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Radiofrequency (RF) waves could be used for plasma current start-up in spherical torus (ST) reactors, where
plasma formation and current drive without the ohmic heating solenoid is required. In such a plasma, the elec-
trons can be represented by two temperature components, i.e. high-temperature low-density electrons and low-
temperature high-density electrons. In order to describe the equilibrium of such plasmas, we develop a three-fluid
(two electron fluids and one ion fluid) axisymmetric equilibrium model with toroidal and poloidal flows. This
model has been applied for the first time to a recent TST-2 discharge, and we have obtained an equilibrium which
is consistent with experimentally observed results. It is found that (1) the toroidal current density and pressure
are dominated by the high-temperature low-density electron (eh-electron) fluid and (2) the radial force balance
for each fluid species is quite different, i.e. the ion fluid is confined by the electric force due to the negative elec-
trostatic potential while the eh-electron fluid pressure gradient force is balanced by the Lorentz force (its toroidal
current density times the poloidal magnetic field). These results are different from previous speculations.
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1. Introduction

The multi-fluid formulation of axisymmetric flowing
equilibria contains important physics which is missing
from the one-fluid model [1-4]. The poloidal flow speed
singularity of the two-fluid equilibrium equations differs
markedly from the one-fluid model [5]. The poloidal flows
exceeding the neoclassical theory prediction have been ob-
served in several tokamaks [2]. Since the neoclassical the-
ory neglects the two-fluid effect to determine poloidal mag-
netic field structure, it is interesting to apply the two-fluid
model to solve this discrepancy. In a high-performance
discharge in NSTX, it was found that the ratio of the lo-
cal ion inertial length to the local scale length of the ion
pressure gradient, ¢;/Ly;, can be large except in the core
region, while the ratio of the local ion gyroradius to the
local scale length of the ion pressure gradient, p;/Ly; re-
mains small in the entire domain [3,4]. This suggests that
the two-fluid model should be used to describe such equi-
librium with steep gradient because the ion inertial length,
i = c/wpi, (¢ is the speed of light and wy,; is the ion plasma
frequency) is the intrinsic scale of the two-fluid model and
the one-fluid model is valid only if &;/Ly; << 1[6].

The formation of a high performance plasma without
the ohmic heating solenoid was accomplished by combin-
ing time varying vertical and shaping fields with several
heating and current drive tools[7]. Such a technique is
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crucial especially for spherical torus (ST) plasmas in or-
der to realize a commercial fusion reactor. Recently a
full two-fluid equilibrium model [3, 4] was applied to de-
scribe a solenoid-free RF sustained ST plasma [8]. In the
past equilibrium reconstruction of such a plasma has been
carried out using the Grad-Shafranov formalism [9, 10].
Since some electrons are driven resonantly by the RF
wave, the electrons should have two temperature compo-
nents, i.e. high-temperature low-density electrons and low-
temperature high-density electrons [11]. Recent measure-
ment of the electron temperature and density in the TST-2
experiment reveals the existence of high-temperature low-
density electrons which carry almost all of plasma cur-
rent. In order to describe the equilibrium state of RF sus-
tained ST plasmas accurately, we develop here a new ax-
isymmetric three-fluid equilibrium model consisting of a
high-temperature low-density electron component, a low-
temperature high-density electron component and an ion
component.

Section 2 presents the formulation of the model which
includes a nonlinear algebraic equation for the density ra-
tio as well as four 2nd order partial differential equations
and some algebraic equations. Since this model has nine
arbitrary surface functions, how to select these functions is
important in practice. In Sec.3 we apply the model to a
recent TST-2 discharge #115620 at 80 ms. Discussion and
summary are presented in Sec. 4.

© 2015 The Japan Society of Plasma
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2. Equilibrium Formulation

We adopt the MHD ordering or the fast order-
ing and neglect the gyroviscous cancellation (e.g.[12]).
The plasma considered here consists of low-temperature
high-density electrons (denoted by subscript el), high-
temperature low-density electrons (denoted by subscript
eh) and low-temperature high-density ions (denoted by
subscript 1). This model assumes that 1) all three compo-
nents have isotropic temperatures, 2) the ion fluid is singly-
ionized, 3) inertia terms are kept for the electron-fluids
and 4) equilibrium is axisymmetric. This model is used
to represent collisionless ST plasmas sustained by strong
RF electron heating.

