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ABSTRACT

The bootstrap current reduces in more collisional regime, and in the stellarator/heliotron
it is predicted that the neoclassical current proportional to radial electric field exists when
electrons and ions belong to different regimes of collisionalify. To evaluate the bootstrap
current in stellarator/heliotron in the whole range of collisionality from the collisionless
1/v regime to the Pfirsch-Schliiter regime, a new connection formula has been proposed.
We have applied this connection formula to the LHD plasmas which belongs to some
collisionality regimes and obtained finite 5 MHD equilibria including the bootstrap cur-
rent. For LHD plasmas such as ECRH (7T; << 7} in electron root, the bootstrap current
with electric potential twice as large as electron temperature reduces to about 1/5 ~ 2/3
of that with zero electric potential. Then MHD equilibrium configuration significantly
changes depending on collisionality and radial electric field even for the same beta value
for LHD plasmas.

KEYWORDS : bootstrap current, stellarator, heliotron, neoclassical current, collision-
ality, radial electric field, MHD equilibrium




1. INTRODUCTION

The neoclassical theory for helical systems predicts the existence of the bootstrap
current particularly in collisionless plasmas[l]. In several helical system such as ATF[2],
WVIL-AS[3] and CHS[4], the experimental evidence of bootstrap current has been ob-
tained and measured currents agree reasonably with the theoretical estimation based on
the neoclassical theory. The bootstrap current is supposed to be crucial for the shearless
system such as WVII-AS, on the other hand, it is not dangerous for heliotron/torsatron
with the finite magnetic shear such as LHD(Large Helical Devices)[5] from the view point
of the MHD equilibria and stabilities. To check this speculation, we already studied the
effect of bootstrap current on the finite § MHD equilibrium including bootstrap cur-
rent under the assumption that both ions and electrons belong to the same collisionless
regime (1/v regime)[6]. It is demonstrated that, even in heliotron/torsatron with the
finite magnetic shear, the bootstrap current is very important to evaluate property of
MHD equilibria since in LHD ’standard configuration’, the bootstrap current enhances
the rotational transform and reduces Shafranov shift. The reduction of Shafranov shift
leads to the unfavorable effect on the MHD stabilities through the change of magnetie
well[7].

The magnitude of bootstrap current is influenced by the magnetic configuration, the
density and temperature profiles, the collisionality and so on. The collisionality is deter-
mined by the ripple of magnetic field strength, the density and the temperature. Thus,
the precise evaluation of bootstrap current needs the proper treatment of the collision-
ality. Moreover, in the asymmetric toroidal system, it is predicted that the neoclassical
current has the component proportional to radial electric field, Ey;, when electrons and
ions belong to different collisionality regimes[8,9]. Here our main concern is the colli-
sionality and the radial electric field effects on the bootstrap current and the consistent
MHD equilibria. The parallel viscosities of the neoclassical theory are described using
the thermodynamic forces, the parallel flows, the viscosity coeflicients and the geometric
factors shown in Appendix A. The viscosity coeflicients and the geometric factors de-
termine the magnitude and the direction of plasma flow to be damped. In asymmetric
toroidal plasmas, the direction of the flow damped by the parallel viscosities depends on
the particle species through their collisionalities due to the lack of symmetry. This fact
is reflected on the collisionality dependence of the geometric factor. When ions and elec-
trons exist in well separated collisionality regimes, the direction of plasma flow of each
particle species damped by the parallel viscosities, i.e. the geometric factor, is different,
which makes the different parallel low proportional to £, and leads to the neoclassical
current proportional to E,. On the other hand, in the symmetric toroidal plasmas, the
direction of the flow damped by the parallel viscosities is determined by the symmetry
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and is independent of the particle species, which is reflected on the fact that the geometric
factor of all the particle species is the same. Thus, the neoclassical current proportional
to Fy vanishes, since the total momentum of the system is conserved.

