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Global stability of field-reversed configurati§RC) plasmas has been studied using a simple rigid
body model in the parameter space ofthe ratio of the separatrix radius to the average ion
gyro-radius and plasma elongatioB (the ratio of the separatrix length to the separatrix diameter
Tilt stability is predicted, independent sffor FRC'’s with lowE (oblate, while the tilt stability of
FRC's with largeE (prolate depends os/E. It is found that plasma rotation due to ion diamagnetic
drift can stabilize the tilt mode whesfE<1.7. The so-called collisionless ion gyro-viscosity also
is identified to stabilize tilt whers/E<2.2. Combining these two effects, the stability regime
broadens ts/E<2.8, consistent with previously developed theories. A small additional rotation
(e.g., a Mach number of 0.Zan improve tilt stability significantly at largé. A similar approach

is taken to study the physics of the shift stability. It is found that radial shift is unstable #hen
<1 while axial shift is unstable whela> 1. However, unlike tilt stability, gyro-viscosity has little
effect on shift stability. ©1998 American Institute of Physid$$1070-664X98)03110-3

I. INTRODUCTION drift, ion gyro-viscosity, andE x B rotation. In Sec. IV, axial

The field-reversed configuratiofFRC) is a unique tor- and radial shift stability is analyzed, followed by discussions

oidal magnetic confinement scheme in that there is no appré'i-nd conclusions.

ciable toroidal field. The plasma is confined purely by a po-

loidal field, which is produced by a toroidal plasma current.

Thus the current flows in the direction perpendicular to the|. MODELS OF FRC PLASMAS
local magnetic field, sustaining maximum possible plasmaA
beta close to unity. On the other hand, due to the lack of a
center conductor and a confining toroidal field, FRC's are  The global modes of a plasma are often destabilized by
predicted to be unstable to many global magnetohydrodythe j xB force, which is usually a strong function of plasma
namic (MHD) modes. However, FRC plasmas formedéin  shape, e.g., plasma elongation defined by the ratio of the
pinch devices exhibit remarkable global stabfiityith a few  separatrix length to the separatrix diameter. Hgrie the
exceptiong. Much theoretical effort has been made to revealinternal current density of the plasma aBds the vacuum
stabilizing mechanisms of the predicted instabilitigee tilt ~ field produced by external coil currents. To quantify this
mode in particulad; including effects from plasma force, a FRC equilibrium solution with a known vacuum
rotation®~° two-fluid ® ion finite Larmor radius(FLR),671°  field is needed. The simplest analytic model of FRC equilib-
energetic iond}'? and current profilé3~® Although agree- rium with arbitrary elongation is the Solovev's soluttbn
ment between theory and experiment has improved over thgiven by

years, few concrete physical pictures of stabilizing mecha- R7\2 |R? 2
nisms have been given. In this paper, a simple equation of = %[1_(_ _<_2_1)

motion for each global mode is formulated and analyzed RoZo Ro

using a rigid body model of the FRC plasma. The strategy,here 4 is the poloidal flux functionR, is the radius of the
taker_l here is to. .ellumdate serr_uquanutauvgly the e§se”t'%agnetic axis, and, is defined in Fig. (a). As is also
physics for stabilizing mechanisms by using the simplestyious from Fig. 1a), the length and radius of the FRC
possiple equations. AItho.ugh the deduced_ m_arginal Stabi"%eparatrix aré =2v2Z, andR,=v2R,, respectively, result-
condition may not be sufficient due to the limited degrees Oﬁng in an elongatiorE=L/(2R,) =Z,/R,. The trapped flux

freedom of rigid body motion, the analyses described be|OV\27T¢O is related to the magnetic field at the edgg
should shed new light in understanding the fundamentaJEBZ(R:Rs Z=0) by 2myo= WBOR2/4 When E=1
’ S . ’

. Solovev model of FRC plasmas

physics of FRC stability. _ _ Solovev's solution reduces to the well-known spherical
After a brief description of FRC models in Sec. Il, tilt yjjrs yortex!? with an analytic external solution. The
stability is analyzed in detail in Sec. Ill, including effects \,5-,um solution for arbitran is obtained numerically by

from thej X B torque, plasma rotation due to ion diamagneticp|acing coils around the plasma. The coil currents are calcu-

lated by matching flux values at the separatsee the Ap-
3JSPS research fellow on leave from Osaka University. pendix for details One such example is shown in Figal
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FIG. 2. (a) Three rotating axe¢X,Y,2 of the rigid body model(b) Rotation