The model is based on the continuity and force bal-
ance equations for the el-electron fluid, the eh-electron
fluid and the ion fluid, Ampere’s law and Gauss’s law for
the magnetic field.

V-, =0 fora=eleh,i (D)
MaNe(Uy - VU = =Vpo + gana (=VVE + U, X B)
for @ = el,eh,i 2)
V X B = poe(nit — nejtel — NenUen) (3)
V-B=0 “)

Here Vg is the electrostatic potential, mg = me, = m, is the
electron mass, and standard notations are used for other
quantities. We assume the charge-neutrality condition is
satisfied such that

ni = Nl + Nep (5)

where ¢ = gen = —e and ¢; = e are used.

Using the relations, u,-Vu, = V (ufy / 2)—ua x(Vxug)
and p, = n,T, in Eq. (2), the force balance equation can
be written as

V(T + mati /2 + Vi) + TaVInn, = gally X Qg
for @ = el, eh, i (6)
where Q, =B + (m,/q,) V X u, @)

Note that g,€, is the curl of the generalized momentum
for the a-species. We call , the modified magnetic field
hereafter. Also note that Eq. (6) is more useful than Eq. (2).
In an axisymmetric system, the left side of Eq. (6) has no
toroidal component, so no toroidal component should exist
on the right side (i.e. u, X 4|, = 0). Therefore we need
to consider only two non-toroidal components in Eq. (6).
On the other hand, the left and right sides of Eq. (2) have
toroidal components m,(V X u,) X ulY|¢ and g,u, X B|¢,
respectively even in the axisymmetric system. These two
terms are canceled in Eq. (6) by using ©,. Hence we may
say that in order to describe the axisymmetric flowing equi-
librium, the form of Eq. (6) is more convenient to describe
force balance.

2.1 Dimensionless form
As dimensionless forms are convenient in numerical
computation, we adopt dimensionless variables. The pri-

mary scales are (1) Ly a reference length of a plasma, (2)
I.¢ areference plasma current, and (3) n,s a reference den-
sity. These lead to derived scales for the magnetic field
Brer = polrer/ Lrer, velocities ugr = Bref/(ﬂominref)]/za tem-
peratures Tper = miufef, pressures pref = Rpeflref, Scalar
potential Vger = Tret/e, vector potential Aref = BrefLeet,
poloidal magnetic flux Y = Breferef, current density
Jref = Bref/(toLyrer), poloidal flow surface function @s =
nrefureferef and electric field Eof = ugerBrer. Here my; is the
ion mass.

The dimensionless forms of Egs. (1), (6), (7), (3) and

(4) are written as

V-@m.u,) =0 fora=celeh,i (8)
1

V| T+ (mo/m) 3G + (Ga/€)Ve |+ ToV Inn,
= (go/e)e 'u, x Q, fora =el, eh,i 9)
Q, =B + (my/mi)(e/qq.)eV xXu, fora =el, eh,i
(10)
VX B = &' (mu; — nejte) — nenlen) (11)
V-B=0 (12)
Here £ = €ip /L and g = —————  (13)

\ eznref/gomi

Cir is the ion inertial length for the reference density 7.

2.2 Surface functions

Hereafter we adopt the right-hand cylindrical coordi-
nates (R, ¢, Z). Since the magnetic field, B, the mass flow,
n,U,, and the modified magnetic field, €2, are divergence-
free, they can be expressed by the poloidal magnetic flux
function Y(R,Z), the stream function for poloidal flow
D, (R, Z) and the function Y, (R, Z), respectively.