In order to estimate the collisionality and the radial electric field dependence of the
bootstrap current, we have proposed a connection formula for bootstrap current in stel-
larator/heliotron which is usable in the whole collisionality regimes from 1/v to Pfirsch-
Schliiter (P-S) regime. So far, for stellarator/heliotron, such a connection formula does
not exist, but only the asymptotic expressions exist for each collisionality regime in the
Hamada coordinates[1,10]. We have connected the asymptotic expressions in each colli-
sionality regime using the similar technique to the Hirshman and Sigmer[11] and in the
Boozer coordinates which is suitable for numerical calculations. We have applied this
connection formula to the LHD plasmas which belong to some collisionality regimes and
obtained the finite 5 MHD equilibria including the bootstrap current.

This paper is organized in the following way. In Section 2, the connection formula
for bootstrap current is described, which is usable in the whole range of collisionality
from 1/v to P-S regimes. In Section 3, the effect of the collisionality on the bootstrap
current and the MHD equilibrium for the case that ions and electrons belong to the same
collisionality regime is studied. Tn Section 4, the effect of the radial electric field is shown
in the case that the neoclassical current proportional to £ is not negligible. In Section 5
obtained results are discussed. The connection formula for the parallel viscosity, plasma
flow and the geometric factor in the plateau and P-S collisionality regimes in the Boozer
coordinates are described in Appendix A and B.

2. CONNECTION FORMULA

We have constructed a connection formula for bootstrap current in asymmetric system
which is available in the whole range of collisionality from 1/ to P-S regimes according
to Hirshman and Sigmer[11]. The bootstrap current in the plasma consisting of primary
ions and electrons is written as

dP. df; dT, dT;

{(josB) = L1e(£ +en.Ey) + Lu(d—wz —eneFy) — Lzene@ + LQmed—qpl’ (1)
where
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D,



(ttis — Do) (1Ghs)it — tao(fiGre)in

Fg = Di ’ (4)
_ e = Do) (pGie)en + (e = 115)(iGo)es
LQe - D H (5)
_ J€e _ . 2 — Z'Ee
Ly = iuel(;ufe:s 122)D H 2(# 2 12) A ng’ (6)
G, = —(priz — @)(#Gg?iz + .U'i2(MGb.s>'i3’ )
D, = (pa— ?ﬁ)(uﬁ - Z;;) = (fte2 — Ii;)2v (8)
Di = pis(pss — Up9) — - (9)
Here 3y, is the bootstrap current density, B is the magnitude of magnetic field and ( )

means the flux surface average. n., n;, T, and 7, are electron density, ion density, electron
temperature and ion temperature, respectively. P is the total pressure, P = n.T, +n,T;.
¥ = ®r /2w, where &y is the toroidal flux. fab are the friction coeflicients between species
a and b. By neglecting terms of O(me/m,) N=2 05=32 1,=v2+3Z and
lys = = /2. Here Z is the effective ionic charge number. We assume Z = 1 in this paper. pq;
and {uGos)aj/te; denote the viscosity coefficient and the geometric factors, and depend
on the collisionality. In Ref.[11], the viscosity coefficients are smoothly interpolated from
the banana to P-S regimes for the axisymmetric tokamak. In asymmetric system, we
should connect the geometric factors as well as the viscosity coefficients because both the
geometric factors and the viscosity coefficient depend on the collisionality. We connect
the viscosity coefficients and the geometric factors as following by extending the way of
Ref.[11],
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vp = vp(%a)/Ve, P = Vi(za)/Va. (17)

Here v4(z,) = 3vp(z,) + vE(z,), vh and v% are the 90° deflection frequency and the
energy exchange frequency, respectively. The normalized transit frequency @y,, which
corresponds to the boundary between the plateau and P-S collisionality regimes, is given
by

Aa T ApiA
QtaEE:—gfi a? (18)
¢ PS
where L7 is the effective connection length and
3 X
Ly =—="F 19
[ \/‘TF Api ( )

And the normalized collision frequency 7.,, which corresponds to the boundary between
the 1/v and plateau collisionality regimes, is given by

