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Edge transport barrier (ETB) models are developed and introduced into an integrated transport code TOTAL.
The transitions between L-mode and H-mode are triggered by comparing the net heating power with the threshold
powers. At the L to H transition, quick reduction in transport in the pedestal region causes back transition due to
reduced net heating power and then gradual change in the transport in the pedestal region is needed. The pedestal
pressure is adjusted to the value predicted by an empirical scaling. Three models, the PID control model, the ELM
model, and the empirical continuous ELM model, are compared for the pedestal pressure control. The control is
possible in all of three models but it is observed that larger pellet injection is needed to increase the density and
a lower pedestal density is obtained in the ELM model. During tungsten injection, the pedestal pressure is well
controlled in the empirical continuous ELM model and in the PID control model.
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1. Introduction

In ITER and DEMO, in order to obtain confinement
performance for fusion power generation, it is necessary
to maintain H-mode plasma in which a transport barrier
is formed at the plasma boundary. Impurity injection is
planned in DEMO to reduce the heat load on the divertor
target. There is concern about confinement deterioration
and back transition to L mode due to increased radiation
power by impurity accumulation in the core, and then sim-
ulations that take them into consideration are required. For
instance, time-dependent behavior of H-mode operation in
ITER was studied in Ref. [1], which included maintaining
H mode against increased H-mode threshold power caused
by density rise after H-mode transition and back transition
due to radiation caused by tungsten. In an integrated trans-
port code TOTAL, the H-mode plasma was conventionally
simulated by multiplying the thermal/particle diffusivity by
factors less than unity. The values of the factors were given
in an input file and were fixed during the simulation [2].
The values were determined so as to achieve the confine-
ment enhancement factor (H factor) of the design value in
typical plasma conditions. Two issues were recognized in
this treatment. The first one is that the H-mode is main-
tained through the whole period of the simulation and then
it is not possible to simulate L to H transition and H to L
transition, which take place either intentionally or uninten-
tionally. The second one is that the plasma pressure at the
pedestal top depends on the heat flux through the pedestal,
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while it is in fact determined by the stability limit or edge
localized modes (ELMs). We have developed new edge
transport models in TOTAL to resolve these issues in or-
der to perform realistic simulation of H-mode operation.
Simulation of transition to H-mode from L-mode and vice
versa has become possible by monitoring the net heating
power and threshold power for transition during the simu-
lation. Control of the pedestal pressure has become possi-
ble by adjusting or changing transiently the thermal diffu-
sivity at the pedestal region. The rest of this paper is orga-
nized as follows. In Sec.?2, the newly developed H-mode
transition model and the pedestal pressure control models
are described, together with the heat and particle transport
models used in TOTAL. Section 3 describes plasma pa-
rameters and conditions used in this work. Results of sim-
ulations with three models for pedestal pressure control are
presented in Sec. 4. An example of simulation on impurity
injection into H-mode plasma is shown in Sec. 5. Finally
summary is given in Sec. 6.

2. Models

2.1 Heat and particle transport model

The transport of heat and particles in the plasma is di-
vided into neoclassical transport and anomalous transport.
In this study, the following mixed Bohm / Gyro-Bohm
model is used as the anomalous heat transport model [3].
In this model, the anomalous thermal diffusivities for elec-
trons and ions, x> and y{N consist of Bohm terms yge,
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Xxgi [4] and Gyro-Bohm terms ygge, ¥.Bi [5]:

XN = XBe + XeBe: (1)
XN = xBi + XeBis 2)
XBi = 2XBe, (3)
XeBi = XgBe- 4

The yp. and ygp. are determined by the formulas
shown below, which include the scale length of the elec-
tron pressure L, and that of the electron temperature:

ClTe 12
XBe = @B ?ILP q
T, (0~8ppedtop) - T (ppedtop) (5)
T, (ppedtop)
v
L=V (6)
Pe
alVTe|
XgBe = agB ¢ ,0 . (7)
B,
1 MT,
x _ -c 8
P aZ; B, e ®)

where a is the plasma minor radius in m, 7. is the elec-
tron temperature in eV, By is the toroidal field in T, p. is
the electron pressure, ¢ is the safety factor. By compar-
ison with the H-mode plasma experiment, the values of
coefficients ag and agp are given as ag = 8.0 X 10~ and
ags = 3.5% 1072 [5].