B =Vy xVe¢+RB, Vo (14)
noly = V@ X Vo + noRuey V¢  for @ = el, eh,i
(15)

Q, =VYy X V¢ +RQ4V¢ fora=cel,eh,i (16)
Yo = + (mo/mi)(e/qq)eRuqy for a = el, eh,i
(17)

Vo
-Qatf’ = B¢ — (my/m;)(e/qq)eRV - (I’ZQR(;)

for @ = el, eh, i (18)

Since B - VY(R,Z) = 0, ngu, - VO,(R,Z) = 0, and
Q, VY, (R,Z) =0,¥(R,Z), Dy(R,Z) and Y, (R, Z) are sur-
face functions for the magnetic field B, the mass flow n,u,
and the modified magnetic field Q,, respectively. Equa-
tions (17) and (18) are derived from Eq.(10). Note that
the deviation (Y, — ) is caused by species foroidal flow
velocity while the deviation of (2,4 — By) is caused by
species poloidal flow velocity. Note also that since the
z-component of the generalized angular momentum in di-
mensional form is given by M, = R(myuyg+q.As), which
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is conserved in a time-dependent axisymmetric system, Y,
defined by Eq. (17) is a dimensionless form of M,./q,.

2.3 Force balance in directions of gﬁ, Q, and
VY,

For the axisymmetric equilibrium considered here,
there is no toroidal component in the left side of Eq. (9),
so that ¢ - (u, x Q,) = 0 yielding ¢ - (V&, x VY,) = 0
where ¢ is the unit vector in the toroidal direction. This
condition is satisfied if

@y = Do(Yo(R,Z)) fora =eleh,i (19)

i.e. @, is an arbitrary function depending only on Y, (R, Z).
Note that since the inertial term in Eq. (2) has the toroidal
component, one cannot use the above mentioned property
of the axisymmetric system as long as Eq.(2) is used in-
stead of Eq.(6). Concerning the temperature, we adopt
a model that the temperature is an arbitrary function of
Y.(R,Z),i.e.

Ty =To(Yo(R,Z)) fora =el,eh,i (20)

This model is valid as long as the species thermal speed
is much larger that the species poloidal flow velocity. For
more detail, see Appendix A of Ref. [3].

The force balance Eq. (9) in the direction of the mod-
ified magnetic field €, can be satisfied when the function
F, defined below is a function depending only on Y, (R, Z).

Fo =To(Yo)(1 +1nng,) + (m(,/mi)%ui
+(qo/e)(VE — C) = Fo(Y,) fora=cel,eh,i (21)

where C is an integration constant. Using the above in
Eq. (9), the VY, component of Eq. (9) can be written as

eR(F(Yy) - T,(Y,) Inny,)
= (g./e) (M(w} - n;ltp(’,(Y(,)Qw) for @ = el, eh, i
(22)

where the prime denotes differentiation with respect to the
argument Y,,.

2.4 Ampere’s law
Using the expression (14), the left side of Eq. (11) be-
comes

(0 (1ow\ 18
VXB = V(RB¢)XV¢—¢{8—R(E0—£)+ E%}
(23)

The toroidal (¢) component of Ampere’s law is written as

o (1oy\ 1%

A s D A h
aR(RaR)+RaZ2 Jo WOEEE

j¢ = g‘l(niuiq) — Nelllelp — neh”ehdb) (24)

Using Egs. (15) and (23) in Eq. (11), the poloidal compo-
nent of Ampere’s law is written as

V(RBy) x V¢
=& ' (V&i(Y)) — VD (Ye)) — VPen(Yen)) X Vb

From the above we have

RB; = & (Bi(Y) = Pa(Ye) = Pen(Yer)) (25
Defining new functions for the poloidal flows as

®D,(Y,) = —eK,(Y,) fora=el,eh,i (26)

the toroidal component of the magnetic field can be written
as,

By = (Kei(Ye)) + Ken(Yen) — Ki(Y1)) /R 27)

Using Eq. (26) in Eg. (22), the species toroidal flow
and toroidal current density are written as

iy = R (F{(Y}) = T{(Y) Inn;) - en] ' K{(Y) 2y

(28)

ey = ~€R (F((Ye) = T(Ye) Inna)

— eng K (Ye)Qetg (28b)
Uehy = —€R (Féh(Yeh) = T} (Yen) In neh)

— eng) Kl (Yen)Qens (28¢)
Jo = Jig + Jelp + Jeng (29)
where jiy = & nittig, jeip = ~& Nelttelg,
Jehp = —s‘lnehueh¢ (30)

Jio = R (F{(¥) = T/(Y) Inm) - K{(¥)2y  (31a)

Jeto = naR (Fy(Ya) = T)(Yer) Inne))