__8f (B 4 fidw

S S NG VB T 3R

where @y, = 1/7,, is the normalized bounce frequency. Here f, is the fraction of un-
trapped particles and f; = 1 — f.. And v, and v, are the thermal velocity and the
collision frequency for the particles with thermal velocity, respectively. A, = vy /v, is the
mean free path. Ay and Apg are the characteristic length of the magnetic field inhomo-
geneity in the plateau and P-S collisionality regimes, respectively, which are described in
Appendix B. It is noticed that 7,, << 1 corresponds to the 1/v-regime limit, ., >> 1
and /@, << 1 to the plateau regime limit, and D.,/@y, >> 1 to the P-S regime
limit. (Gps}”, (Gre)?' and (Gy)TS are the geometric factors for the 1/, plateau and
P-S collisionality regimes, respectively{10,12]. For the asymmetric system, the difference
of collisionality dependence between ions and electrons of (G, )q;/1te; leads to the ap-
pearance of the neoclassical current proportional to Ey. In this case Ly, # Ly; because
the collisionality of ion is not same as that of electron. When both ions and electrons
belong to the same collisionalities in the asymmetric system, the neoclassical current
proportional to Ey is small because (uGy.)ij/ i o (uGhs)ej/ the; and Ly, =~ Ly,. On the
other hand, the geometric factor is independent of collisionality in the axisymmetric sys-
tem, i.¢., (4Gps)aj/thaj = Ip/2m¢, where I, is the poloidal current outside the flux surface

(20)
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and ¢ is the rotational transform. Thus, the current proportional to E, vanishes in the
axisymmetric system.
For {j- B) # 0, the total toroidal current inside the flux surface I7{%) is given by

2]d¢JB) [d 31;1‘;;) (21)

The second term in the right hand side comes from the diamagnetic current and this is
small for the low § plasma. In this paper, we ignore this term and take only bootstrap cur-
rent into account as the flux surface averaged parallel current, Iy = 27 [ d{jy,B)/B?[6).
Here a self-consistent equilibrium solution is obtained by calculating 7, and the finite 3
MHD equilibrium including js, iteratively. We employ the VMEC code[13,14] in order
to obtain the three-dimensional MHD equilibrium with the net plasma current. And we
assume the fixed boundary condition in the finite 5 MHD equilibrium calculation.

3. EFFECT OF COLLISIONALITY

We have applied the connection formula for bootstrap current Ea.(1) to the LHD
plasmas with the standard configuration (L =2, M =10, B¢ =3.9m, By =3T a = 0.1
RY = 3.75m and By = 100%, where L and M are the pole number and the toroidal
pitch number of the helical coil, R¢ is the major radius at the axis of the helical coil.
By is the magnitude of the magnetic field, o is the pitch modulation parameter. RY, is
the major radius of the vacuum magnetic axis and By is the quadrupole field produced
by the axisymmetric poloidal coils which is added to the quadrupoie field by the helical
coil)[15].

At first, we consider the case that both ions and electrons belong to the almost same
collisionality regime (T, ~ T.). In this case, the neoclassical current proportional to
Ey is very small. Figures 1 and 2 show the radial profile of bootstrap current density
and collisionality parameter, 7~ for different collisionality (or density) with the same §
value, {#) =~ 1.5%. s = 1/thegqe. Here 0} = 02 = v” since T, = T, and 7" << 1 and
7 >> 1 correspond to the 1/v-regime limit and the plateau-regime limit, respectively. In
Figs.1(a) and 2(a), solid lines correspond to the connection formula Eq.(1). Dashed lines
and dotted-dashed lines correspond to the cases assuming the 1/v-regime limit and the
plateau-regime limit, respectively. Figure 1 corresponds to the low collisionality regime
(or low density case of (n) = 0.25 x 10%m=3). In this case, both ions and electrons
in the whole plasma region belong to the 1/v-regime completely. Thus the bootstrap
current density evaluated by the connection formula Eq.(1) is very closed to evaluated
with assumption that both ions and electrons in the whole plasma region belong to the
1/v-regime limit. Figure 2 corresponds to the high collisionality regime {or high density
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case of {n) = 2.0 x 10®m~2). In this case, both ions and electrons in the whole plasma
region belong to the plateau-regime. Thus the bootstrap current density evaluated by
the connection formula Eq.(1) is significantly reduced comparing with that assuming the
1/v-regime limit. Here it should be noted that 7* is estimated by the thermal speed and
that the contribution of high energy particles to the bootstrap current is large in our
connection formula Eq.(1).

