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For the achievement of steady-state fusion power plant, non-inductively current-driven plasma operation
should be maintained in tokamak fusion reactors. Total non-inductive current is a summation of bootstrap cur-
rent proportional to the plasma pressure gradient and externally driven non-inductive current such as neutral
beam driven current. Especially in order to establish a commercial reactor, it is necessary to reduce the amount
of external current-drive power and to maintain the majority of the plasma current with bootstrap current. Burn-
ing plasma has high autonomy, so the change in current density profile including changes in particle and heat
transports should be checked. In this study time-evolution analysis of the current density profile for burning plas-
mas in the ITER machine has been conducted by using 2.0-dimensional equilibrium, 1.5-dimensional-transport
code (TOTAL code). Here current-diffusive ballooning mode model was adopted as a heat transport model. It is
concluded that external current-drive is required both in the center and near the periphery of the plasma in order
to maintain steady-state profiles of temperature and density with high bootstrap current fraction.
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1. Introduction
In tokamak fusion reactors, burning plasmas should

be maintained by only non-inductive current-drive for the
achievement of steady-state economical reactors. The to-
tal non-inductive current is a summation of bootstrap cur-
rent proportional to the plasma pressure gradient and ex-
ternally driven non-inductive current such as neutral beam
driven current. In order to establish an economical steady-
state reactor, it is necessary to reduce the amount of ex-
ternal current-drive power and to maintain the majority
of the plasma current with bootstrap current. Plasma pa-
rameters such as plasma current Ip, safety factor q, trans-
port coefficient χ and so on, are highly correlated to each
other. Therefore it is needed to consider the current den-
sity profile with steady and stable plasma profiles including
changes in particle and heat transports.

2. Analysis Method
In this study we conducted time-evolution analysis of

the current density profile of burning tokamak plasmas by
using 2-dimensional equilibrium, 1-dimensional transport
code (TOTAL code [1]). The flowchart of this code is
shown in Fig. 1. Plasma particle density is maintained con-
stant in time in the present study. We assume that the reac-
tor size is that of ITER. Main reactor parameters are shown
in Table 1.
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Fig. 1 TOTAL code flowchart.

Table 1 ITER-like reactor parameters.

The simulation of hybrid operation scenarios with
high bootstrap current fraction in ITER has been per-
formed using various integrated code in Ref. [2]. Here, we
focused on the steady state control of high bootstrap cur-
rent by adjusting current-drive position in the center and at
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the periphery of the plasma in our integrated code TOTAL.
First, we performed iterative computation considering

the difference between trial value and target value of the
total plasma current, such that the current profile becomes
consistent with the given profile of the safety factor. Af-
ter this plasma equilibrium iteration analysis, we evaluated
the bootstrap current ratio and the total steady-state cur-
rent density profile obtained from both the external driving
current and the bootstrap current given in the end.

Total radio frequency heating power is 20 MW. The
assumed profile of radio frequency heating power is shown
in Fig. 2. The initial temperatures of ion and electron are
assumed parabolic and 10 keV at the center of plasma. The
initial safety factor profile q (ρ) is set as positive shear with
q(0) = 1.0. External current profile can be defined arbi-
trary. We assumed the external driven-current profile as
jext ∼ jc + jh,

jc ≈ Cc(1 − ρ2)α, (1)

jh ≈ Ch

{
1 − (ρ − ρh)2

}α
, (2)

where jc is external current driven at the plasma center, and
jh is external current driven near the half normalized minor
radius ρh. Constants Cc and Ch were typically 3 and 500,
respectively. It is clarified that it is possible to get rather
high bootstrap fraction without half-radius current jh, but
impossible to be maintained for a long time. By adjusting
the intensity, the position and the width of jh, we can find
steady-state high-bootstrap-current profile.

When we assume high safety factor without current-
drive in the center of plasma, which is weak poloidal mag-
netic field, there is a problem that the confinement of fast
particle becomes worse [3]. We studied two simulation
cases; driving current only in the center of plasma, and
both in the center and at the half normalized minor radius
of plasma.

In order to get high bootstrap current, the internal
transport barrier (ITB) is required, and here we used
current-diffusive ballooning mode (CDBM) model [4, 5]
as a heat transport model. Thermal diffusion coefficient χ

Fig. 2 Profile of external electron heating power Prfe, and ion
heating power Prfi.

is

χ = χneoclassic al + χanomalus, (3)

χanomalus = F(s, α)α3/2 c2

ω2
pe

vA
qR
, (4)

F =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1√
2(1 − s′)(1 − 2s′ + 3s′2)

for s′ = ŝ − α < 0,
(1 + 9

√
2s′5/2)√

2(1 − 2s′ + 3s′2 + 2s′3)
for s′ = ŝ − α > 0,

(5)

s =
r
q

dq
dr
, (6)

α = −q2R
dβ
dr
, (7)

where F is shape factor, c is the velocity of light, ωpe is the
electron plasma frequency, q is the safety factor, R is the
plasma major radius, r is minor radius, vA is the toroidal
Alfven velocity, s is magnetic shear, and α is pressure gra-
dient index. The characteristic of CDBM model is that
anomalous transport coefficient becomes small when the
magnetic shear is weak or negative.