FIG. 1. Solovev's solution(@ The internal(external flux is represented by of the vacuum field in the plasma frame.

solid (dotted lines. The rectangular box indicates rigid body model.The

vacuum flux produced by coils. The dotted line represents the separatrix. model is constructed to reveal the stabilizing physical

mechanisms of this mode. The simplest model relating the
j xB force to the decay indeMyecaf = — (R/Bz) 9B, /JR) of
the external field produced by the coils is the current ring
model used in the study of spheromak tilt stabitityow-
ever, this model does not provide a link betwegg.,,and
B. Cylindrical rigid body model plasma elongatiok, which is important in FRC tilt stability

In order to elucidate the essential physics of FRC globand Will be dealt with in this paper. Instead, we use the
stability, we use an even simpler cylindrical rigid bod Soloy_ey mpdel to calculate dlrgctly the tilt stabilizing or de-
model[a rectangular box in Fig.(®] to analyze the motion StabilizingjxB force as a function ok.
of each mode. The cylinder is filled with a plasma of uniform
densityn, radiusRg, and length Z,=v2ER;. As a result,
the moments of inertia of the cylindrical plasma with respect  In FRC's, the internal current flows in thé [6; in
to each axigsee Fig. 2 are given by Fig. 2(a)] direction and is denoted by,=(—j, siné,

2 5 jgcos@, 0). This j, interacts with the vacuum fieldB,,

MtotaIRs ( 2 N MtotaIRs

where the internalexterna) flux is represented by solidiot-
ted lines. The vacuum flux together with coil locations is
separately shown in Fig.(H).

A. jXB torque

ly=ly= 1+ E?|, |y , =[Bx,By,Bz]=[Bgr(R,Z)cos6, Br(R,Z)sin 6, Bz(R,2)],

4 3 2 resulting in a torque “density’h(r)=r x(j ,XBy), wherer
WhereMtomEﬁwRiEnm is the total massrt = ion mass. is the position vector R cosé, R sin 9_, Z). Before tilting,

One question which could arise is whether the globanowever, the total torquéN=/ndV integrated over the

modes in this model are internal or external. An apparentVholé plasma volume is zero. After the plasma tilts a small
answer is that they are external. However, we note that qual@ndle, & responding torqué, arises either to accelerate the
tatively they can be “internal” if the modeled region is tilting or to restore the plasr_na to |ts_or|g|nal equilibrium,
smaller than the separatrix, i.&<Rs. In this respect, the depending on the vacuum field provided for each plasma
nature of the analyzed modes can include internal behavioghape(elongation. Without losing generality, this respond-
as will be discussed later. Below, the analysis of the tilt andnd torqueN;=/n;dV is calculated as a frst order perturba-

shift global modes using this simple model is described. ~ tion in tilting angle fx with respect to theX axis.
Instead of tilting the plasma an anglg with respect to

the stationary background vacuum field, one simple way to

calculate the perturbed torgque is to use the plasma frame
The tilt instability has been regarded as the most dangemf reference and to tilt the background vacuum field at an

ous in FRC's, although it has not been observed consistentlgingle — 6y . In the plasma frame, the vectorsandj, are

in the traditional@-pinch formation scheme. Theoretically, it unperturbed; therefore, can be evaluated simply from the

has been shown to be unstable in plasmas with |Brdee to  perturbed vacuum fiel®y,, i.e.,n;=r X(j4XBy,). To first

the destabilizing x B force, but it can be stabilized by many order inéy, thisn; is the same both in the plasma frame and

non-MHD effects. In this section, the simplest possiblethe vacuum field frame, as calculated below when the

Il TILT STABILITY
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vacuum field is tilted over an angléy counter-clockwise
with respect to the plasma frame.