In particle transport, fluxes of D*, T* and He2+ are
calculated and the flux of electrons is determined by charge
neutrality. The anomalous particle diffusivity is deter-
mined by y2N and y*N as follows.

FANYAN
DN = (03 +0.7(1 - p)) . ©)
xe +x
The pinch velocity by anomalous transport VAN is as-
sumed and is given by
VAN = —C,DAN(2r/d?), (10)

where C,, is a dimensionless coeflicient for varying the
anomalous pinch velocity and then the electron density
profile. In this study its value is fixed as Cp = 0.5.

In simulation with impurity injection described in
Sec. 5, the impurity ion density is determined by solving
the rate equation with transport terms. The detail is given
in Ref. [6]. The neoclassical flux of impurity is calculated
with the NCLASS module [7]. The anomalous diffusivity
of impurity ions is assumed to be twice as that of the neo-
classical diffusivity. Anomalous pinch of impurity ions is
given by the same formula as Eq. (10).

2.2 H-mode transition model
An algorithm has been introduced to trigger the tran-
sition from L-mode to H-mode and that from H-mode to

L-mode, comparing the net heating power and the H-mode
threshold power. The net heating power P, is equivalent
to the power crossing the plasma edge or the separatrix and
is calculated by

Pnel:Pa+P0hm+PRF_Prad_ddL;V7 (1)
where P, is the alpha heating power, Popy, is the ohmic
heating power, Pgr is the external heating power supplied
by RF, Py is the radiation power and dW/dr is the time-
derivative of the plasma thermal energy. As the H-mode
threshold power Ppy, the formula given in Ref. [8] multi-
plied by 0.8 is used:

Pry = 0.8 X 0.048875) " BY*" 509,

where 7iy is line average density in 10**’m™ and § is the
plasma surface area in m?. The factor 0.8 is included to
consider that Py is inversely proportional to the ion mass
number M and that DT plasma with M = 2.5 is used in
this work while D plasma with M = 2 is assumed in the
formula given in Ref. [8].

The P and Pry are calculated at every time step
during the simulation. When P, > Pry is satisfied in
L- mode, transition to H-mode is triggered, while when
Ppet < Py = 0.5Ppy is satisfied in H-mode, back transi-
tion to L-mode is triggered. The lower value of Py, than
Py is assumed based on the experimental results observed
in ASDEX Upgrade that high confinement was maintained
even with Pyo. < Pru[9]. The heat diffusivities /\/QN and
x ™ are multiplied by factors C. and Cj, called enhance-
ment factors, to simulate the transport barrier (pedestal) in
0.95 < p < 1, where p is the normalized minor radius, as
shown in Fig. 1:

Xohea = Cex N, (122)
Xiea = Cx ™. (12b)

In H-mode, C. and C;j are set less than unity: C. = C¢p =
0.007, Ci = Cjp = 0.0035, while in L-mode they are set
to unity. Note that the values of C. and C; are changed in

diffusivity

L' 'mode

&/

Hmode
pedesta I]:top
0 1

MNormarized radius r/a

Fig. 1 Schematic view of radial profile of diffusivity in H-mode
(red) and in L-mode (green).

1403016-2



Plasma and Fusion Research: Regular Articles

Volume 17, 1403016 (2022)

the control of the pedestal pressure as described in Sec. 2.3.
The ratio between C.y and C;y was determined so that sim-
ilar pedestal temperatures would be obtained for electrons
and ions. The values of C.y and C;y were determined so
that the pedestal pressure would reach, but not exceed too
much, the value predicted by scaling law at the start of
control of pedestal pressure.