3. Simulation Results
Figure 3 shows the case of driving plasma current both

in the center and at the half normalized minor radius r/a =
0.5 of plasma. Here, assumed amounts of D, T and he-

Fig. 3 The case of driving current both in the center and at the
half normalized minor radius r/a = 0.5 of plasma. (a)
Time evolution of alpha heating power Palpha and exter-
nal heating power Prf . (b) Profiles of safety factor q, to-
tal current density jtotal, bootstrap current density jbs and
external current density jext. (c) Profiles of electron tem-
perature Te, ion temperature Ti and electron density ne.
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Fig. 4 The case of driving a current only in the center of plasma.
(a) Time evolution of alpha heating power Palpha and ra-
dio frequency heating power Prf . (b) Profiles of q, jtotal,
jbs and jext. (c) Time evolution of electron temperature
profile. (d) Time evolution of bootstrap current density
profile. (e) Time evolution of safety factor profile.

lium are about 45, 45 and 10%, respectively. In this case,
the ratio of the bootstrap current (Ibs ) to the total plasma
current (Ip), Ibs/Ip is 0.945 and profiles of temperature and
electron density can be maintained throughout more than
200 second. In this case, the peak position of bootstrap
current density and the minimum position of safety factor
are almost same.

Figure 4 shows the case of driving current only in the
plasma center. In this case, the bootstrap fraction Ibs/Ip is
higher than the case of driving current both in the center
and at the half normalized minor radius. The maximum
fraction Ibs/Ip is 0.981. However, in this case the alpha
heating power is fluctuating. It is reported form the previ-
ous simulation study [6] using CDBM model that because
of diffusion of current, only central current-drive is not suf-
ficient to maintain steady-state current profile. Though the
simulation code used here does not include current diffu-
sion equation, same phenomenon comes about from quasi-
stationary transport changes. Anomalous transport coeffi-
cient is small when the magnetic shear is weak or negative
in CDBM model. In this case, there is substantial differ-

Fig. 5 Relationship between the external current drive position
and the bootstrap current.

ence between the minimum position of the safety factor
obtained from the plasma equilibrium and that position ob-
tained including bootstrap current calculated from plasma
transport in the next time step. Since the plasma pressure
is modified by the change in q profile due to bootstrap cur-
rent change, the peak of bootstrap current density profile
moves.

Figure 5 shows relationship between the external cur-
rent drive position and bootstrap current ratio to total
plasma current. Horizontal axis is the position of external
current density peak. The external current is driven both
in the center and near the half-radius of the plasma. The
central driven current density jc (Eq. (1)) is fixed, and the
half-radius current density jh (Eq. (2)) is changed.

In Fig. 5, the symbol of circles corresponds to the case
that steady-state profiles can be maintained. The time evo-
lution of plasma parameter is calculated and the figure sim-
ilar to Fig. 3 is obtained in the case that the temperature
and density profiles can be maintained in steady-state. The
symbol of crosses corresponds to the case that steady-state
profiles cannot be maintained. When the peak position of
bootstrap current density is about r/a = 0.3 and the cur-
rent density is about 1.4 MA/m2, external current drive is
required more than 3.6 percent of the bootstrap current out-
side the peak position of bootstrap current density in order
to maintain steady-state current profile.

4. Summary
We assumed initial q profile and determined necessary

driven current density profile obtained by subtracting boot-
strap current density profile from total current profile. The
bootstrap current relevant to plasma pressure gradient is
determined through the plasma transport coefficient. The
total current profile is estimated by the calculated bootstrap
current and required external driven current, the next-step
q profile is determined by toroidal equilibrium analysis
iteratively. Since there is substantial difference between
the minimum position of the safety factor obtained from
the plasma equilibrium and that position obtained includ-
ing bootstrap current calculated from plasma transport in
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the next time step, the plasma pressure is modified by the
change in q profile due to bootstrap current change in the
case of driving current only in the plasma center. We con-
cluded that to maintain steady-state temperature and den-
sity profiles of ITER-like plasmas with high bootstrap cur-
rent ratio in the present model, external current-drive is re-
quired both in the center and around the periphery of the
plasma. External driven current density required is more
than 3.6 percent of the bootstrap current density. The po-
sition of external driven current should be outside the peak
position of bootstrap current density in order to maintain
steady-state current profile.

In this analysis, internal transport barrier (ITB) on

density profile was not included. We would like to con-
sider the effect of density-ITB on bootstrap current profiles
in the future.
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