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To achieve a steady-state fusion power plant, non-inductive current-driven plasma operations should be main-
tained in tokamak fusion reactors. To establish an economical steady-state reactor, the bootstrap current must be
enhanced to cover the majority of the plasma current and reduce the amount of externally driven current. The
bootstrap current (BS) is affected by the safety factor (¢) profile through transport; however, it is not known how
changes in the safety factor profile affect the bootstrap current fraction. We conducted time-evolution analyses of
the current—density profile for burning tokamak plasmas using a two-dimensional equilibrium, one-dimensional
transport code (TOTAL code) with the current-diffusive ballooning mode (CDBM) model as the heat transport
model. The effect of the safety factor profile on the BS current fraction Igs/I, was evaluated for ITER-like plas-
mas. After various analyses for different g profiles, we conclude that the most effective way to increase the BS

current fraction is to increase the minimum value for the safety factor. In this ITER simulation based on the
CDBM model with 20-MW heating power, a maximum BS fraction of 0.6 was obtained using a central g-value

of 10.0, a surface value of 6.0, and a minimum value of 3.0.
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1. Introduction

To achieve an economical steady-state tokamak fusion
reactor, burning plasmas should be maintained only by the
non-inductive current drive. The total non-inductive cur-
rent is the sum of both the bootstrap current, which is pro-
portional to the plasma pressure gradient, and an externally
driven non-inductive current such as a neutral beam-driven
current. To establish an economical steady-state reactor,
the bootstrap current needs to be enhanced to cover the
majority of the plasma current and reduce the amount of
externally driven current. The bootstrap current is affected
by the safety factor profile through transport; however, it is
unknown how changes in the safety factor profile affect the
bootstrap current fraction. Currently, the dependence of
bootstrap current fraction on the safety factor profile must
be estimated.

2. Analysis Method

In this study, we conducted time-evolution analyses of
the current—density profile of burning tokamak plasmas us-
ing a two-dimensional equilibrium, one-dimensional trans-
port code (TOTAL code [1]). The flowchart of this code is
shown in Fig. 1. In the present study, the plasma particle
density was maintained constant in time. We assumed that
the reactor size was similar to that of ITER; the main reac-

author’s e-mail: k-yamazaki@nagoya-u.jp
*) This article is based on the presentation at the 22nd International Toki
Conference (ITC22).

2403175-1

TOTAL code
]

v

2-D Equilibrium
(APOLLO)

Free=Boundary
Ballooning Mode

o —
- v

- MBI Deposition
B Coordinat
ETGH ;:'gay oozer o‘or inates (HFREYA)
racing I

Ripple Transport Fast lon FokkerPlank Eq.
(GIOTA) (FIFPC)
| -
v —

1-D Transport
(HTRANS)

/ﬂ)"“h

Neutral Transport
(AURORA)

l Impurity Radiation
(IMPDYN)

Fig. 1 TOTAL code flowchart.

Table 1 Tablel ITER-like reactor parameters.

R, [m] | ay (m] | B [T] | IMA] | & K
6.2 2.0 5.3 6~13 | 033 | 1.75

tor parameters are shown in Table 1.

In our previous paper [2], we obtained steady-state
plasmas with high bootstrap current fractions by varying
the externally driven current—density profile. It was con-
cluded that, to maintain steady-state profiles of temper-
ature and density with a high bootstrap current fraction,
an external current drive is required both in the center and
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Fig. 2 Profiles of external electron heating power Py and ion
heating power Peyy;.

near the periphery of the plasma.

Here we focused on the dependence of the bootstrap
current fraction on the safety factor (¢) profile in the inte-
grated code TOTAL.

First, we performed computational iterations to obtain
a plasma current profile that was consistent with a given
positive shear g profile while maintaining the total plasma
current constant. After alpha heating power became suffi-
ciently large to sustain burning, the initial positive shear g
profile was gradually changed to a negative shear g profile.
Then, the steady-state total current-density profile and the
bootstrap current fraction were evaluated.

The total external heating power was 20 MW. The as-
sumed profile for this external heating power is shown in
Fig.2. The initial temperature profiles for ions and elec-
trons were assumed to be parabolic.