The vacuum field perturbation at comes from
two effects[see Fig. 20)]: (1) a direction change due to

tilting, and (2) a magnitude change due to the fact that a

different field originally located atr'=(X',Y',Z")
=(R’ cos#, R’ sinf, Z') moves into the current locatian
as a result of tilting:

Br(R,Z)cos @

By=| Bgr(R,Z)sin 6
Bz(R,2)
Br(R’,Z")cos @
—| Br(R’,Z")sin 6 cos 8x—Bz(R’,Z")sin 6y
B,(R',Z")cos 6x+Bgr(R',Z")sin 8 sin 6

Here R’ and Z' are related toR and Z by R'~
+6xZ sinfgandZ’'~Z— 0xR sin 6. Therefore,

R

B B
B(R'.Z')-B(R2)~ = (R =R+ = (2'~2)

o, sinolz 2_r %
=~ 0y SIn (9_R_ (9_2,

where B=Bg or B;. Then the first order change in the
vacuum field is given by

L %Br_ 7Br
sin 6 cos @ ﬁ p7_Z
0B
BV1: ax S|n2 0(2 (7_RR_R (92 ) BZ
A Bz R Bz Bg si
sin 0 R E-ﬁ- r SIN 6
With the use of
1 (RBr) 3B, Br_ By
“RR oz O Tz R

the perturbed torque can be calculated and simplified to
—RBZ(1— NgecaySiN? 6
Ny1=0xj 9| RBz(1—NgecaySin 6 cos o
0

where ngecayis a generalized decay index including effects

from thej x B force off the mid-plane £+ 0),

R[iB, Z

Ngecay~ — B_ o"_R_ R?

7,

Clearly, the total torqueN;=[[[n;RdZdRd does not
haveY nor Z components while th& component is given
by NlX_ - Woxff] gR Bz(l ndecanZdR By using
jo=BoR(4+ 1/E?)/uoR? in the Solovev's modelN;y can
be written as

2

4+E

le— - ’7T0><R

.y

Xtilt »

RBBZ(l ndeca))

—rem, | UZdR

&Y
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FIG. 3. The dimensionless parametgtg and xsni s functions of plasma
elongationE. The lines are fitting functionsy,=0.0Z& + 0.342-0.225E
+0.0425E2—0.00329F°  and —0.0132- 0.168E + 0.259F2
—0.0917E3+0.0104E*,

Xshift=

where the nondimensional paramejgf; can be calculated
numerically as a function d&, as plotted in Fig. 3. We note
that, in generalj, and B, have opposite signs and herg
>0 andB;<0 have been chosen. Thjg;; can be fit to
0.0E+0.342-0.225E+0.0425E2—0.00329E3. When a
small 6y is introduced, the responding torqdgy has the
same expression dé;y but with 8y replaced byéy .

Figure 4 shows the normalizg& B torque as a function
of E. It can be seen that E<0.5, thej xB torque is nega-
tive. In other words, it restores the plasma toward its equi-
librium position due to a strong mirror vacuum field. When
E=0.5, the FRC is tilt unstable, consistent with previous
MHD studies!® We note that the force from the plasma pres-
sure gradient should not contribute to the tilting torque since
it is balanced by the unperturbg# B;,,; during tilting, where
Bin: is the field produced by the internal current.

B. Stabilizing effect from plasma rotation

It is well known that plasma rotation in thé direction
can help stabilize the tilt mod€? In this subsection, the

50 T T T T

—-100( 7

Normalized J x B torque

-150 . . . .

FIG. 4. The totaljxB torque normalized byy(B2/2u,)R? as a function
of E.
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FIG. 5. The stability diagram i (rotation Mach numbgrand elongation. FIG. 6. The stability diagram i3 and elongation with a stabilizing effect

from the ion diamagnetic drift.

simplest possible equations using the rigid body model are
used to study this effect. The three-axis rigid body rotation is
governed by Euler's equatiof$, Vo  Vpi Rl

. .. Mdiamag:T ~a— (5)
IxOx—(ly—12)0y67=Nx, '

i €enBug Ags’

. o where Ay is the radial scale length ab;, vy, is the ion
lyOy—(1z—1x)620x=Ny, thermal velocity, angis defined as the ratio & to average
Lo — (1= );9 Do—N ion gyro-radius[This s is approximately equivalent t&8*
27z X IYJUXEY TR defined asRq/(c/w,;) and roughly four times larger thas
which can be simplified sincéx=1y=I, Nx/0x=Ny/6y EfistR'Rspi_]
=N, and 6,=constE() with no net driving torque in th& 2

