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Recently, bootstrap currents, generated spontaneously in a tokamak
plasma, have been observed in large tokamak devices. Those bootstrap
currents are applied to designs of a next-generation experimental tokamak
reactor like ITER and following tokamak power reactors. In those designs,
with enhancing a fraction of the bootstrap current to the total plasma
current, which reduces the power for current drive, the power flowing out
from a plasma and into a divertor plate is substantially reduced and
resultantly the issue on the divertor is alleviated to some extent. At the
same time the bootstrap current enhances the Q-value of tokamak reactors.

The bootstrap current intrinsically has a hollow profile. With
increasing the fraction of the bootstrap current, a bootstrap current
density is frequently beyond a total current density somewhere in a plasma
radius, which is not preferable from the view point of an extemal current
drive. For a tokamak with a large aspect ratio, a current density profile
externally supplied is studied in an interesting range of total plasma
current density and pressure profiles, and preferable profiles of current
and pressure are identified. A peaked profile for the pressure and a
hollow profile for the current are desirable.

A simple expression for a bootstrap current of a tokamak with a

large aspect ratio is proposed, which can easily evaluate the bootstrap
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current. Some empirical scalings for a bootstrap current with a finite
aspect ratio have been proposed so far, and the applicability of them is

briefly discussed.

Keywords : Bootstrap Current, Current Drive, ITER
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1. Introduction

A bootstrap current will play a significant role in future tokamak reactors, such as a
next-generation experimental tokamak reactor like ITER[1] and power reactors, such as
SSTR[2] and ARIES{3]. In those tokamaks, handling of large power, including fusion alpha
heating power and externally supplied powers for current drive and burn control, which flows
out from a plasma and enters mainly onto a divertor plate, is a crucial issue, being left to be
successfully solved so far. In particular, steady state operation in those tokamaks needs a
substantial power for non-inductive ¢tirrent drive, which is added to an alpha heating power,
and the total heating power remarkably increases. The use of the large bootstrap current
alleviates the problem to some degree by reducing the power required for non-inductive current
drive. Power reactor studies show that the reduction of current drive power due to a large
fraction of bootstrap current not only reduces the power to be extracted from a divertor, but
also enhances a power multiplication factor of a tokamak reactor up to a reasonable level, e.g.,
up to ~30. Without making use of the large bootstrap current, a tokamak reactor could not
compete with other energy resources.

In design studies of tokamak reactors such as experimental tokamak reactors and power
reactors, a systematic survey, using a zero-dimensional model, has been made to select a
preferable set of device parameters in certain conditions. As mentioned above, the bootstrap
current has a considerable impact on the survey. However no simple formula of the bootstrap
current has been established yet, although the bootstrap current can be accurately evaluated in a
two-dimensional model, which is not convenient to a simple model. Some empirical formula
have been proposed [4, 5, 6], but their applicability and accuracy have not yet been identified.
In this paper, a simple expression for the bootstrap current in an infinitely large-aspect-ratio
tokamak is derived on the basis of the theoretical formula given in [7].

The use of a large fraction of the bootstrap current is a reasonable tendency in designing
future tokamaks. The bootstrap current has intrinsically a hollow profile, and the introduction
of a large fraction of the bootstrap current may distort a profile of a total parallel current
density. A source current externally supplied by a current drive system is studied in this paper
from a viewpoint of what profiles of pressure and current density produce a preferable
bootstrap current profile.