Figure 3 show the dependence of (a) the total bootstrap current and (b) the collision-
ality parameter 7* at /s ~ 0.7 for several density (or collisionality) case as a function of
central beta value,3; . Circles, triangles and squares correspond to {n) = 0.25 x 10*m=2,
(n) = 1.0 x 10°m~3 and (n} = 2.0 x 10*m=3, respectively. The density and temperature
profiles are assumed as n = ng(1 —s) and T; = T, = To(1 — 5). Then {3) = Go/3. Ac-
cording to our connection formula, the total bootstrap current in the case that ions and
electrons belong to the plateau-P-S regime, 7~ > 10!, is smaller than in the 1/v-regime,
7* < 107! by 1/10 (squares at and circles at 3y ~ 2% in Fig.3). In more collisional case
that ions and electrons belong to the plateau-regime, &* > 3, the total bootstrap current
is nearly 1/3 of that in the deep 1/v-regime, 7* < 107! (squares and circles at Jy ~ 4.5%
in Fig.3). Figure 4 shows the dependence of magnetic axis position on 3 value for various
density (or collisionality) cases. Circles and squares correspond to (n) = 0.25 x 10%0m=3
and {n) = 2.0 x 10%m=3| respectively. Rhombuses correspond to the currentless MHD
equilibrium. Other parameters are the same as in Fig.3. Even in the high density case of
(n) = 2.0x10®m3 at (B) ~ 1.5% the Shafranov shift calculated by the equilibrium with
bootstrap current is reduced to about 20% of that obtained using currentless MHD equi-
librium. And in the high density case ({n) = 2.0 x 10°*m~3), the Shafranov shift is twice
larger and the change of central rotational transform is 1/5 times smaller than those in
the low density case ((r) = 0.25 x 10®m~*). Figures 5 and 6 show rotational transform
profile and magnetic well depth parameter in (a) currentless case, (b) low density case of
(n) = 0.25x 10%m~3 and (c) high density case of {n) = 2.0 x 10*'m= at various 3 value.
These results in Figs.5 and 6 correspond to Fig.4. In the low density case (b), rotational
transform ¢ in the whole plasma region increases with 4 by the bootstrap current, which
leads to the reduction of the Shafranov shift and the magnetic well. In the high density
case (c), at low (3, ¢ and well depth behave like the currentless case. However, for rather
high 3 with over 50kA bootstrap current, the bootstrap current effects on the reduction
of the Shafranov shift and the magnetic well become significantly large comparing with
currentless case, which leads to unfavorable effect on the ideal interchange instability]7].

4. EFFECT OF RADIAL ELECTRIC FIELD

In the case that ions and electrons belong to the different collistonality regimes
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(T; # T.), the neoclassical current proportional to E, does not varnish in stellara-
tor /heliotron and this effect becomes important to evaluate MHD equilibria. The di-
rection and amplitude of the neoclassical current depend on the collisionality of the
ions and electrons, and the direction and amplitude of radial electric field. In ECH
case (T, >> T;), the ions and electrons are supposed to belong to the plateau and 1/v
regimes. For the LHD standard configuration, electron root (E, > 0) leads to the re-
duction of the bootstrap current, and ion root { £, < 8} to the increase of the bootstrap
current. Figure 7 shows the dependence of the total bootstrap current on 3 value for
various Fy. Circles, triangles and squares correspond to @ = 0, & = T, and & = 27T,
respectively. Here B, = —d®/dy. We assume that the density and temperature profiles
are n = ny(1 — 8) and 4T; = T, = Ty(1 — s), where (n) is fixed at 1.0 x 10%m~3. The
dependence of collisionality parameter 7* at /s &~ 0.7 on # value is shown in Fig.8. Open
circles and closed ones correspond to ion and electron collisionality parameters ] and
* in Fig.7, respectively. For (n) = 1.0 x 10®m 3 and T, : T, = 1 : 4, v, /1, =~ 10N
The neoclassical current proportional to E is not so large comparing with the bootstrap
current due to small difference between the ion and electron collisionalities. Even for
®y = 2Ty, the neoclassical current is nearly 1/3 of the bootstrap current in the case that
{n) =1.0x 10?®m™3 and Fy ~ 1.5%.