+ K (Ye)Qelg 1)
Jeno = nenR (Fly (Yen) = T4 (Yer) In ey
+ Kéh(Yeh)th(b ©le)
K, (Y,)VY,
Qup = By + (my/mi)(e/qa)"RV - (T)
for @ = el, eh, i G2

2.5 Electrostatic potential and densities
Applying Eq.(21) to the three species, the electro-
static potential Vg is written as

Vg = Fi -Ti(Y)( +Inn) + C
= Tea(Ye)(1 + Inne) — Fel +C

= Ten(Yen)(1 +Innep) — Fep + C (33)

where the constant C can be used to adjust Vg to the exper-
imentally observed electrostatic potential at a given point
and

1
Fo = Fa(Ye) — E(me/mi)uﬁl
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- 1
Fen = Fen(Yen) — §(me/mou§h

2

o =

o el (A A
O W OR FY4

for a = el, eh, i (34)

2 2
u Uy + Uy,

Eliminating the quantity (Vg — C) from the first and second
lines in Eq. (33) yields

Te ln(l neh):FeI+Fi_1

Inn; +
Ta+T; Ta+T;

In the second term on the left-hand side, ng =
n; (1 — nen/n;) is used. Next, eliminating the quantity
(Vg — C) from the first and third lines in Eq. (33) yields
Feh + Fi

Teh + Ti

Ten Neh
In— =
Ten +T;

Inn; +

Finally eliminating the term In ; from the above two equa-
tions, we have the following nonlinear equation for the
density ratio nep/n;j,

@:Exp{ﬁeh _Fa+F  FiTa-Fal
m Ten Ta+T; Ten(Ta+T)
Ten + T)T,
+( eh 1) el ln(l _ @)} (35)
Ten(Ter + Th) m;

The ion density is given by

F, +Fi T.
ni:Exp{ el 1- 2 ln(l—ﬁ)}

Ta+Ti Ta+T; n;
(36)

Then, ney, = 1 X (nen/n;) and ney = n; — nep. . (37)

Equations (17), (20), (21), (24), (27) - (32) and
(35) - (37) constitute a system of equations for axisym-
metric equilibrium of a two-electron-temperature plasma.
This system includes four second-order partial differential
equations and has nine arbitrary functions T, (Y,(R,Z)),
Fo(Yy(R,Z)) and K,(Y,(R, Z)) for @ = el, eh, i. Since these
functions determine equilibrium profiles, we call these the
profile functions. Next section shows an application of this
model which we call the three-fluid model hereafter.

3. Application to Spherical Torus
Plasmas Sustained by Strong RF
Electron Heating

Since the temperature and toroidal flow velocity of
the ions, and the temperature and density of the back-
ground electrons are measured recently in TST-2 discharge
#115620 where the plasma current is sustained by the
LHW (200 MHz) combined with the ECW (2.45 GHz)
[13—15]. We apply the present model to reconstruct equi-

Table 1 Parameters of TST-2 shot #115620 at 80 ms.
I, =-8.9 kA with positive B
n,~04x10"m™
T,=11x3eVat R=0.342 m

u;, ~0.5 km/s and u;, is smaller than u,
T.=4t2 eV
nt~0.1x10"m>atz=0

¢ _ external

librium of this discharge at 80 ms. Table 1 shows the pa-
rameters of this shot.

In this computation we choose Ly = 1[m], fer =
10 [kA] and s = 10'8 [m™3] as primary reference scales.
Other reference scales are € = 0.2278, Byr = 0.0126 [T],
l//ref = 0.0126 [Wb/27r], Tref = 0.78 [kCV] and Upef =
274 [km/s].

3.1 Computational method

The numerical algorithm is described in Appendix A.
The locations of the magnetic flux loops and the compu-
tational domain are shown in Fig. 1. The computational
boundary is slightly inside the vacuum vessel. To solve
the equation for the magnetic flux function (Step 1 in Ap-
pendix A), we use the experimentally observed magnetic
flux data on this boundary. Effects of the eddy currents
flowing in various structures are excluded from the flux
data [16], so the current which is allowed to flow inside the
boundary is only the plasma current [8].