At the transition, C. and C; are not changed imme-
diately but are changed gradually over 5s as shown in
Fig. 2. If C, and C; are reduced like step function at the H-
mode transition, large positive dW/dt is generated which
reduces Py below 0.5P 4 and the back transition is trig-
gered. Large negative dW/dr is then generated just after
the back transition, which increases P, above Pry and
then the H-mode transition is triggered. This process is re-
peated for several seconds. Gradual change in C, and C; is
introduced to avoid this oscillation phenomena. In Fig. 2,
the L to H transition is triggered at t = 10.6s when Py
exceeds Pry. C. and Cj are changed during the transition
phase between ¢ = 10.6 and 15.6 s according to the formula
shown below

5
t —t
Ce=ceo+(1—ceo)(”$) , (13a)
tr
H+te—t\
G =cio+(1—cio)(‘—“) , (13b)
Ttr

where t#; is the time that the transition was triggered and
T 18 the duration of transition, 5s. The P, continues to
decrease during the transition phase even with the gradual
change in C, and Cj. Heating power during this phase,
120 MW, was determined to sustain P, above Py;.. The
P, starts to rise again at + = 14.3s due to increase in
alpha heating power. In this example, PID control of the
pedestal pressure by C. and C; is done after the end of
transition phase, though the change in C. and Cj are small
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Fig. 2 Time evolution of the enhancement factors C, (red solid
line) and C; (blue dotted line), net heating power P
(green solid line), L to H transition power (black dashed
line) and H to L transition power Py (magenta dotted
line). High external heating power of 120 MW was ap-
plied during r = 10s to 15s.

in the period shown in the figure.

2.3 Pedestal pressure control model

It is intended to keep the pedestal pressure to the value
predicted by a scaling law obtained by experiment data.
The scaling law of pressure at the pedestal top p;?cld given
in Ref. [10] is used in this work:

sl 6
o2 Wxio .
Pred = 3% T 02y,
Wiy = 0.0006431,*°R" % P02 (719) %
x BOOS,1$1 4213 )02 209, (15)
where p:feld is the pressure of the pedestal top in Pa, W;Zh

is the stored energy in the pedestal in MJ, V;, is the plasma
volume in m?, 0.92 denotes the fraction of the volume in-
side the pedestal top to V}, I, is plasma current in MA, R is
the plasma major radius in m, 719 is the line-average elec-
tron density in 10! m™3, k, is ellipticity, and A is the aspect
ratio, Fy = gos5/qcy1, and gey1 = Sk,a*B,/ (Rlp).

In order to match the pedestal pressure with the
scaling law, pedestal pressure control is performed by
the following three models: (a) the proportional-integral-
differential (PID) control model, (b) the ELM model, and
(c) the empirical continuous ELM model.

In (a) the PID control model, the pedestal pressure is
PID controlled by using the enhancement factor of thermal
diffusivity so that the pedestal pressure pp.q would follow
the value predicted by the scaling p*cl.:

ped
C® = C. + ACAt, (16)
" = C; + %At, (17)
AC = Gpe + G fot &dt, (18)
£ = Ppeq = Pped: (19)

where Gp is the proportional gain, Gy is the integral gain,
and ¢ is the pressure deviation. The AC is multiplied by
the time step At to prevent control from relying on the cal-
culation time step.

The proportional gain Gp is determined from the re-
lationship between the pedestal pressure p,.q and the en-
hancement factors C. and C;. Dependence on C. of the
pedestal pressure was obtained by changing C. from 0.3
to 0.03 linearly during 50 s while keeping the ratio of C,
to C; at 2:1. The alpha heating power was maintained
at 217 MW by feedback control using the pellet injection
frequency as the actuator under the external RF heating
power of 200 MW. The result shown in Fig. 3 is fitted by
Pred = poCz %% quite well. From this relationship, we have

dPpped
dC.

= —0.65pC; "%, (20)
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Fig. 3 Relationship of pedestal pressure py.q to enhancement
factor C.. The data points (red open circles) are fitted
by a function (black solid line) pyeq = 9528.7 x C, 66167,
Only one symbol is plotted per 30 data points to avoid
excessive overlapping.
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In the simulation the value of Gp was reduced to one third
of this to avoid the back transition after the H-mode tran-
sition. The integrated gain Gy was set to —3 X 1078 Pa~!s™!
in order to reduce the offset.