Figure 9(a) shows the dependence of the total bootstrap current on radial electric
field at the fixed beta value (8} ~ 1.5%. Circles and squares correspond to the case of
T = 1.0keV, T,q = 4.0keV (small difference case hetween electron and ion collisionali-
ties) and the case of Ty = 0.5keV, Ty = 4.5keV (large difference case between electron
and ion collisionalities) at {n) = 1.0 x 10%m~3, respectively. Here &y > 0 and &; < 0
correspond to E, > 0 and E, < 0, respectively. It is noted that open square and closed
one correspond to ion and electron collisionality parameter for the case of Ty = 0.5keV,
Two = 4.5keV, {n) = 1.0 x 10*m~ in Fig.6, respectively. In this case, v.;/v.. ~ 102 and
ion belong to the plateau regime completely. Then the neoclassical current proportional
to Ey becomes large and for gy ~ 4.5%, ®; = 2T, the neoclassical current is about 80%
of the bootstrap current. In this case, the Shafranov shift is twice larger than that in
the Ey = 0 case as shown in Fig.9(b), which shows dependence of magnetic axis position
on radial electric field for (3) ~ 1.5%. It is noted that in Fig.9(b) dashed-dotted line
corresponds fo the currentless MHD equilibrium. Figure 10 shows the rotational trans-
form profile for the cases of Ty = 1.0keV, T,p = 4.0keV {small difference case between
electron and ion collisionalities) and T}, = 0.5keV, T,y = 4.5keV (large difference case
between electron and ion collisionalities) for (n) = 1.0 x 10®m~3. From these figures, we
can expect that the MHD equilibrium of LHD is affected significantly by the radial elec-
tric field through the bootstrap current especially for the large difference case between



electron and ion collisionalities.

5. CONCLUDING REMARKS

The magnitude of bootstrap current is influenced by the magnetic configuration, the
density and the temperature profile, collisionality and so on. In this paper, we study
the effect of collisionality and radial electric field on bootstrap current. It is expected
that bootstrap current reduces in more collisional regime. In the stellarator/heliotron,
it is predicted that the neoclassical current proportional to radial electric field exists
when electrons and ions belong to different regimes of collisionality. It is noticed that in
the systems with symmetry the angular momentum conserves, the neoclassical current
proportional to radial electric field varnishes, and in the systems without symmetry and
with the same collisionalities of ion and electron, the above neoclassical current is small.

The connection formula for the bootstrap current usable in the whole range of colli-
sionality from the collisionless 1/v regime to the P-S regime has been given based on the
idea that the asymptotic distribution functions of each collisionality regime are connected
in the velocity space. We have applied this connection formula to the LHD plasmas which
belongs to some collisionality regimes, and obtained the finite 3 MHD equilibria including
the bootstrap current. In the LHD plasmas at By = 3T, we obstain the following results.

[CASE 1] Ions and electrons belong to the almost same collisionality regime (7; ~ T,).

The neoclassical current proportional to radial electric field is very small. Even for
the same (0) case ((8) ~ 1.5%), the total bootstrap current in the high density case
((n) = 2.0x10®m~?) is nearly 1/3 of that in the low density case ((n) = 0.25x 10¥m=3),
and the Shafranov shift is about twice and the variation of central rotational transform
is nearly 1/5. It is noted that the ions and electrons in the whole plasma region belong
to the 1/v-regime completely in the low density case, and to the plateau-regime mostly
in the high density case.

{CASE 2] Ions and electrons belong to the different collisionality regime (T; # To.).