Since the slanted parts of the computational bound-
ary (Fig. 1) are chosen to lie on grid points, we adopt the
following new coordinates to make the boundary as close
as possible to the locations of magnetic flux loops for a
given number of grid points. The new coordinates (X, Y)
are defined as X = VR and Y = tan(1.65Z). To solve
the second-order partial differential equations, we use the
second-order finite-difference method with equal grid in-
tervals in the (X, Y) coordinates. Maximum numbers of
division in the X and Y directions are 128 and 160, respec-
tively. To accelerate numerical computation, a successive
over relaxation (SOR) and a progressive multi-grid scheme
with four grids are combined. How to select the nine pro-
file functions is crucial in practice. Appendix B shows pro-
file functions used in this computation.

3.2 Results of reconstructed TST-2 equilib-
rium
Effects of flow appear in two ways. The species
toroidal flow makes a difference of (¥, — ) [see Eq. (17)]
while the species poloidal flow makes a difference of
(244 — By) [see Eq. (32)]. Figure 1 shows 2D contours of
the magnetic flux function ¢ and the surface function Yy
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0.8
Xxx' X | -Magnetic flux
0.6 loops
0.4
Limiter
02 Computational
L—
= boundary
.g. 0.0
N
-0.2
04
-0.6
X X
-0.8

00 02 04 06 08
R [m]

Fig. 1 Flux surfaces of ¢ and Y. The red curve represents the
LCEFS, and the black dotted curves represent flux surfaces
outside the LCFS, where the surfaces for ¢ and Y, are the
same. The dotted curves inside the LCFS represent the
contours of ¢ (black) and Y, (red) for the values —0.013
and —0.024 in dimensionless unit. The black circle in-
dicates the position of the magnetic axis and the black
asterisk indicates the peak position of the toroidal current
density.

of the eh-electron fluid. The red curve represents the last
closed flux surface (LCFS) which lies just inside the lim-
iter. To obtain this equilibrium we choose Yicit = Yelcriti =
Yeherii = —0.0053 in dimensionless unit (see Appendix B).
If these critical values are chosen higher than —0.0053, the
LCEFS shrinks compared to the red curve while the toroidal
current density does not vanish at the outboard limiter. In
this equilibrium there is no plasma current density outside
the LCFS. This property is different from the previous
speculation where appreciable current can flow outside the
LCFS (e.g. Ref.[7]) (For more comparison, see Fig. 10).
The black dotted curves represent flux surfaces outside the
LCFS where the surfaces for ¢ and Y, are the same be-
cause there is no toroidal flow there. The dotted curves
inside the LCFS represent the contours of i (black) and
Yen (red) for the values of —0.013 and —0.024 in dimen-
sionless unit. The black circle indicates the position of
the magnetic axis (R = 0.421 [m]) and the black asterisk
indicates the peak position of the toroidal current density
(R = 0.524[m]). As the ion and the el-electron toroidal
flows are small, differences of (¥;—y) and (Y — ) are very
small. Figure 2 shows the density profile for each species
on the midplane. The dot-dashed curve, the solid curve
and the dotted curve represent the ion fluid density »;, the

0.1 02 03 04 05 06 07
R [m]

Fig. 2 Midplane density profiles for each species. The dot-
dashed curve, the solid curve and the dotted curve repre-
sent the ion fluid density n;, low energy electron density
ne and high energy electron density ey, respectively.

E 20

— 15 | _me

z PR

S0 F .- .

> 5 r

= A

a8 0 F No ,

> ~‘~\‘ ’/I

03 '5 B \\\\ ',"

5 \\‘-”f

H _10 1 1 1 1 1
0.1 02 03 04 05 06 0.7

R [m]

Fig. 3 Midplane temperature profiles of 7. [eV] (dot-dashed
curve), T;[eV] (black solid curve), and Ty, [keV] (red
curve). The dotted curve represents Vg [V].

low energy electron density n and the high energy elec-
tron density nep, respectively. Figure 3 shows the midplane
temperature profiles of T, [eV] (dot-dashed curve), T; [eV]
(black solid curve) and T,y [keV] (red curve). The dot-
ted curve represents the electrostatic potential Vg [V]. The
midplane profile of the ion toroidal flow velocity u;y [km/s]
is shown in Fig. 4. Parameters of this reconstructed three-
fluid equilibrium are summarized in Table 2. Although the
ion toroidal flow velocity is slightly higher than the ob-
served value, other parameters are in good agreement with
the observed values shown in Table 1.