In (b) the ELM model, when the pedestal pressure ex-
ceeds p;ild, the thermal diffusivity is increased for a short
pre-determined time, and then is returned to the values in H
mode. This simulates the ELM, where heat and particles
are released due to instability when the pressure exceeds
the pressure stability limit. An example of the results is
shown in Fig. 4. When the pedestal pressure p,.q exceeds
p‘;’celd, the enhancement factors are increased to C. = 2,
C; = 1 during 0.2ms. This condition was determined
to have the released plasma energy AW at each ELM of
about 7% of the pedestal energy Wpeq in the simulations
shown in Sec.4. In this condition, the maximum thermal
diffusivity of ~100m?s~! is obtained as shown in Fig.4;
this value is used in the simulation in Ref. [11]. The drop
of the pedestal pressure is about 60% in this case and the
ELM cycle is about 250 ms. Small time steps are used to
simulate release of heat and particle in a short duration of
0.2 ms. The ELM cycle depends on the drop of the pedestal
pressure; smaller ELMs have shorter period. After release,
the enhancement factors are returned to the values in the H-
mode; C. = 0.007 and C; = 0.0035, and then the pedestal
pressure recovers. Since p;Celd changes significantly during
each ELM cycle, mainly due to change in Py, the low-
pass filter described in Sec.2.4 is applied to pzceld to sup-

: : scl
press transient change m pped‘

In (c) the empirical continuous ELM model, extra
thermal diffusivity is added in the pedestal region when
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Fig. 4 Time evolution of pedestal pressure pyeq (red solid line),
that predicted by the scaling law p;ild (black dotted line)
and anomalous electron thermal diffusivity x4V at the
pedestal top (blue solid line) in a simulation with the

ELM model.

ed
sion coeflicient is added according to the pressure.

the pedestal pressure exceeds p;d . The following diffu-

8
Pped
Xelm = Y0 X Max (o, - 1] , (22)
ped
Yo = 100m?s7!, (23)
B=15. 24)

This model is based on the model used in Ref.[12],
where the normalized pressure gradient to its critical value
determined by the stability limit was used in place of
Pped/ Pog With xo = 100m?s™" and g = 2. In this work,
the value of 8 was modified to 1.5 so that ppeq is controlled
close to p;‘éld in the simulation. Increase in the particle dif-
fusivity is determined by Eq. (9) when the pedestal pres-
sure exceeds p;fd and the thermal diffusivity is increased,
while increase in the particle diffusivity was the same as
that in the thermal diffusivity in Ref. [12].

An example of the results is shown in Fig. 5. The ther-
mal and particle diffusivities, 2N, N and DN are in-
creased when pp.q exceeds pffeld while they are decreased

when pyeq becomes lower than p;ld. The response of ther-
mal and particle diffusivities is delayed typically by one
time step. This is because the newly calculated diffusivities
are not used directly but those with reduced change from
the values at the pervious time step, which are shown in
Fig. 5, are used in the particle and heat transport equations
in TOTAL in order to avoid rapid change in the diffusiv-
ity. In contrast, the ppeq responds to change in diffusivities

without delay. As a result, the ppeq is kept around p;feld,

where the amplitude of the deviation from p;‘;]d is about
2%. The low-pass filter is applied to p;celd to suppress tran-

scl

sient change in Pped:
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Fig. 5 Time evolution of pedestal pressure pyeq (red solid line),

that predicted by the scaling law p;feld (dark blue dot-

ted line) and anomalous electron thermal diffusivity y4N
(blue dotted line), anomalous ion thermal diffusivity )(iAN
(black squares) and anomalous particle diffusivity DAN
(red dotted line) at the pedestal top in a simulation with
the ELM model.

2.4 Low-pass filter

A low-pass filter is used for the purpose of suppressing
oscillation in P, and p;Celd due to changes in calculation
steps in the ELM model and the empirical ELM model.
It is also used to show calculation results on the pedestal
pressure and the pellet injection frequency with the ELM
model and the empirical continuous ELM model eliminat-
ing fluctuating components.

A low-pass filter is a type of filter that attenuates com-
ponents with frequencies higher than the cutoff frequency.
Since a simple low-pass filter is realized by an RC circuit
consisting of a capacitor and a resistor, it is also called an
RC filter. Let ¢ be the time, y be the input voltage, and Y be
the output voltage. From the RC circuit equation we have

e rr @5)
where i denotes the number in the time step, At; = t; — t;_1,
and T is the value of RC or the time constant. By solving
the above equation for ¥; we have

T At;
Y; = Yioi + —y;.
T+ At T+ At

(26)

When it is applied to Py and p;zld, 7 = 0.15s is used con-

sidering typical ELM periods.

