we use JET current ramp-up data,
taking into account a pulse with MSE constrained equilib-
rium reconstruction. The MSE constraint allows us to better
estimate the central safety factor profile evolution. Interpret-
ative simulations using CRONOS (evolving only the current
diffusion equation) show that neoclassical resistivity computa-
tions allow us to recover the experimental g profile evolution.
A sensitivity study shows that uncertainties of edge electron
temperature can play an important role in g profile. A change
of 15% in the edge electron temperature induces changes of
more than 10% in g profiles. On the other hand if Z. is

substantially modified (for example taking decreasing/increas-
ing linear profiles, as presented in figure 2) the changes in
safety factor amount to only a few percent. The change in
edge T, is reflected directly in the neoclassical resistivity pro-
file. For example if T, at the plasma periphery decreases, the
edge resistivity grows (by around the same percentage); this
effect increases the current diffusion into the plasma, accel-
erating the drop of central g. Using the same JET data, we
then ran predictive simulations (evolving the flux function 1,
T, and T;) to test two different turbulence transport model
CDBM and TGLF. These simulations show that both models
can accurately predict the safety factor. Nevertheless a draw-
back is detected with respect to the TGLF model. This mod-
els works if a boundary condition is imposed at p =0.9; if the
entire plasma radius is simulated with TGLF (boundary con-
dition imposed at p = 1) the edge ion and electron temperat-
ures are overestimated (i.e., a small edge temperature pedestal
forms). For this reason, we selected CDBM as the turbulence
model in the remainder of the study.
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In the second validation exercise, we tested the ECRH ray-
tracing and source power deposition code REMA, coupled
with the CDBM turbulence model. With this aim, we utilized
experimental data from a TCV flat-top phase where ECRH and
NBI are both applied. In this case we evaluated two instants:
the first where X2 and X3 EC waves are injected, and the
second where we had X2 and NBI. The simulation results
show that electron temperature profiles are well captured at the
EC phase, and also when NBI is applied. On the other hand, ion
temperature profiles are underestimated in both phases. This
effect can be explained by the fact that CDBM computes a
single thermal diffusivity which is applied to both 7, and T;.
CDBM solves the transport coefficient for the pressure P =
ne(T, + T;) equation. In a case where T, and 7; differ, the trans-
port coefficient for the temperature profile with higher gradi-
ents is well computed. Therefore in our case, with 7T, > T;,
higher temperature gradients are on the electron channel, and
the CDBM prediction is accurate for 7, but underestimates
T;. As we are interested in ECRH assisted current ramp-ups
where, in general, T, > T;, we conclude that the chosen mod-
eling framework (REMA and CDBM) can be used, but with
a certain degree of caution. In the remainder of this study,
we verified the ratio 7;/T, > 0.5 in order to limit 7; under-
predictions. The big advantages of CDBM are its speed and
its capacity to model all the plasma radii, up to p=1.

With the previously defined modeling framework, we stud-
ied a JT-60S A hybrid #4-2 scenario current ramp-up. We show
that a compromise between a g profile larger than unity and
high central 7, imposes a radial power deposition close to
p=0.33. We recall that our main objective is to achieve a
q profile above unity prior to L-H transition in scenario #4-2.
Two current ramps are studied: a fast one, where the Ip plat-
eau is reached at r = 15 s and a slow one, where the same plat-
eau is reached at t =28.5 s. For the fast current ramp we find
that in order to achieve a ¢ profile above unity we need an
EC power ramp ranging from at least 0.16 MW at ¢t =0.5 s to
4.5MW at t =12.45 s. In this case, the L-H transition occurs
at t =10.74 s. For the slow Ip ramp, a lower ECRH is needed
to achieve the same objective, i.e. a ramp from 0.16 MW at
t=0.5s to 2.7MW at r=12.45 s. Here, the L-H transition
occurs at t = 12.45 s. This example shows that increasing the
current ramp-up rate strongly increases the need for ECRH to
control the g profile prior to L-H transition. This requirement
should be balanced with the benefits of a faster ramp-up for
the overall scenario design.