2. Numerical fit to bootstrap currents of tokamaks with a large aspect ratio

A bootstrap current density in a large-aspect-ratio tokamak is analytically expressed as

171,

: _ [T Pe 1 9n .la_T
_]bs(r)— EE&{-“SSH}*'O.Z?T ar y (1)

Wherc r is a radial coordinate for a minor plasma radius, R is a major radius, pe is electron
pressure, Bg is a poloidal component of magnetic field, n and T are plasma density and
temperature in which ion and electron are assumed to have equal density and temperature.
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(71,

. _ /T Pe 1 0n .la_T
]bs(l')—— ﬁﬁ;!"4885§'-0.27Tar y (1)

where r is a radial coordinate for a minor plasma radius, R is a major radius, pe is electron
pressure, By is a poloidal component of magnetic field, n and T are plasma density and
temperature in which ion and electron are assumed to have equal density and temperature.
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Assuming that constant flux surfaces have approximately concentric circular cross sections,
and those profiles of pressure, temperature and total parallel current density have the forms of

H=H()(1—x2)aﬂ, (2)

where H represents pressure (P), temperature (T) and current density (J) and x=1/a, the
bootstrap current density normalized by an average current density leads to

x5/2(1 - x2)or-1
1-{1-x2)u+! ’

1l () =& Bp(x.zz - 1.15 9T ap (0p +1)
P ap

(3)
where £=a/R and Ip are the aspect ratio and total (parallel) plasma current, respectively, and a

poloidal beta is defined as Bp=210p/Ba2 (p and B, are the total pressure and poloidal magnetic
field at r=a). Therefore the total bootstrap current normalized by YEPplp is expressed as

follows; -

s _ (122-1.15% |F(a
— 2= [1.22- .15 = P, OL1) ,
VePplp ( O‘P) (4)

1
y (1 -y)%-!
{1 y)@e ay - (5)

F ((xp, og)=ap (C!.p + 1)]

0

The function F(op, o) is numerically evaluated in interesting ranges of ap and o, and
the results are shown in Fig.1. The closed circles in Fig.1 are the numerical results of F(ap,
aj). The function F(ap, ay) increases almost linearly with op, especially in a region of small
. The total bootstrap current has strong dependence upon oy, namely the bootstrap current
can be maximized with peaked pressure and flat current profiles. Especially a flat current
profile significantly enhances a bootstrap current, where the peaked pressure profile also
increases a bootstrap current. On the other hand, for a peaked parallel current profile, e.g.
oy21.5, the total bootstrap current has little dependence on aip and makes a small contribution

to the total current.

The function F(ap, o) can be approximated adequately with the following fitting
function, which is shown as solid lines in Fig.1;

3/4
~0.90635 1_+0_u_)“f3 ap + Gy (o)
Hor, @) =575, {(0.90635' PP et Colay) ] (6)
C1(ay) = 0.85334 - 0.319580; - 0.219810y2 + 0.00955040;3 (6a)
Coay) = 0.85126 - 0440940y - 0.0249960,,2 + 0000070467043 . (6b)
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A form of the fitting function is selected by considering the following analytical
relations;

_0.90635 o34

P{OLP —> co, (1]) 1+ P

(7a)
F(ap -0, a])= 1+ flog)op . (7b)

The relative error is within +1% for wide ranges of O<ap, 0j<10.
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Fig.1 Numerical results of F(ap, o) and their fitting functions.
Numerical results of F(ap, o) are shown as closed circles and the
fitting function of Eq.(6) are plotted with solid lines. The horizontal
axis is an exponent of a parabolic pressure profile,op, and oy, varied
as a parameter from 0.0 to 3.0, is an exponent of a parabolic current
density profile.

3. Bootstrap current profiles

The use of a large fraction of bootstrap current is attractive, probably indispensable, for
future tokamak reactors. The large fraction of bootstrap current can reduce an necessary
current drive power, which resultantly decreases the power to be handled at a divertor plate.
Since a bootstrap current has intrinsically a hollow profile, a large bootstrap current fraction
tends to require a strange profile of an external source current. In an extreme case, it requires a
negative source current somewhere in a plasma minor radius, which does not help reducing
current drive power, and such an extreme case should be avoided in designing tokamak
reactors. In this section, we study desirable profiles of pressure and total current density with
using a simple model of a tokamak with a circular cross section for a large aspect ratio, which
is discussed in the previous section to some extent.