In this study, the g profile can be arbitrarily defined.
We assumed the following g profile,
2a)b

q = qo(1 = X* + g.x*, (1)

where gy is the safety factor in the center of the plasma, and
q. 1s the safety factor at the plasma edge. The exponents a,
b, and c are constants.

First, the plasma current profile was obtained from a
given g profile via equilibrium analysis. Then, the external
current profile was obtained by subtracting the bootstrap
current profile from the total plasma current profile.

We performed simulations by varying the safety factor
at the plasma edge g, between 3.0 and 6.0, the safety factor
at the center of the plasma gy between 2.0 and 10.0, the
minimum value of the safety factor g, between 1.25 and
3.0, and the position of the minimum ¢ value r,_, between
0.45 and 0.68. The reference configuration was described
by go = 4.0, g4 = 6.0, gmin = 1.25, and r,,,, = 0.60. In this
reference case, the total plasma current was 8.0 MA.

To obtain a high bootstrap current, an internal trans-
port barrier (ITB) is required; here we used the current-
diffusive ballooning mode (CDBM) model [3, 4] as the
heat transport model. The thermal diffusion coefficient y
is given by

X = Xneoclassical T Xanomalus> (2)
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where F is the shape factor, c is the velocity of light, wp.
is the electron plasma frequency, ¢ is the safety factor, R
is the plasma major radius, r is the minor radius, v, is the
toroidal Alfven velocity, s is magnetic shear, and « is the
normalized pressure gradient. A characteristic feature of
the CDBM model is that the anomalous transport coeffi-
cient becomes small when the magnetic shear is weak or
negative.

Unlike an earlier study [2], we assumed here rather
low-density and low-beta plasmas, leading to achieved
bootstrap current fractions of less than ~0.5. By increasing
the average electron density from 5 x 10" m= to 102 m=3,
the fraction increases from ~0.4 to ~0.7. By slightly ad-
justing the radial g-profile to avoid an external inverse cur-
rent drive and assuming improvements in plasma confine-
ment, this fraction can be increased to around 0.9.

To evaluate the validity of our bootstrap current code,
we compared our results with ITER simulation results us-
ing the CRONOS suite [5]. Both bootstrap current codes
are based on NCLASS. By assuming the same plasma tem-
peratures, densities, and negative magnetic shear profiles,
we obtained almost the same bootstrap current—density
profiles. The bootstrap current fraction obtained from the
TOTAL code was ~0.7, which is the same as the CRONOS
result.

3. Simulation Results

In this analysis, the bootstrap current fraction is de-
fined by the ratio of the bootstrap current (Igs) to the to-
tal integrated current (/p) without considering the negative
current-drive requirement. When the total current Ip* is
calculated by integrating the absolute current density, the
bootstrap fraction can be defined as Igs/Ip*.

Figure 3 shows the dependence of Igs/I;, on g, for gy
= 2.0-10.0. When g, changes from 3.0 to 6.0 with gg
= 10.0, the bootstrap current fraction Igs/I, (Igs/I,*) in-
creases from 28.0% (28%) to 36.0% (31%). This is be-
cause the plasma current required near the plasma edge
decreases.

Figure 4 shows the dependence of Igs/I;, on go for gmin
= 1.25-3.0. When g, changes from 4.0 to 10.0 with gmin
= 1.25, the fraction Igs/I, (Igs/I,*) increases from 30.2%
(24%) t0 36.0% (31%). The plasma current required in the
center decreases, as shown in the figure.

Figure 5 shows the dependence of Igs/I, (Igs/I,*) on
Gmin for ry, = 0.45, 0.60, and 0.68. When g, changes
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Fig. 3 Effects of changing ¢,. (a) Dependence of Igs/I, on ¢,
value. (b) Radial profiles for g, = 3.0. (c) Radial profiles
for g, = 6.0. Radial profiles are for safety factor ¢, to-
tal current density jio, bootstrap current density j, and
external current density jex.
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Fig. 4 Effects of changing ¢o. (a) Dependence of (a) Depen-
dence of Igs/I, on go. (b) Radial profiles of g, jiowal Joss
and jey, for go = 4.0. (c) Radial profiles for go = 10.0.

from 1.25 to 3.0 with r,,,. = 0.60, Igs/I, increases from
30.2% (24%) to 48.9% (48.9%). At lower gmi, the pres-
sure gradient at ITB is larger (see left figure); however, the
local poloidal magnetic field around ITB is higher than that
at high gnmin. The bootstrap current density is proportional
to the pressure gradient over the local poloidal magnetic
field. Therefore, the BS current at low g, is smaller than
that at high gpip.