A staircase increase of EC power does not significantly
modify the resulting g profile. Based on these results, we can
estimate roughly the time between every 1 MW gyrotron start-
up and the number of gyrotrons needed to obtain the desired
q profile. In the estimation we considered a loss of 25% in the
transmission lines for each 1 MW gyrotron (see table 1).

Finally, in the last part of our study we show that g profile
shaping is accomplished primarily by the EC heating source.
We observe that the computed EC current drive has no effect
on the safety factor profile.

Acknowledgments

The authors gratefully acknowledge members of the JT-60SA
Integrated Project Team for data exchange and fruitful
discussions.

This work has been carried out within the framework of
the EUROfusion Consortium, and has received funding from
the Euratom research and training programme 2014-2018 and
2019-2020, under Grant Agreement No. 633053. The views
and opinions expressed herein do not necessarily reflect those
of the European Commission.

ORCID iDs

J Morales
J Garcia
G Giruzzi
C Piron
M Vallar

https://orcid.org/0000-0002-3140-0504
https://orcid.org/0000-0003-0900-5564
https://orcid.org/0000-0001-9628-5968
https://orcid.org/0000-0002-4441-9781
https://orcid.org/0000-0002-1792-6702

References

[1] Imbeaux F et al 2011 Nucl. Fusion 51 083026
[2] Voitsekhovitch I e al 2010 Plasma Phys. Control. Fusion
52105011
[3] Wakatsuki T, Suzuki T, Hayashi N, Shiraishi J, Ide S and
Takase Y 2015 Plasma Phys. Control. Fusion 57 065005
[4] Barabaschi P, Kamada Y and Shirai H et al 2019 Nucl. Fusion
59 112005
[5] Giruzzi G et al 2019 Plasma Phys. Control. Fusion 62 014009
[6] Garcia J et al 2014 Nucl. Fusion 54 093010
[7] Garzotti L et al 2018 Nucl. Fusion 58 026029
[8] Itoh K, Yagi M, Itoh S-I, Fukuyama A and Azumi M 1993
Plasma Phys. Control. Fusion 35 543
[9] Itoh K, Itoh S, Fukuyama A, Yagi M and Azumi M 1994
Plasma Phys. Control. Fusion 36 279-306
[10] Honda M and Fukuyama A 2006 Nucl. Fusion 46 580-93
[11] Staebler G, Kinsey J and Waltz R 2005 Phys. Plasmas
12 102508
[12] Artaud J et al 2010 The cronos suite of codes for integrated
tokamak modelling Nucl. Fusion 50 043001
[13] JT-60SA Research Unit JT-60SA Research Plan 2018.
Research Objectives and Strategy v4.0, Sept. (available at:
www.jt60sa.org/pdfs/JT-60SA_Res_Plan.pdf)
[14] Brix M, Hawkes N, Boboc A, Drozdov V, Sharapov S and
JET-EFDA Contributors 2008 Rev. Sci. Instrum.
79 10F325
[15] Houlberg W, Shaing K-C, Hirshman S and Zarnstorff M 1997
Phys. Plasmas 4 3230-42
[16] Fietz S et al 2013 Nucl. Fusion 53 053004
[17] Waltz R, Candy J and Bravenec R 2017 APS Meeting Abstracts
[18] Hayashi N et al 2017 Nucl. Fusion 57 126037
[19] Krivenski V, Fidone I, Giruzzi G, Granata G, Meyer R and
Mazzucato E 1985 Nucl. Fusion 25 127
[20] Goldston R, McCune D, Towner H, Davis S, Hawryluk R and
Schmidt G 1981 J. Comput. Phys. 43 61-78
[21] Pankin A, McCune D, Andre R, Bateman G and Kritz A 2004
Comput. Phys. Commun. 159 157-84
[22] Pereverzev G V and Yushmanov P 2002 ASTRA. Automated
System for TRansport Analysis in a tokamak
[23] Martin Y et al 2008 J. Phys.: Conf. Series 123 012033