The effect of the neoclassical current proportional to radial electric field becomes
large. The direction and amplitude of above neoclassical current depend on the ion and
electron collisionalities, and the sign and amplitude of radial electric field. Supposed the
ions and electrons belong to the plateau and 1/v-regime, respectively. This situation
would be likely to be realized in ECH plasmas with T. >> T,. Electron root (E, > 0)
and ion root (E, < 0) correspond to the reduction and emphasis of the bootstrap current,
respectively, for the LHD standard configuration. For () ~ 1.5%, (n) = 1.0 x 10¥m™3
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and T, = (1/4)T,, the positive radial electric field (& = 2T, case) reduces total bootstrap
current to about 2/3. And in large difference case between ion and electron collisionalities
(T = 0.5keV, Tp = 4.5keV) with & = 2T, the bootstrap current reduces to nearly 1 /5
comparing with £y = 0.

In the LHD plasmas, the collisionality affects significantly the bootstrap current and
the MHD equilibria. Even in the same /3 value, different density (or temperature) and Ey,
lead to different MHD equilibria. Thus, it is important to taking account into the effect,
of collisionality and radial electric field on bootstrap current in comparing experimental
results with the theory.
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Appendix A. CONNECTION FORMULA FOR PARALLEL VISCOSITIES AND
FLOWS

The parallel momentum viscosity and the parallel heat viscosity for the collisionality
regimes from the 1/v to P-S regimes are written as

(E -V na)
_<§. V-0,)
_ el Ha2 (unaB}
= NgMgl, [ Ma? uag } [ _%(_qu;i)
Framay [ HGhe)a (”Gbs)ﬂ] cBETED (A1)
o <uGbs)a2 (}UGbs)aZ% T ea cﬁ; ’
—nom.u [ %p’al + (,UGbs)al {)wu‘ﬂ 'f‘(,lerbg) 9 jl [ (’l_fa _V@B) ]
N Epar + (uGhdar Eitas + (uGha)as | | —2TFEL
I
a1 — ¢ (UGhsdar s — ¢{1iGis)er | [ {8 - VCB)
TN Maly bl 2” ) A2
Prallal [ %}u’a? _¢(#Gbs)a2 pua3 ‘“‘5 ﬂGbs> %iggpif;_s_l ( )

using the connection formula for the viscosities and geometric factors, po; and (uGhs)e;,
in Section 2. It is noted that for toroidally symmetric systems, {4Bss)a; = (Ip/27 )14
and that for poloidally symmetric systems, (fBys)q; = —(Ir/27)pq;. Then, for such
symmetric systems, the directions of plasma flows to be damped become the same for
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all species regardless of their collisionalities since the geometric factors are changed in
such a way that parallel viscosity damps the flow in the direction with no symmetry.
For symmetric systems, the direction of the flow damping does not depend on the col-
lisionalities and only the magnitude of damping depends on the collisionalities. On the
other hand, for asymmetric systems, the magnitude of damping the flows as well as the
direction depend on the collisionalities{9].

Substituting the relationships between the parallel flows and the frictions and (A.1)
into the parallel momentum and heat flux balance equation, we can obtain the following
flux-surface averaged parallel flows for ions and electrons:

(4B) = L=+ (L= )= S+ =L+ L= )Y
a5 4 (1 G - 2 ), e
(uB) = — g(eim‘é—‘l;+j—z)—egzie%%, (A4)
oyp = ETe L) - by A5)

TNele De

Appendix B. GEOMETRIC FACTOR AND CHARACTERISTIC LENGTH OF
MAGNETIC FIELD INHOMOGENEITY IN PLATEAU AND P-S COLLISIONAL
REGIME IN BOOZER COORDINATES

'The geometric factors and the characteristic lengths of the magnetic field inhomo-
geneity in the plateau and P-S collisionality regimes are given in Boozer coordinates
(¥, 05, (p)[10,16],

(Ges)™
(2 VB) Znn ‘;ﬁ"ﬂq[%(% +¢52)(B¥g) — (B*)g2)lmn exp{i(mblp + nlp)})
((R-VB) Lo m[(% ‘H%)]mn exp{i{mbp +n¢p)})

k)

(B.1)

d 0
VOIS sy 4 e 08 1), (2

LA
Apl()

(G5 V)i V(Be) - (B0}

CBZE (B3)

1 3{((h-VB)Y
Aps 2 (B?)
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where