) c 7 - The stability condition can be determined in the param-
direction, i.e.,N;=0. Then the reduced equations are

eter space of and E using this diamagnetic rotation, as

16y—(1—1,)Q 6y —N6y=0, (2)  shown in Fig. 6 whereAg=R;—R, is assumed. A stable
) ) window appears at low and largeE(s/E<1.7), consistent
10y+(1=12)Q0x—N6Oy=0. (3)  with a previous studywhere an ion diamagnetic rotation

was introduced to a two-fluid model. For a givéh the
plasma rotates faster for smallsrdue to ion diamagnetic
drift, while for a givens the rotational stabilization becomes
|20§<4)+(b2—2|N)bx+ N26y=0, more effective with largeE as shown in Fig. 5.

Taking the derivative of Eq3) and substitutingi?Y from Eq.
(2), we have a fourth order differential equation fiéy,

whereb=(1—1;)Q. Assuming that the solutions have the
form 6y= Oy, exp(—iwt), a fourth order algebraic equation

for w is obtained,

2 4 2 2 2 The above analysis of FRC stability is based on a rigid

I“0"= (0"~ 2IN)0"+N"=0, body model, which is appropriate for external tilting. How-
which yields a solution ofw?=(b?—2IN=b*—4INb?%)/  ever, as pointed out in Sec. Il B, this approach also models
212. The necessary and sufficient condition éoto be real is  stability properties of internal tilting since the modeled re-

[(I=1,)Q]2=4IN, @ gion can be smaller than the whole plasm_a region, i.e., any

inner part of the plasma. When only an inner part of the

which provides the minimum plasma rotation to stabilize theplasma tilts, the internal structure or profiles are deformed. If
tilt, as plotted in Fig. 5. A stable region appears at largethe typical ion gyro-radius is the same order as or larger than
elongation. This can be understood due to the fact that rotahe spatial scale of this deformation, responding forces can
tional stabilization becomes more effective when the differ-arise from ion kinetic effects, in addition to the MHD force
ence in the moments of inertia between the tilting axis andlealt with in Sec. Il A. The stabilizing effects of ion kinetic
the Z axis becomes larger. motion have been considered by many autfidfsn various

In FRC plasmas, a large ion pressure grad¥epf exists  schemes, but little physical insight into the underlying
due to a large plasma beta dominated by ion beta. An inhemechanisms has been given. Below, we approach this prob-
ent plasma rotation arises from the ion diamagnetic driffem with minimum mathematical complications in an at-
since ions carry most of the plasma momentum. The magnitempt to elucidate the physics but at the acknowledged ex-
tude of this naturally occurring rotation can be estimated apense of obtaining only semi-quantitative results.

C. Stabilizing effect from ion gyro-viscosity
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The so-called ion gyro-viscosftyis one particular ki- (a) Before tilt:
netic effect from ion gyro-motion. If there are spatial varia-
tions in force, such as an electric field force, ions tend to
experience the variations over larger areas than electrons. If
these variations are linear in space, ions experience a larger
force during one half of their cyclotron period and a smaller _ -
force during the other half. As a result, the average force
experienced can be approximated by the force at the guiding
center, resulting in a null kinetic effect. However, when the
spatial variation is more than linear, such as quadratic, the
guiding center approximation fails due to incomplete cancel-
lation between forces during one gyro-motion. In this case,
in addition to the force at the guiding center, a correction
proportional to the second derivatier curvature of the
spatial variation is needed. When the force is perpendicular
to the local magnetic field, the correction can be expressed in
a form proportional to the curvature of the corresponding
perpendicular flow, resulting in an effective viscosity often
referred to as ion gyro-viscosity, although it arises without
collisions.