Using the above expression of the numerical fit to the total bootstrap current, the
bootstrap current density, normalized by the average parallel current density, can be written as
follows.
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o )_0.90635 34 -
F(Otp - ,OEJ) 1+a op ", (7a)
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E%jb (x):Ib;S aP(aP+ 1) x5f2(1 _xz)ap_l
Ip Ip F{op, aj) 1_(1_)(2)(1”1 .

(8)

Typical profiles of bootstrap current are shown in Fig.2. The profile of the bootstrap current is
mainly depend on ap. With decreasing op, the peak of the bootstrap current, which appears
near the plasma axis at a large op, moves to the plasma edge, and in the region of ap<1.0 the
peak appears on the plasma boundary. Therefore the bootstrap current density in the range of
small op tends to exceed the parallel total current density in the plasma edge region, where a
negative external source current has to be driven to compensate a bootstrap current, to maintain
a ordinary parallel current profile.

The external source current density, jes(x), defined as a difference between the total
parallel and bootstrap current densities, is expressed as

Jes (x):jl(x)'jbs (X) . ' (9)

Since the normalized bootstrap current can be expressed with Ipg/Ip, ap, and oy, as Eq.(8), the
external source current density, normalized by the average parallel current density, also
depends on the fraction of bootstrap current, Ing/In, and the profile indicators of pressure and
current, op and .

jbs(®) / (Ip/ma?)

Fig.2 Bootstrap current density profiles, normalized with an
average parallel current density. The parallel current profile is
parabolic with an exponent ¢j=1.0, and the fraction of bootstrap

* current is 50%. The profile of pressure is varied from peaked
(op=3.0) to flat (ap=0.5).

The equi-contours of the minimum external source current density are shown in the
plane of op and o as a parameter of the fraction of bootstrap current, Ipg/Tp, in Fig.3. As
mentioned previously, in the region of ap<1.0 the peak of the bootstrap current density
appears at plasma edge and the external source current density becomes negative there.
Generally speaking, in the upper-left region of the oip-0y plane the minimum of the extemnal
source current is negative and in the lower-right region the minimum becomes positive, which
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Fig.3 Contour plot of the minimum of external source current density, normalized by an
average parallel current density, in the oip-oy plane. Figures (a), (b) and (c) correspond
to cases with the fraction of bootstrap current Ipg/Ip of 0.2, 0.5, and 0.8, respectively.

In dotted spaces, shown in (a), (b) and (c), the minimum external current density is
positive, as shown in the lower-right figure for profiles of current densities, where the
arrow shows the minimum of the external source current density.
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is shown as dotted regions in Fig.3. With increasing the fraction of bootstrap current,
however, the negative region appears again in the lower-right corner, and the region of the
positive minimum is narrowed down, as shown in Fig.3(c). In the negative external current
density region reappearing in the lower-right corner for the higher fraction of the bootstrap
current, the peak of the bootstrap current density exceeds the parallel current density in the
middle of a plasma radius, as shown in Fig.4(C). Figures 4 shows typical profiles of the total,
bootstrap and external source current densities for representative regions in the ap-¢ plane of

Fig.3 (c).

The fraction of the total negative external source current to the total current, defined as

(10)

=31 jcs | negative ds,
P

is also plotted in Fig. 5. The general tendency is similar to Fig. 3. In the lower-right corner,
shown as dotted areas, the external source current density has no negative values, which seems
desirable for current driven externally. In the most of op-oiy space the external source current
density has negative current, especially in the upper-left regions the negative current increases.
In the region of ap<1.0 the negative external current always appears, because the bootstrap
current peaks at a plasma edge, as mentioned above. To avoid somewhat complicated profile
of the external current the regions with higher ap and lower oy should be selected.

