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Abstract

Plasma performance in steady-state operation has been evaluated by conducting integrated modelling simulations to
address the uncertainties of modelling and assumptions in JA DEMO, a design concept of the steady-state tokamak demon-
stration reactor. The results of the integrated modelling simulations are compared to those of the systems analysis. The
dependence of the plasma performance on the selection of the turbulent thermal transport model, heating and current drive
conditions, and density peaking factor is investigated. The Bohm-gyroBohm, CDBM, and Coppi-Tang models predict similar
plasma performance for JA DEMO conditions, while they evaluate the different temperature and current profiles. The optimal
heating and current drive condition is discussed in terms of the balance between the neutral beam injection power and electron
cyclotron (EC) wave injection power to maximize the non-inductive current drive fraction and the location of the EC current
drive to increase the plasma performance. The high density peaking factor is preferable for the core plasma operation condition
because the higher fusion power and non-inductive current drive fraction can be obtained with the lower external input power
and confinement enhancement factor. Within the simulation conditions in the study, the plasma performance required for the
JA DEMO steady-state operation can be sufficiently obtained.

1. INTRODUCTION

The conceptual design activity for a steady-state tokamak demonstration reactor, JA DEMO [1, 2], has been conducted in
Japan. The main parameters of JA DEMO are the plasma major radius of 8.5 m, minor radius of 2.42 m, plasma current of
12.3 MA, toroidal magnetic field at the plasma centre of 5.94 T, and fusion power of 1.5 GW. The plasma operation is limited
by the specifications of engineering components, including the heating and current drive systems and allowable heat flux to the
plasma-facing components. The plasma operation scenario development is necessary to construct a feasible DEMO concept
and to determine the component designs, such as the heating and current drive systems. Previously, ohmic plasma initiation
with poloidal field coil supply voltage similar to ITER [3], flux consumption reduction during plasma current ramp-up phase
by electron cyclotron (EC) heating [4], external heating power required for the L—H transition [5], and fusion power control
by pellet injection [6] have been studied for JA DEMO. The previous study on the steady-state plasma operation scenario from
the ramp-up to the flat-top burn phases for JA DEMO evaluated the external input power required for full non-inductive current
drive and pointed out the importance of off-axis EC current drive for controlling the internal transport barriers (ITBs) [2].
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The two-hour pulsed plasma operation scenario has been developed for commissioning and early demonstration of power
generation with lower plasma performance than that for the steady-state operation, clarifying controls of the current profile
and power required for the pulsed operation [7]. These studies have identified possible plasma operation and specifications of
engineering components required for plasma operation. For EU DEMO, identification of the requirements for actuators [8] and
the limiter design for first wall protection [9] have been studied based on the developed plasma operation scenario and control
simulations [10, 11].

To ensure that the plasma performance required for the achievement of DEMO goals is obtained, the plasma scenario should
be developed based on the analyses within a wide range of assumptions, considering the modelling uncertainties. The ITER
plasma performance has been compared for different turbulent thermal transport models, densities, heating and current drive
schemes, and impurity concentrations [12—14]. The dependence of the plasma performance on the turbulent transport model
has been examined for EU DEMO [15]. The plasma required for JA DEMO has the characteristics of a larger size and higher
performance compared to the ITER plasmas and the fully non-inductive current drive, i.e., the higher non-inductive current
drive fraction compared to EU DEMO which supposes no external current drive in the flat-top burn phase.

In this paper, we have evaluated the plasma performance in the JA DEMO steady-state operation by conducting integrated
modelling simulations.We compare the results of the integrated modelling simulations to those of the systems analysis [2]. We
investigate the dependence of the plasma performance on the selection of the turbulent thermal transport model, heating and
current drive conditions, and density profile. The examined transport models predict similar values of the main parameters,
whereas they evaluate the different temperature and current profiles. The optimal balance between the neutral beam injection
(NBI) power and EC injection power and the optimal position of the EC current drive for ITB sustainment are discussed. The
high density peaking factor is preferable to obtain the high plasma performance.

2. ANALYSIS MODEL

The plasma performance is evaluated using the integrated modelling code GOTRESS+ [16] which consists of the ACCOME [17],
EC-Hamamatsu [18], GOTRESS [19], and OFMC [20] codes. One of the characteristics of GOTRESS+ is to find the steady-
state solution directly; therefore, the code is effective for the purpose of this study. The magnetic equilibrium and bootstrap
current are calculated using ACCOME. The EC-driven current and heating profiles are calculated using EC-Hamamatsu. The
profiles of the current and heating by NBI are calculated using OFMC. The electron and ion temperature profiles are calculated
using GOTRESS, prescribing the electron density profile and ion density fractions. The temperature profile is given in the
region of p > 0.85 by the hyperbolic tangent function and is solved in the core region (p < 0.85). Here, p is the normalized
minor radius. Electron, deuteron, triton, and argon (Ar) are considered in the simulation. Argon is considered as the impurity
species that is injected intentionally to suppress the net plasma loss power across the separatrix, Psep.