In FRC plasmas, the second radial derivatioe radial
curvature of the toroidal flow due to ion diamagnetic drift is
not negligible especially in the case of a hollow current pro- o _ ,
file since ions carry a large portion of the plasma currenf'G' 7. .Schematlc views of the ion gyro-viscous forces exeljted_ on the FRC

. . . plasma:(a) before tilt, and(b) after tilt. The size of arrows indicates the
perpendicular to the local field. Therefore, a correction forcggce strength.
proportional to #°V,/JR? arises in the radial direction,
pointing inward.(Confusion could arise here since the cor-
responding force for diamagnetic flow is the ion pressure
gradient force which appears only in the fluid equations, in ¢ _ _[9TrRr TRy  ITrz
contrast with an electric field which can be felt by eacrﬁh% ay- R dR Ro6 az
oes ghve rise 10 Such viscosty terms proportonal to pres-  _ 210 Vo Ve 2Ny 7,
sure curvature regardless of the nature of the corresponding 3 R dRd0 JR" 3R 90 e
force) where the last term is small due to the nature of rigid body

An intuitive cartoon of the gyro-viscous force before tilt- motion, i.e.,V, changes only linearly in th2 direction. The
ing is shown in Fig. 7a). They balance each other, resulting first term is due to the effect of so-called magnetic pumping
in a null tilting torque. However, when only an inner portion or parallel viscosity, but it contributes only a force parallel to
of the FRC plasma tilts, one part of the plasma is compresseghe tilting axis. Thus no net torque exists. The second and
while another is decompressed, resulting in changes in th@ird terms are forces due to the gyro-viscosity mentioned
gyro-viscous force, as indicated in FighJ. These perturba-  ahove. The relative strength of this force to the ion pressure
tions form a restoring torque against tilt. This restoringgradientVp; is found to be R2/2A2)(1/s?). The increased
torque can be divided into two parts: one from the sides ofmportance for smallesis consistent with physical intuition.
the FRC plasma and another from the ends, and they can be  Similar expressions for the gyro-viscous force acting at
evaluated separately. the ends of FRC plasmas can be found wih denoting

A more quantitative expression for the viscosity tensoraxjal scales o¥/, near the ends. For a small tilting angle,
in the strong field limit with nonunifornV, has been given A, and A, change bysg=2Z6y sin 6 and 8,=R#6y sin 6,

(b) After tilt:

by Braginskii’? respectively. Then the perturbed forces are
Vo 2A%
__2 7o C7V0_ &V@ FlX:35R773FSIn0 1+W
TRRZT3R 90 R’ R2 o
304nT, ZR? 2A2
=257 22 57 O\ 1 g
_ 2 73 &Vg . 2 (9V0 R s
TROT T 3R gg' TRZT TN 57 V, 2A§
Flz=352773A—§Sln0 1+W
where 7=0.9&T,;7; and 3=nT,;/2Q); (7; is ion collision 30.nT. RR§ 272
time and(; is the ion cyclotron frequengy Then the ion =22 Pt g 1+ Z),
viscous force in theR direction is given by 2s° A7 9R
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FIG. 8. Stability diagram irs and elongation with stabilizing effects from
ion gyro-viscosity.

where Eq(5) has been used. Assumikgy acts on the outer
portion of the plasma with thicknessg, andF,7 acts on
each end of the plasma with thickneds, the restoring
torque can be calculated as

Zo—Az (2w AR
NGVZZJ f (leZ)deb’dZAR 1- —
0 0 2R,

Rs—AR (2w
+2f f (F1zR)RAAARA
0 0

=30%2T‘R§ f:ﬂ sir? 6d6 (1—%)(1+ %%)
Zg-47 Z2 Rs—AR 2A§ R3
xJ; FRdz+f0 <1+§§4-§l§dR}
3o NTR2 [v2 [E\3 fr 212
G ?(a) (1—5)(1+T)
X(l_‘/iEfz 3 (1—f£R)4+(1;fsz)T, ®)

wherefr=AR/R; andf,=A,/R.
If Ngy is larger than th¢x B torque,N;. g from Eq. (1),

the FRC plasma is tilt stable. Figure 8 shows the stability

diagram again in parameter spas@and E, wherefgz=(Rs

Ji et al.
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FIG. 9. Stability diagram irs and elongation with stabilizing effects from
ion diamagnetic drift and ion gyro-viscosity.