1 27 2r .
(Al = sz dép A d¢gA exp{~i{mfgp + n(p)},

(2m)
A=B /B and g, is the solution of the following deferential equation,

7 9. 3 1
B-V(&) =B x Ve V(%)

with the condition gy( B = Bpg.) = 0.
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FIGURE CAPTIONS

Fig.1 Radial profile of (a) bootstrap current density and (b} collisionality parameter
7* in low density case of (n) = 0.25 x 10®m=3. Here ¥} = ¥% since T, = T,
* << 1 and 7* >> 1 correspond to the 1/v-regime limit and the plateau-regime
limit, respectively. {3) ~ 1.5%. In Fig.1(a), the solid line corresponds to the
connection formula Eq.(1). Dashed line (almost overlapping with the solid line) and
dotted-dashed line correspond to the 1/v-regime limit and the plateau-regime limit,
respectively. The density and temperature profiles are assumed as n = ng{1 — s)
and T; = T, = Ty(1 — 3).

Fig.2 Radial profile of (a) bootstrap current density and (b) collisionality parameter 7
in high density case of (n) = 2.0 x 10®m~3. {3} is same as Fig.1. Other parameters
are also same as in Fig.1.

Fig.3 Dependence of (a) total bootstrap current and (b) collisionality parameter 7 at
/s = 0.7 on 3 value for three density (or collisionality) regimes. Circles, triangles
and squares correspond to (n) = 0.25 x 10®m=3, (n) = 1.0 x 10®m~2 and (n) =
2.0 x 10%°m~3, respectively. The density and temperature profiles are assumed as
n=no(l—5)and T; =T, = Tp(1 — s).

Fig.4 Dependence of magnetic axis position for two density (or collisionality) cases on
8 value. Circles and squares correspond to {n) = 0.25 x 10®m= and (n) =
2.0 x 10%m3, respectively. Closed rhombuses correspond to the currentless MHD
equilibrium. Other parameters are the same as in Fig.3.

Fig.5 Rotational transform profile for (a) currentless case, (b) low density case (n} =
0.25 x 10®m~2 and (c) high density case {n) = 2.0 x 10°®m~3 for various 7 values.

Fig.6 Well depth parameter profile for (a} currentless case, (b) low density case (n) =
0.25 x 10*m=2 and (c) high density case {n} = 2.0 x 10®*m3 for various 5 values.

Fig.7 Dependence of total bootstrap current on 3 value for various radial electric field.
Circles, triangles and squares correspond to & = 0, @ = T, and & = 2T, respec-
tively. Here E,, = —d®/dv. The density and temperature profiles are n = ng(1—s)
and 4T; = T, = Ty{1—s), respectively, (n) is fixed at 1.0 x 10®m 2 and Tj is varied.

Fig.8 Dependence of collisionality parameter 7* at /s =~ 0.7 on 4 value. Open and closed
circles correspond to ion and electron collisionality parameters, 77 and 77, where
plasma parameters are the same in Fig.7, respectively. Open and closed squares
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correspond to ion and electron collisionality parameters in the case of Ty = 0.5keV,
T.o = 4.5keV, respectively, and (n) = 1.0 x 102°m=3.

Fig.9 Dependence of (a)total bootstrap current and (b) magnetic axis position on radial
electric field at (3) ~ 1.5%. Circles and squares correspond to the case of Ty =
1.0keV, T, = 4.0keV (small difference case between electron and ion collisionalities)
and Ty = 0.5keV, T,p = 4.5keV (large difference case between electron and ion
collisionalities) for {n) = 1.0 x 10*m~3, respectively. In Fig.(b), dashed-dotted
line correspond to the currentless MHD equilibrium. Here &; > 0 and &5 < 0
correspond to Ey; > 0 and E, < 0, respectively.

Fig.10 Rotational transform profile in the case of Tjy = 1.0keV, T,y = 4.0keV (small
difference case between electron and ion collisionalities) and T, = 0.5keV, Tp =
4.5keV (large difference case between electron and ion collisionalities) for (n) =
1.0 x 10%°m—3, respectively.
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