Figures 5-9 show interesting features of the recon-
structed equilibrium. From Eq. (2) the radial force balance
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Table 2 Parameters of the reconstructed three-fluid equilibrium.

I, =-8.9 kA with positive B
n,=~0.4x10"m™

I.,=14eVatR=0.342 m

¢ _external

‘“w‘ <1.4 km/s and v, is smaller than u;
I, ~4.6 eV
nt~0.08x10"m> atz=0

¢

o —
S W = N

Toroidal flow[km/s]
S
D

1
— 1
(9] p—

0.1 02 03 04 05

R [m]

0.6 0.7

Fig. 4 Midplane ion toroidal flow velocity profile u;s [km/s].

equation is written as,
_apa/aR - %yn(yaVE/aR + jmf)BZ + (_jozZde)
+Mmyhngy (urzw/R—uaRauaR/c')R—uazﬁuaR/az) =0

for @ = el,eh, 1

The 1st, 2nd, 3rd and 4th terms of the above equation
represent the pressure gradient force, the electric force,
and the Lorentz forces, respectively. The last term comes
from the inertial term. In the present case, the last two
terms are negligible compared with the centrifugal force,
manaufw /R. Figure 5 shows the radial force balance on
the midplane. The pressure gradient force — dp, /0R (solid
curve), the electric force (dotted curve), the Lorentz forces
Ja¢Bz (dashed curve), — j,zBy (dot-dashed curve), and the
centrifugal force (2-dot-dashed curve) are shown. In the
ion fluid force balance, the pressure gradient force and the
electric force dominate (Fig.5(a)). As a result, the ion
fluid is confined by the electric force. The other three
forces acting on the ion fluid are too small to see. For
the eh-electron fluid, the pressure gradient force and the
Lorentz forces jenyBz are balanced (Fig. 5(c)). The other
three forces acting on the eh-electron fluid are too small
to see. For the el-electron fluid, the sum of the pressure
gradient force and the electric force keep balance with the

Force [Nm_3]
o

Force [Nm_3]
o

Force [Nm_S]
o

—_
o
S

0.1 0.2 03 04 0.5 0.6 0.7
R [m]

Fig. 5 Radial forces for the ion fluid (a), the low energy elec-
tron fluid (b) and the high energy electron fluid (c). The
pressure gradient force —dp, /AR (solid curve), the elec-
tric force (dotted curve), the Lorentz force j, 4Bz (dashed
curve), —j,zBg (dot-dashed curve), the centrifugal force
(2-dot-dashed) are shown.

Lorentz force jei4Bz (Fig. 5(b)). The other two forces act-
ing on the el-electron fluid are too small to see. Note that
the scales of the vertical axis in (a), (b) and (c) are quite
different. The force balance mentioned above is complex
and its features could not be described by the standard one-
fluid MHD. Figure 6 shows the species toroidal current
density profile on the midplane. The solid, the dot-dashed,
the dashed and the dotted curves represent jg, jeng, 10X jeig,
and 100 X j;4, respectively. Nearly the entire current is car-
ried by the eh-electron (high energy low density electron)
fluid. Figure 7 shows the species pressure profile on the
midplane. The solid, the dot-dashed, the dashed and the
dotted curves represent the total pressure p = pen + pel + Pi,
Peh> 10X pej and 10X p;, respectively. The pressure is dom-
inated by that of the eh-electron fluid. Figure 8 shows the
ratios of the toroidal flow velocity to the thermal veloc-
ity for each species fluid. The solid, the dashed and the
dotted curves represent 10 X |ui¢ / Csl, 10 x |Me1¢ / Uth,e1| and
|ueh¢ /Uth,eh|, respectively. Here Cs = ((T; + Te))/m;)"/? is
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20
100 xj,,
0 wg==s=a << =

Current density [kA m2]
S

-60 F
80
-100 :
0.1 02 03 04 05 06 07
R [m]

Fig. 6 Midplane toroidal current density profiles. The solid, the
dot-dashed, the dashed and the dotted curves represent
Jos Jehws 10 X jeip, and 100 X jip, respectively.