The Bohm-gyroBohm (BgB) [21-23], CDBM [24, 25], and Coppi-Tang (CT) [26] models are used for the turbulent thermal
transport models in this study. The formation and sustainment of ITBs are considered using the BgB model by multiplying the
Bohm term by a shear function. The BgB and CDBM models well reproduce internal transport barriers (ITBs) [23] which are
supposed to be utilized in the JA DEMO steady-state plasma operation [2]. The CT model has often been used for the ITER
scenario studies [13, 14].

The pedestal density, nped, and temperature, T,eq, are prescribed in this study, whereas the EPED1 model [27] is implemented
in GOTRESS+. We assume Tpeqa = 3 keV for both electron and ion. We use npeda/ngw = 0.85 as a typical value, where
naw is the Greenwald density limit. It was previously confirmed that the typical values (npea/naw = 0.85 and Tpea = 3
keV) are within the MHD stable region [5] using the ideal MHD stability code MARG2D [28].

The NBI system is assumed to consist of three deuterium beam injectors based on negative-ion sources. The port-through
power, beam energy, and tangent radius of injection are 33 MW, 1.5 MeV, and 8.5 m, respectively. The three NBI ports are
tilted downward with different angles to obtain a wider NBI-driven current profile. We assume that all EC waves are injected
from a single common position with the frequency of 190 GHz and the injection angles of 30° and 0° in the toroidal and
poloidal directions, respectively, to drive the current locally. Figure 1 shows the last closed flux surface and injection directions
of NBI and EC waves in the (a) poloidal plane and (b) horizontal plane of the height of the magnetic axis.

3. RESULTS AND DISCUSSION

Table 1 shows the values of main parameters calculated using a systems code (TPC) [2] and GOTRESS+ with the BgB, CDBM,
and CT models. Here, Prys is the fusion power, Pypr is the NBI power, Prc is the EC injection power, Q = Prys/Paux,
Paux = PxB1 + Prc is the total external input power, fgw is the line-averaged electron density normalized by the Greenwald
density limit, O is the normalized beta, Hy is the confinement enhancement factor defined as the energy confinement time
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FIG. 1. Last closed flux surface and injection directions of NBI and EC waves in the (a) poloidal plane and (b)
horizontal plane of the height of the magnetic axis.

TABLE 1. OBTAINED VALUES OF MAIN PARAMETERS CALCULATED USING TPC AND GOTRESS+
WITH THE CDBM, BGB, AND CT MODELS.

Parameters TPC CDBM BgB CT Parameters TPC CDBM BgB CT
Prs IMW] 1462 1483 1490 1508 ON 34 3.67 3.62 3.65
Pnp1 IMW] - 837 75 75 75 Hy 1.31 1.55 1.51 153
Prc [MW] 0 40 40 40 IBs 061 061 062 062
Q 17.5 12.9 129 13.1 fep 0.39 0.42 045 043
Jfow 1.2 1.28 1.29 1.29 Zeost 1.84 2.6 26 26

normalized by the IPB98(y,2) scaling [29], fgs is the bootstrap current fraction, fcp is the externally driven current fraction,
and Z.g is the effective charge. Figure 2 shows the profiles of the (a) electron density, n., (b) electron temperature, T, (c)
ion temperature, 73, (d) safety factor, g, (e) total current density, (f) bootstrap current density, (g) NBI-driven current density,
and (h) EC-driven current density calculated by GOTRESS+ for the cases of using the BgB, CDBM, and CT models. In
Fig. 2(a)—(c), the density and temperature profiles assumed in the systems analysis are compared. We determined the central
density, 1o, Zes, i.., the Ar density fraction, Pygr, and Pgc so that Prys ~ 1.5 GW, fn1 ~ 1, faw ~ 1.2, and Psep ~ 280
MW are simultaneously obtained in the GOTRESS+ simulation when using the CDBM model. Here, fx1 = fss + fop is
the non-inductive current drive fraction, and Pscp ~ 280 MW corresponds to the allowable heat flux to the divertor [30]. The
balance of Pnp1 between the three injectors was determined to keep the minimum value of g above one. The EC waves are
locally injected to drive the current locally and to form an ITB at p = 0.6.