3. Plasma Parameters and Conditions

In this work, Japan’s DEMO (JA DEMO) design val-
ues [13] shown in Table 1 are used. The boundary con-
ditions of the electron density and the ion/electron tem-
perature are 2 x 10" m=, 740eV and 350eV, respec-
tively, at the edge. These values were taken from those
used in study on power exhaust and divertor design in JA

Table 1 Parameter of JA DEMO.

parameter value
Plasma major radius Rp,(m) 8.5
Plasma minor radius a,(m) 2.42
Aspect ratio A 3.5
Elongation Kos 1.65
Triangularity Sos 0.33
Safety factor qos 4.1
Plasma volume V,(m?) 1647
Plasma current [,(MA) 12.3
Toroidal magnetic field B1(T) 5.94

DEMO [14]. The initial electron density is given so that
it is 4.64 x 10 m™> at the center and is 4 x 10" m™3
in line average. This value was determined considering
the shine-through of neutral beam (NB) though lower den-
sity would be preferable for reducing heating power for
H mode access. A similar density before high power NB
heating was also assumed in a study on operation scenario
in ITER [15]. The initial temperature is 3 keV in the cen-
ter. The DT ratio of plasma and pellet is 1:1. The density
of helium was 5% of the electron density. No impurities
other than helium are considered, except for simulations
shown in Sec. 5.

In JA DEMO, NB heating and electron cyclotron (EC)
wave heating will be employed[13]. A Fokker-Planck
solver for analysis of heating and current drive with NB
injection has been installed in TOTAL [16] while no mod-
ules for EC wave analysis are available. In this work, for
simplicity, we do not use the Fokker-Planck solver but give
heating power, without particle fueling, in a fixed radial
profile. We call this RF heating. Its power is 10 MW be-
fore t = 10s, is increased to 120 MW at ¢ = 10s, is de-
creased to 83.5 MW at t = 155, and is kept constant after
that; the waveform is shown in Fig. 6 (b). The fractions of
ion heating power and electron heating power are 0.25 and
0.75, respectively.

The line-average electron density is PID controlled by
using pellet injection rate [2]. The proportional, integral

and differential gains for the density control is GE'®" =

P
3000, G¥'" = 557! and G&'®" = 30005, respectively.
Cylindrical pellets with diameter of 4 mm and height of
4 mm are assumed to be injected from the high magnetic
field side with velocity of 0.3km/s. The target value of
the line-average electron density is increased linearly from
4x10”m= at7=0st08.5%x10"”" m= at 7 = 80s and then
is kept constant; the waveform is shown in Fig. 6 (a).

The value of flat-top heating power (83.5 MW) is that
assumed in pulse operation of JA DEMO [13] where al-
pha heating power of 217 MW or fusion power of 1.09 GW
is planned, while the line-average electron density (8.5 X
10" m=3) is close to that assumed in pulse operation of JA
DEMO [13]. The size and velocity of pellets are similar to
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Fig. 6 Results of simulation with the PID control model. (a)
The line-average electron density (blue), its target value
(green, dotted) and the volume-average electron density
(red). The first two are nearly identical and overlapped.
(b) The alpha heating power (red) and the RF heating
power (purple). (c) The pedestal pressure pyeq (red) and
that predicted by the scaling law pffeld (purple, dotted). (d)
The enhancement factors C. (red) and C; (purple, dotted).

those planned for ITER [17].