60

N
S

\®]
(e

Pressure [Pa]

Fig. 7 Midplane pressure profiles. The solid curve represents
the total pressure p = pen + per + pi, While the dot-dashed,
the dashed and the dotted curves represent pey, 10 X pej,
and 10 X p;, respectively.

the sound speed. The ratio of the toroidal flow to the ther-
mal velocity of the eh-electron fluid is very large near the
outboard boundary. In this equilibrium, the vertical cur-
rent density jz is about 0.1% of the toroidal current den-
sity js. This means that not only the toroidal current den-
sity but also the toroidal flow velocity is dominated by the
terms proportional to the radial coordinate R (Egs. (28) and
(31)). This makes the current density profile (Fig. 6) differ-
ent from the temperature and pressure profiles (Figs. 3 and
7). This is the reason why the peak position of the toroidal
current density shifts outward compared with the position
of the magnetic axis (Fig. 1). Asymmetry in the ratio of the
toroidal flow to the thermal velocity of each fluid can be ex-
plained by the reason mentioned above. Figure 9 shows the
midplane profiles of the magnetic flux function ¢ and the

1.4

12 f !
1o L et/ Ven e :
i
208 | i
L)
S VD QUAM IS
' AY
0a MOX|w/Cy N7\
- </ [\
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Fig. 8 Ratios of the toroidal flow velocity to the thermal veloc-
ity for each species. The solid, the dashed and the dot-
ted curves represent 10 X |uip/Cs|, 10 X |uel¢/um_e]| and
|ueh¢/vth_eh', respectively. Here Cs = ((T; + Tey)/m;)"/.

Flux [mWb/2n]

Fig. 9 Magnetic flux function ¢ (solid curve) and the flux func-
tion Y., (dotted curve) for high temperature electron fluid
on the midplane.

flux function Yy, of the eh-electron fluid. As the maximum
of uepg is about 1/3 of the speed of light, the difference of
Yen — ¢ = —(me/m;)eRuchy is somewhat significant. As
mentioned above, the species poloidal flow makes the dif-
ference of (Q2,4—By) [see Eq. (32)]. Since the poloidal flow
is small in this equilibrium, |(Qens — By)/By| < 3 x 1075,
this difference is very small.

Figure 10 shows a comparison of the magnetic flux
contours of the present three-fluid equilibrium (black solid
curves) and those of the standard Grad-Shafranov equilib-
rium (red dotted curves). Contours outside the LCFS (see
Fig. 1) are in good agreement. Since the same boundary
magnetic flux data are used in these two equilibria, this co-
incidence is a natural result. Contours inside the LCFS are
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Fig. 10 Comparison of the magnetic flux function of the three-
fluid equilibrium (black) with that of the standard Grad-
Shafranov equilibrium (red).

model-dependent. Inside the LCFS contours of the three-
fluid equilibrium are slightly expanded in the radial direc-
tion compared with those of the standard Grad-Shafranov
equilibrium.

4. Discussion and Summary

In order to describe a solenoid-free RF sustained ST
plasma, a three-fluid equilibrium model has been devel-
oped. In this model the el-electron fluid represents a low-
temperature, high-density electron component, and the eh-
electron fluid represents a high-temperature, low-density
electron component. Equilibrium equations consist of a
nonlinear algebraic equation for density ratio, four 2nd or-
der partial differential equations (PDEs) and some auxil-
iary algebraic equations. One of PDEs is a equation for the
poloidal magnetic flux function ¢ and the other three PDEs
are equations for the function Y, (@ = el,eh,i). Note that
the highest order derivatives arises from the poloidal mag-
netic flux and the species poloidal mass flow.