Fig.5 Effects of changing gn,. (a) Dependence of Igs/I, on
gmin- Left figures (b), (d), and (f) are for gpin = 1.25, and
right figures (c), (e), and (g) are for g, = 3.0. (b) and
(c) profiles of g, jiotals Jbs» and jex. (d) and (e) profiles
of electron temperature T, ion temperature 7;, and elec-
tron density n.. (f) and (g) profiles of electron pressure
gradient Vp,, ion temperature pressure gradient Vp;, and
poloidal magnetic field B,.

Figure 6 shows the dependence of Igs/I, on ry . for
Gmin = 1.25-3.0. When r,,,. is reduced from 0.68 to 0.48
with gin = 3.0, the BS fraction Is/I, (Iss/l,*) increases
from 46.0% (46%) to 47.5% (47.5%). Changes in Ips/I,
in response to changes in r,, . are not significant compared
with those caused by changes in gmin, o, OF ¢a-

The effects of the g-profile have previously been dis-
cussed using JT-60U current-hole data with a simple model
[6]; in particular, the dependence Igs/I, « rl;j"qa/qmin was
obtained in that study. However, the dependence obtained
here using TOTAL differs from that obtained from the sim-
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Fig. 6 Effects of changing r, . . (a) Dependence of Igs/I, on
Tquin- (D) Radial profiles of g, jiowls Jos» and jex forry . =
0.45. (c) Radial profiles for r, = 0.6.

ple model. This difference may be caused by different con-
ditions such as gy < 10 in TOTAL (go > 100 in the simple
model) and low Igs/I, (< 0.6 in TOTAL but > 0.6 in the
simple model).

4. Summary

We evaluated the effects of the safety factor (g) profile
on the bootstrap current fraction Igs/I,, for ITER-like plas-
mas. The typical bootstrap current fraction /Igs/I, in ITER
with 20-MW heating power is 30.2% in the present ref-
erence case (central safety factor gp = 4.0, surface safety
factor ¢, = 6.0, minimum safety factor gmi, = 1.25, and
minimum ¢ radius r,,;, = 0.60).

When the surface safety factor g, is changed from
3.0 to 6.0, Igs/I, (Izs/I,*) increases from 28.0% (28%) to
36.0% (31%). This is because the plasma current density
required around the plasma edge decreases. When g is
changed from 4.0 (reference case) to 10.0, Iss/I, (Igs/I,*)
increases from 30.2% (24%) to 36.0% (31%), and the re-
quired plasma current in the plasma center decreases. By
varying the minimum ¢ from g, = 1.25 (reference case)
t0 gmin = 3.0, Ips/I, increases from 30.2% (24%) to 48.9%
(48.9%). By varying the ¢ minimum radius from r, =
0.68 to r,,., = 0.45, the BS fraction Is/l, (Izs/l,*) in-
creases from 46.0% (46%) to 47.5% (47.5%).

In the present analysis, the most effective way for in-
creasing Igs/I}, is to change g Changing Igs/I, by vary-
ing r,, . is not effective compared to changing gmin, go, Or
q,- In this ITER simulation based on the CDBM model
with 20-MW heating power, a maximum BS fraction of
58% was obtained using go = 10.0, g, = 6.0, gmin = 3.0,
and r,,.. = 0.60.

In the present simulations, a rather modest heating
power (20 MW) and a medium density limit (Greenwald
factor < 0.7) with the CDBM transport model were as-
sumed for realizing steady-state operations. By increasing
the heating power, plasma density, and beta value, higher
bootstrap fractions can be realized up to ~0.9, as shown
in [2]. The detailed g-profile dependence of the bootstrap
current fraction in the high-beta regime will be studied in
the future.
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