4. Comparison of Pedestal Pressure

Control Models

The simulation from L-mode plasma with low heating
power to H-mode plasma with high fusion power is per-
formed using the three pedestal pressure control models,
with the same external heating power and the same target
density as described in the previous section. The calcu-
lation is identical to that shown in Fig.2 for three mod-
els until the end of L to H transition phase, t = 15.6s.
The pedestal pressure control is started with three different

models from that time, when the pedestal pressure reaches

scl
p ped”

4.1 PID control model

Figure 6 shows the results of the simulation with the
PID control model. The line-average density follows the
target value and reaches 8.5x 10"”m= at # = 80 's as shown
in Fig. 6 (a). The alpha power reaches 220 MW, which is
close to the design value, at t = 150 s as shown in Fig. 6 (b).
Time evolution of pyeq and p;feld is shown in Fig. 6 (c). The
pedestal pressure ppeq is controlled exactly to the pressure
limit pSCl until the end of simulation, ¢t = 150s. The in-

ped
crease in p;?d is due to increase in Pp¢. Since dependence

of p*l on Py is P%%2, from Egs. (14) and (15), the C.

ped net °

PID12v3

(a) 1-2:---|--|---|---|

[10::'

Fig. 7 Radial profiles of (a) the electron density 7., (b) the elec-
tron temperature 7, (red, solid) and the ion temperature
T; (purple, dotted) at # = 150 s of the simulation shown in
Fig. 6.

and Cj need to be increased to keep relation ppeq = p;‘éld.

Such adjustment is properly performed with this model as
shown in Fig. 6 (d). The radial profiles of the electron den-
sity 7., the electron temperature 7. and the ion tempera-
ture 7; at t = 150s are shown in Fig.7. At the pedestal
top, ne = 6.2 X 10 m™3, T, = T; = 7keV. The n, profile
is moderately peaked due to inward particle pinch while
the fueling with pellet injection is located around p = 0.8,
where p is the normalized minor radius.

4.2 ELM model

Figure 8 shows the results of the simulation with the
ELM model. The line-average density is lower than the tar-
get value as shown in Fig. 8 (a) though fueling was larger
than in the PID model as shown in Fig. 8 (d); the pellet in-
jection frequency is about 5 Hz after + = 80s in the ELM
model case while it is about 0.5 Hz in the PID model case.
The alpha power reaches 300 MW as shown in Fig. 8 (b)
in spite of lower line-average electron density. The time
evolution of ppeg and pls:gd is shown in Fig.8(c). The
pedestal pressure is controlled lower than pf;ld with repeti-
tive ELMs.

The radial profiles of n. and T; at t = 150 s are shown
in Fig.9. The pedestal density is significantly lower than
in the PID model case shown by blue dotted line. The
pedestal temperature is instead higher in the ELM model
case. The density is similar and the temperature is higher
in the central region in the ELM model case, which leads
to higher fusion power. It is interesting that lower pedestal
density is observed in the ELM model case though relation
between the particle diffusivity and the thermal diffusivity
is not changed, given by Eq. (9) in both of PID model and
ELM model cases. One possible cause is difference in the
location of particle source and the heat source, the former
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Fig. 8 Results of simulation with the ELM model. (a) The line-
average electron density (blue), its target value (green)
and the volume-average electron density (red). (b) The al-
pha heating power (red) and the RF heating power (blue).
(c) The pedestal pressure py.q (red) and that predicted by
the scaling law pffe'd (purple, dotted). (d) The pellet injec-
tion frequency (red) together with that in the simulation
with the PID model shown in Fig. 6 (purple, dotted). The
low pass filter is applied to ppeq, pzceld, and the pellet injec-
tion frequency.

ELMOEvAEPID12vE

SIS NI EE A AT BT B

0 0.2 0.4 0.6 0.8 1
(1]

Fig. 9 Radial profiles of (a) the electron density n. and (b) the
ion temperature 7; at t = 150 s of the simulation with the
ELM model shown in Fig. 8 (red, solid) compared with
that with the PID model shown in Fig. 6 (purple, dotted).

is closer to the edge.
4.3 Empirical continuous ELM model

Figure 10 shows the results of the simulation with
the empirical continuous ELM model. All of the elec-

ecELMO4v1
" e

@ o T

0 50 100 150
time [s]

Fig. 10 Results of simulation with the empirical continuous
ELM model. (a) The line-average electron density
(blue), its target value (green) and the volume-average
electron density (red). The first two are nearly identi-
cal and overlapped. (b) The alpha heating power (red)
and the RF heating power (blue). (c) The pedestal pres-

sure ppeq (red) and that predicted by the scaling law p;feld

(purple, dotted). The low pass filter is applied to ppeq

and pi‘;ld.

tron density, alpha heating power and the pedestal pres-
sure are close to those in the PID control model shown in
Fig. 6, though we have fluctuations in the pedestal pressure
as shown in Fig. 5, which are eliminated owing to the low
pass filter in Fig. 10. The ppeq is controlled close to pf&.
The pellet injection frequency, not shown, is nearly identi-
cal to that in the PID control model.