The GOTRESS+ evaluates higher values of Paux, Ox, Hu, and Zeg under the conditions of Pr,s ~ 1.5 GW, fx1 ~ 1, and
Piep ~ 280 MW than the systems analysis, as shown in Table 1. Because the current drive efficiency of NBI is higher than
that of EC, and 40 MW of EC is used for forming an ITB, higher P,,x is required to obtain fn1 ~ 1 in the GOTRESS+
simulation than that evaluated by the systems analysis. The higher Z.g is required for Pscp ~ 280 MW than Z.g assumed in
the systems analysis, and Hy increases with increasing Zeg. The higher By is required for Pr,s ~ 1.5 GW in the GOTRESS+
simulation than the result of the systems analysis because the systems analysis assumed the temperature profile broader than
that calculated by the transport analysis.

The GOTRESS+ simulations using the BgB and CT models are performed with the same parameters as the case of using the
CDBM model, other than the transport model, although the optimal conditions might differ depending on the selection of the
transport model. Because the BgB and CDBM models include the shear effect, ITBs are formed at the positions where the ¢
profile has local minima, whereas no ITB is observed for the case of the CT model. Three transport models evaluate different
temperature and current profiles; however, the main parameters are evaluated to be similar values.

Figure 3 shows the dependence of fni1, fBs, and fcp on the balance between Pngr and Pec when Payx = 115 MW for the
case of using the CDBM model. Figure 4 shows the dependence of the profiles of the (a) safety factor and (b) ion temperature
on the balance between Pxpr and Prc when Paux = 115 MW for the case of using the CDBM model. In JA DEMO, NBI
is used for the main current drive source because of its high current drive efficiency, and EC is used for the ITB formation
and instability control because of its local current profile controllability. The bootstrap current fraction fgs increases with
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FIG. 2. Profiles of the (a) electron density, (b) electron temperature, (c) ion temperature, (d) safety factor, (e) total
current density, (f) bootstrap current density, (g) NBI-driven current density, and (h) EC-driven current density
calculated by GOTRESS+ for the cases of using the BgB, CDBM, and CT models.

increasing Pgc because the higher Prc forms a stronger ITB and increases the temperature inside the ITB. The external
current drive fraction fcp increases with increasing Prc for Pec < 20 MW because the higher temperature increases the
current drive efficiency. However, for Pec > 20 MW, fcp decreases with increasing Prc because the fraction of Pnpi
decreases, resulting in the external current drive efficiency decreasing. Therefore, the optimal balance between Pngr and Prc
to maximize fni exists and is Pgc/Pnpr = 40/75 for the JA DEMO steady-state operation condition when Paux = 115 MW
and using the CDBM model.

NBI power Py, [MW]
85 75
!

03 L ; ; ; ;

10 20 30 40 50
EC injection power Py [MW]

FIG. 3. Dependence of fx1, fgs, and fcp on the balance between Pygy and Pgc when Pa.x = 115 MW for the
case of using the CDBM model.

Table 2 compares the main parameters for the cases of pec = 0.5, 0.6, and 0.7 when using the CDBM model and the same
parameters as the simulations shown in Fig. 1, other than prc, where prc is the location of the EC current drive. Figure 5
shows the dependence of the profiles of the (a) safety factor and (b) ion temperature on prc for the case of using the CDBM
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FIG. 4. Dependence of the profiles of the (a) safety factor and (b) ion temperature on the balance between Pnpr
and Prpc when Py = 115 MW for the case of using the CDBM model.

model. Depending on the location of the ITB formation, Pr,s and fnr increase with increasing pec. When pgc = 0.7,
the ¢ = 2 surfaces appear at multiple p positions. The formation of multiple ¢ = 2 surfaces should be avoided in terms of
magnetohydrodynamic instabilities. Therefore, the optimal value is located in the range 0.6 < pgc < 0.7 to increase the
plasma performance within the preferred q profile.

TABLE 2. OBTAINED VALUES OF MAIN PARAMETERS FOR THE CASES OF pgc = 0.5, 0.6, AND 0.7
WHEN USING THE CDBM MODEL.

Parameters ppc =0.5 0.6 0.7 Parameters ppc =05 06 0.7
Prys [MW] 1311 1483 1882 BN 3.28 3.67 477
Pxpr [MW] 75 75 75 Hy 1.46 1.55 1.85
Prc [MW] 40 40 40 fBs 0.54 0.61 0.75
Q 11.4 129 164 fep 0.39 042 047
Jaw 1.26 128  1.30 Zott 2.6 26 26
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FIG. 5. Dependence of the profiles of the (a) safety factor and (b) ion temperature on pgc for the case of using
the CDBM model.
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TABLE 3. OBTAINED VALUES OF MAIN PARAMETERS FOR THE CASES OF npcq/ncw = 0.7, 0.85,
AND 1.0 WHEN USING THE CDBM MODEL.