The model was applied for the first time to recon-
struct the TST-2 RF sustained discharge #115620 at 80 ms.
The parameters of the reconstructed three-fluid equilib-
rium (Table 2) are in good agreement with the experimen-
tal data (Table 1) for this shot. The interesting features of
this equilibrium are shown in Figs. 1-9. It is found that
(1) there is no plasma current density outside the LCFS,
(2) the toroidal current density and pressure are dominated
by the eh-electron fluid, and (3) the radial force balance

is quite different among the three fluid species, i.e. the ion
fluid is confined by the electric force arising from the nega-
tive electrostatic potential while the pressure gradient force
of the eh-electron fluid is balanced by its Lorentz force
JehgBz. These results are different from previous specu-
lations. Further investigation on this discrepancy will be
our future work.
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Appendix A. Numerical Algorithm

In this three-fluid model, there are four partial differ-
ential equations (PDEs), one is for ¢ [Eq.(24)] and the
others are for Y, [Eq. (32) with Eq. (28) and Eq. (17)]. In
a general case, we must solve these four PDEs simulta-
neously with the help of algebraic equations for densities.
Since the toroidal flow velocity vanishes on the boundary,
the realistic boundary conditions for ¢ and Y, should be
the same.

As shown in Sec. 3, the toroidal flow velocity u,g is
not large implying that Y, = ¢ in the leading order ap-
proximation. Since the poloidal flow velocity ug_poloigal 18
also small in the present analysis, 2,4 =~ By in the leading
order approximation. This means that the second term of
Eq. (32) is a small correction term of By. In this circum-
stance, we can treat the second term of Eq. (32) as a pertur-
bation of By. Therefore, we adopt the following iteration
procedure to obtain self-consistent solutions where all the
PDEs are solved with sufficient accuracy. In practice this
algorithm is very efficient and the boundary conditions for
the toroidal and poloidal flows are well satisfied.

(Step 0): Prepare approximate values of Q and nep, /n;.
(Step 1): Update ¢ for a prescribed Q
v
RV . (R—f) = (Q where
0 = —-Rjy = —R(jig + jeig + Jeng)-

The species toroidal current density is given by Eq. (31).
(Step 2): Update Y, (R, Z) of Eq. (17), By of Eq. (27), Q44
of Eq. (32) and u,4 of Eq. (28), because  was updated.
(Step 3): Update uqy, Yo (R, Z) and By again.

(Step 4): Solve the ratio nep/n; iteratively for given other
quantities.

(Step 5): Update nj, nep, Hel-

(Step 6): If convergence is not sufficient, return to Step 1
to iterate.

Appendix B. Profile Functions
Various profile functions were tested. The following
functions were found to work well.
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Fig. A1 df/dx as a function of (1—x)!/?. The black solid and the
blue dashed curves represent peaked and hollow pro-
files, respectively.

For @ =el,eh,i

Cra0 + Crat f(=(Yo = Yacrit)s

Ta(Ya/) = Cra2,Cra3, Cras, CTaS) if Yo — Yoerit < 0
CTarO if Yoz - Ya crit > 0
CKaO + CKalf(_(Ya - Yacril);

Ko(Yy) = Cka2, Cka3»> Ckasr Ckas) if Yy = Yoerit <0
CKaO if Yoz - Ya/crit >0
Cra0 + Cra1 f(=(Ya = Yocrit);

Fo(Y,) = Cra2,CFa3, CFa4, CFas) ifY, —Yerit <0
CFaO if Ya - Yozcrit >0

where Y, it is a constant and the generic function f and its
derivatives are given by

fx;c,¢3,¢4,¢5) = (x/ca)? [1 = c3(x/ca)]
= (0, x, 2, ¢3, ¢4, C5)
df(x; c2,c3,c4,c5)/dx
= (c2/ca)(x/ea)? ™ [1 = e3(1 + es5/ca)(x/cs)]
= f(1,x,¢2,¢3, ¢4, C5)
d?f(x;c2,¢3,¢4,C5)
dx?
ol —1)

= =S5 —(x/eg)
G

) [1 -3 (1 + z—z)(l + Czci 1)(x/64)65]

= f(2,x,¢2,¢3,¢4,C5)

Note that d* f/dx? is used only in the K, profile function.
If ¢; > 1, the functions f and df/dx are zero when x =
0. We use this property in selecting the profile functions.
Examples of the profile d f/dx, which is related to flow (see
Eq. (28)) are shown in Fig. Al. For the horizontal axis, we
use (1 — x)'/? which approximates the minor radius when x
is expressed by a parabolic function of the major radius R.
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