& 1.5 &G 1.5
g g
\5-41'0 11.0
= lw)
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e} 2
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Fig.4 Typical profiles of total parallel current density i1, bootstrap current
density jps, and external source current density jes at positions indicated in Fig.3
(©). Ipy/Tp=0.8, 03=0.5, and ap=1.2, 2.0, and 2.8 correspond to (A), (B), and

(C), respectively.
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Fig.5 Contour plots of integrated negative external source current, normalized with the
total parallel current, in the ap-cy plane. The integrated area is hatched in the lower-right
corner of the figure. Figure (a), (b) and (c) corresponds to the fraction of bootstrap
current of 0.2, 0.5 and 0.8, respectively. In the dotted regions of the contour plots the

external source current density is always positive.
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Fig.6 Contour plots of Y€Bp in the cer-ay plane, required to generate the bootstrap
current fraction, fy/Ip=0.2, 0.5 and 0.8, for the ratio of temperature and pressure

profile, at/ap=0.0 and 0.5.



JAERI-M 92-064

The value of YePp to generate the given fraction of bootstrap current is also evaluated in
the op-cy plane as a parameter of a ratio of o and p, as shown in Fig. 6. The YePp
decreases with moving from the upper-left corner to the lower-right corner. It reflects the
favourable tendencies of op and oy to the bootstrap current. For the same pressure profile the
case of or=0 requires the smallest value, namely a peaked density and flat temperature profile
produces the larger bootstrap current for the same plasma poloidal beta. For Ips/Ip=0.8, the
necessary YEPp is 0.4~0.8, which correspond to Bp=0.8~1.6 for £=0.25 (aspect ratio, A=4).
Those poloidal beta values are not unrealistic.

From the above results, the favourable condition for producing a reasonably substantial
bootstrap current is a flat parallel current (small ay) and a peaked pressure profile (large op),
which should have a peaked density profile and a flat temperature profile (small cr). The flat
profile of the total parallel current density may be produced with an appropriate external current
drive, because the large bootstrap current tends to be hollow. The issue is how to make the
pressure profile peaked, especially peaked density and flat temperature profile. It is strongly
coupled with transport of power and particle, and it may be difficult to control them externally.

4. Comparison of empirical scalings for a finite aspect ratio

The following empirical fit of bootstrap currents for a finite aspect ratio was proposed
by one of the authors, based on a lot of numerical results of two-dimensional equilibria for
ITER with variety of profiles of density, temperature, and parallel current density, and
changing plasma pressure, effective charge, impurity species, except for an alinost fixed aspect

ratio [4];

I s -3
Tr=Culiepe) (11)
| Gy (95 %)] [Qw (95 %)r
Cpe = 1.32 - 0.235 |-————| + 0.0185 | ——F~—1 >
" w© | 2 (0) (o

where qu(0) and qy(95%) are safety factors at a plasma center and at a 95% magnetic flux
surface, respectively. It suggests that the bootstrap current depends mainly upon the profile of
total parallel current, in addition to the dependence of Bp, as mentioned in the previous section.
The expression suggests the weak dependence of Iys/Ip on the profiles of pressure and
temperature, while the former expression of Eq.(4) shows the strong dependence on those
profiles. Thedifference should be disclosed, taking into account of the effect of finite aspect
ratio. The strong dependence of the bootstrap current on the current profile could be due to
change of magnetic flux surfaces [5). This tendency can be seen from the following
expression of the bootstrap current,

((B-T))bs
Iys=] d Y —
i [ VIV oy (12)
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2=l e) (11)
‘ Qy (95%)] [qw (95%)]2
Cps = 1.32- 0235 | ————| + 0.0185 |——~— 11
b 49 0) Gy 0) (11a)

where qy(0) and qw(95%) are safety factors at a plasma center and at a 95% magnetic flux
surface, respectively. It suggests that the bootstrap current depends mainly upon the profile of
total parallel current, in addition to the dependence of Bp, as mentioned in the previous section.
The expression suggests the weak dependence of Ips/Ip on the profiles of pressure and
temperature, while the former expression of Eq.(4) shows the strong dependence on those
profiles. The-difference should be disclosed, taking into account of the effect of finite aspect
ratio. The strong dependence of the bootstrap current on the current profile could be due to
change of magnetic flux surfaces [5]. This tendency can be seen from the following
expression of the bootstrap current,

((B'J))bs
Ips=14d \l’)—" y
b f v g (B (12)
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where {{ )} refers to a flux average and {{B-J))ps is the bootstrap current. The area factor
comes from the q dependence. It was also pointed out [5] that the exponent of 1.3 of YePpis
somewhat high and that a formula using an internal inductance might be more preferable to

express a numerical fit than the ratio of qy's.