Parameters  npea/naw = 0.7 0.85 1.0 Parameters npeqa/ngw =0.7 085 1.0
Neo/ (Me) 1.72 .51 130
Prys IMW] 1490 1483 1376 BN 3.67 3.67 352
Pxpr [IMW] 75 75 75 Hy 1.49 1.55 1.61
Prc [MW] 40 40 40 fBs 0.62 0.61 0.56
Q 13.0 129 125 fop 0.45 042 0.38
faw 1.27 1.28 1.25 Zegt 2.6 26 26
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FIG. 6. Dependence of the profiles of the (a) safety factor and (b) ion temperature on the density profile for the
case of using the CDBM model.

Table 3 compares the main parameters for the cases of npea/ncw = 0.7, 0.85, and 1.0 when using the CDBM model and the
same parameters as the simulations shown in Fig. 1, other than the electron density profile. Figure 6 shows the dependence of
the profiles of the (a) safety factor and (b) ion temperature on the density profile for the case of using the CDBM model. The
density peaking factor, neo/(ne), is adjusted so that few becomes the same level even for the different pedestal densities, as
shown in Fig. 6. When fgw is the same level, the minimum value of the safety factor and Hy decrease, and fx1 and Prys
increase with increasing the density peaking factor. For 0.7 < npea/new < 1.0, Psc = 40 MW is enough to form ITBs.
Although the high density in the edge region is preferable for the divertor operation, the high density peaking factor with the
low pedestal density is preferable for the core plasma condition.

4. CONCLUSION

We have evaluated the plasma performance in the JA DEMO steady-state operation using GOTRESS+ to address the uncer-
tainties of modelling and assumptions. We have compared the results of the integrated simulations to those of the systems
analysis. The GOTRESS+ simulations evaluate higher values of Paux, AN, Hu, and Zeg to obtain Prys ~ 1.5 GW, fnr ~ 1,
and Pscp, ~ 280 MW than the systems analysis. We have investigated the plasma performance on the selection of the turbulent
transport model, heating and current drive conditions, and density profile. Within the simulation conditions in this study, the
plasma performance required for the JA DEMO steady-state operation can be sufficiently obtained.

We have compared the plasma performance simulated using the BgB, CDBM, and CT models, fixing the other simulation
conditions. The three models evaluate the different temperature and current profiles; ITBs are formed when using the BgB and
CDBM models and are not formed when using the CT model. However, the models predict similar plasma performance, i.e.,
Prys, fn, Hu, and fn1.

In JA DEMO, we suppose to use NBI for the main current drive source because of its high current drive efficiency and EC
for the ITB sustainment and instability control because of its local current profile controllability. We have investigated the
dependence of fn1 on the balance between Pxpr and Prc for the case of using the CDBM model. The bootstrap current
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increases with increasing Prc because higher Prc forms stronger ITBs, resulting in higher temperature. For the same P,
with increasing Pgc, fcp can increase due to the effect of the temperature increase and can decrease due to the effect of the
decrease in the NBI power fraction. Therefore, the optimal balance between Pxgr and Prc to maximize fni exists. For the
conditions of the JA DEMO steady-state operation, the optimal balance is approximately Pnypr = 75 MW and Pgc = 40 MW
when Paux = 115 MW.

We have examined the dependence of the plasma performance on the EC current drive location, pgc, i.e., ITB foot position,
for the case of using the CDBM model. When the conditions other than prc are fixed, Prs and fnr increase with increasing
pEc in the range of 0.5 < prc < 0.7. The ¢ = 2 surfaces appear at the multiple p position when pgc = 0.7 for the case of
Prc = 40 MW; the formation of multiple ¢ = 2 surfaces should be avoided in terms of the magnetohydrodynamic stability.
The optimal location of the EC current drive to increase the plasma performance while avoiding the formation of multiple
q = 2 surfaces is found within the range of 0.6 < prc < 0.7.

We have investigated the dependence of the plasma performance on the density peaking factor, changing the central and
pedestal density and fixing fgw, for the case of using the CDBM model. When the conditions other than the density profile
are fixed, the minimum value of the safety factor and Hy decrease, and fnr and P, increase with increasing the density
peaking factor. The EC injection power of 40 MW is enough to form ITBs for 0.7 < nped/naw < 1.0. Although the high
density in the edge region is preferable for the divertor operation, the high density peaking factor with the low pedestal density
is preferable for the core plasma condition.
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