4.4 Summary of comparison of three models

Nearly the same results are obtained with the PID con-
trol model and with the empirical continuous ELM model,
while different results are obtained with the ELM model.
The computational cost is the lowest in the PID control
model and the highest in the ELM model.

Higher pellet-injection frequency, namely a larger
amount of fueling, is needed in the ELM model to raise
the density close to the target value than in the PID con-
trol model and in the empirical continuous ELM model.
These differences suggest that modeling of ELM including
its frequency and the amount of release of particles is im-
portant to predict required amount of fueling and the den-
sity profile. However, the simulation in this study employs
fixed edge values for the density and the temperature. It
would not be the case in experiment. It would be needed
to include the transport in the SOL plasma to evaluate the
boundary values of the density and then evaluate the re-
quired fueling precisely.

5. Simulation on Impurity Injection
Response to tungsten impurity injection is simulated
and compared with the PID control model and the empir-
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Fig. 11 Simulation on impurity injection with (left) the PID model and (right) the empirical continuous ELM model. Time evolution of
(a), (c) the alpha heating power (red chain-dashed), radiation power (purple, dotted), net power Py (green), and Py (black). (b),

scl

(d) ppeq (red) and pi,; (purple).

ical continuous ELM model. The heating power is sus-
tained at 83.5 MW. The target value of the line-average
electron density is 8.5 x 10" m™3. Tungsten atoms are
injected on the plasma surface with energy of 10eV. In-
jection is started at + = 150s. The injection rate per unit
plasma surface is linearly increased to 2 x 10! m=2s7! at
t = 160 s and is kept constant. The final values correspond
to 51 mg/s of injected mass of tungsten.

The results are shown in Fig. 11. The behavior is quite
similar in both cases. The p;ild decreases after tungsten
injection because of decreased net power due to increased
radiation. The H to L transition takes place around ¢t =
180 s when P, reaches Py . After that the radiation power
rises quickly, the P, becomes nearly zero and then the
calculation is terminated. The pedestal pressure control
is terminated at the H to L transition. In the PID control
model, ppeq starts to deviate from p;‘;ld around t = 177s,
slightly before the H to L transition, while in the empirical
continuous ELM model, pyeq follows p§01 until the end of

i)ed
the H-mode phase.

6. Summary

An algorithm to trigger the transition between the L
mode and the H-mode and three types of models for con-
trolling the pedestal pressure in the H-mode were intro-
duced into the TOTAL code. The models were tested on
Japan’s DEMO plasma. At the L to H transition, quick
reduction in transport in the pedestal region causes back
transition due to reduced net heating power and therefore
gradual change in the transport in the pedestal region is
needed. In the PID control model, the pedestal pressure is
adjusted accurately to the target value. In the ELM model,
the pressure drops significantly during each ELM and it re-
quires large pellet injection to increase the density. In the
empirical continuous ELM model, the pedestal pressure is
adjusted as in the PID control model, though some fluctua-
tions are generated in the pedestal pressure. Radial profiles

of the electron density and the ion temperature are different
in the ELM model compared to the other two models. Re-
sponse to tungsten impurity injection into H-mode plasma
was simulated with the PID control model and the empir-
ical continuous ELM model. The pedestal pressure pre-
dicted by the scaling law decreases through reduction of
net heating power due to enhanced radiation power, until
the transition to the L-mode takes place. The pedestal pres-
sure follows the target value in both models, though slight
deviation is observed just before the H to L transition in
the PID control model.

The required particle fueling rate and the density/
temperature profiles depends on the pedestal pressure con-
trol models even though the same formula is employed for
the prediction on the pedestal pressure. It would be needed
to include the SOL transport models and also to compare
the calculation with the experiment, as future work.
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