Recently the scaling of bootstrap currents with an arbitrary aspect ratio was also studied
in [6]. The following expression for the bootstrap current was proposed from the empirical fit
of about 3000 numerical solutions of two-dimensional equilibria, including various aspect
ratios, profiles of pressure, temperature and current, and effective charge (Z);

12
s _¥ (ag, Z) bi(ap, o, €)
- 1 ] 1 ’ b} * 12
YePBplp EI‘ (12)

It was noted there that the above scaling of the bootstrap current reproduces reasonably well the
numerical solution of bootstrap current in the large aspect ratio limit. In Fig. 7, the proposed
scaling is compared with the numerical solution for a large aspect ratio limit, described in the
previous section. In the reference [6], only a case of op=3.0 is compared and it is concluded
that the reasonable agreement is reproduced, as plotted in the figure. Obviously seen in the
figure, however, large differences are observed between the scaling and the numerical solution,
especially in the cases of small ap. It is not clear so far the reason of the difference. It is also
unclear that the empirical scaling for ITER has little dependences on op, . The reasonable
scaling of the bootstrap current with a finite aspect ratio needs further efforts. It might be better
to start with the numerical fit for a large aspect ratio.

Iys/ (\/E BPIP)

e el ‘1 Las i
0 0.5 1.0 1.5 2.0 2.5 3.0
ot

Fig.7 Comparison of ap-, ar- dependences of bootstrap currents
with a large aspect ratio limit. The solid lines are the results from the
empirical fit of equilibria with various aspect ratios [6], and the dashed
lines are numerical results with an infinitely large aspect ratio.
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5. Summary

The bootstrap current for a tokamak with a large aspect ratio limit is studied, placing
emphasis on current density profiles, which should have reasonable shapes. The results can be

summarized as follows.
(1)  The bootstrap current for a tokamak with a large aspect ratio can be easily calculated

with the use of a proposed fitting expression.

(2) The profile of the bootstrap current, having intrinsically a hollow profile, is mainly
dependent on the pressure profile, and the peak of the bootstrap current density appears rather
near the plasma axis for a large oip, and with decreasing op the peak moves to the plasma edge
and for op<1.0 the peak is at the plasma boundary.

(3) The profile of the external source current density is investigated for various profiles of
pressure {cp) and total current (at;). For the upper-left space of the op-oy plane the minimum
of the external current density becomes negative near the plasma edge. In such a case the
external source current have to be driven in both directions, i.e., the current drive system could
be complicated.

)] In the space of the lower-right corner of the cp-0g plane the external source current
density is positive, and it should be selected for the design point. However with increasing
Tpy/Tp, the negative external source current density appears again, where the bootstrap current
density is greater than the total current density somewhere between the plasma axis and edge.
(5) The fraction of the negative external source current is also evaluated in the ap-oy plane.
For a combination of small op and large oy the fraction of the negative current reaches easily
half of the bootstrap current.

(6)  The value of YEBp necessary to generate the given bootstrap current, is also evaluated
in the ap-1y plane. In the lower-right corner of the op-0y plane, is a favourable space for
generating the large bootstrap current for a small poloidal beta.

(7) Generally speaking, the combination of the larger ap and smaller o is favourable for
utilization of bootstrap current in tokamaks.

The scaling of the bootstrap current is reviewed to some extent. Further careful studies
are necessary for deriving a reasonable scaling. Especially the effect of the finite aspect ratio
should be taken into consideration. In near future we will report somewhere a useful scaling of
the bootstrap current with a finite aspect ratio.
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