D. Tilt stability with plasma rotation and ion
gyro-viscosity

Now we can examine FRC tilt stability combining the
effects of plasma rotation and ion gyro-viscosity. We define
the following dimensionless parameters, each of which rep-
resents the contribution from a different effect:

_EB; (1-2E%3)?
o s 1+2E%3

V2 [E\3 f 2 f2 v2£,\3
_ 2|70 = _ 'R “'R _ A
KGV‘%"‘RL (fR) (1 2)(” 9 )(1 E )

(1-fg)* N (1-fR)?
f3 of, |’

Kixg=8E

1
4+ 2

Xiilt »

where 8;=nT, /(B(Z)/ZMO)- Then the stability condition can
be deduced from Ed4) with an N which includes contribu-
tions from both thejxB force [Eqg. (1)] and the gyro-

viscosity force[Eq. (6)], written as

K;xp(frS)?<(1+ frsM)?K o+ Kgy,

—Rp)/Rs andf,=Efg are used. A stable window appears at°r

low s and largeE(s/E=<2.2), similar to the case of stabili-

(KJXB_ M 2Krot)(fRS)2_ 2M Krot(fRS) - Krot_ KG‘Vgoa

zation due to diamagnetic rotation. This trend is consistent

with a previous analysis? which employed the more thor-

ough energy principle but did not give a detailed physica
picture. Also plotted in Fig. 8 are contributions from the

restoring torque, from the en@lashed ling and from the

side (dash—dotted lineof the FRC plasmas shown in Fig. 7.

The increased stability at low and largeE is because/,

whereM is a rotational Mach number in addition to the ro-
|tation due to ion diamagnetic drift.

If M =0, the stability condition can be reduced to

2 Krot+ KGV
S <2
fRKJ><B

becomes larger at small[Eq. (5)] and because the restoring which is plotted in Fig. 9, where the stability window ex-

torque from the side becomes more effecfiglae to a larger
arm) with largerE.

pands tos/E<2.8. If M#0, i.e., there is an additional rota-

tion due toE xB drift; then generally the stability improves
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drift, ion gyro-viscosity, and additional rotatiote) M <0 and(b) M>0. the parameter space sfand E with ion gyro-viscosity included.

as shown in Fig. 10. A small additional rotatidsuch as pjjity condition is obtained by setting the gyro-viscous force
M=0.2) can stabilize tilt significantly at large. equal to thej xB force. Figure 1(b) shows a stability dia-
gram in the parameter space ©andE. Unlike the case of
IV. SHIFT STABILITY tilt stability, gyro-viscosity has little effect on the axial shift
Similar approaches can be taken to study the other twestability except for in very smak regimes.
types of rigid body motion of a FRC plasma: axial shift and A very similar analysis can be applied to a small radial
radial shift. The calculations are much simpler since they arshift & in the X direction. The perturbepx B force in theX
planar motions. Contributions from bojkxB and ion gyro-  direction is given by
viscosity are considered. JB B2 1
When the plasma shifts in the axi@) direction byé,, le:i Exio 2 Gir? adV= mExRS -0 (4+ —
the perturbed xB force in theZ direction is given byF 5 IR Mo E
=—§2[149Bz/dRdV. Then the equation of motion is As shown in Fig. 18a), the radial shift stability window is
reversed compared to axial shift. The stabilizing ion gyro-

Xshift -

. B2 1 .
Miotalz= —27&7Rs M_O 4+ ?) X shift viscous force,
0
3méy NTR V2f, 212 fr
R? 4B, Foym—2 —m ( 271+ 2R 1= R
X-=ii——dZdR va 38 E 9 2)
shift RgBo IR R
is found to have little effect in the radial shift case, as shown

where the nondimensional paramejgri: can be explicitly
calculated as a function d& and fit to —0.0132-0.168E
+0.259E°—0.0917E%+0.0104E* (see Fig. 3

Figure 11a) shows the normalizepx B force as a func- V. DISCUSSIONS AND CONCLUSIONS
tion of E. If E< 1, the axial shift is stable due to a I’eStoring Despite the very Simpie models used in the present stud-
j X B force. WhenE= 1, the FRC is unstable to the axial shift ieS, much physicai |nS|ght has been gained regarding giobai
mode. When only an inner part of the FRC plasma shiftsstapility of FRC plasmas. Tilt stability is predicted, indepen-
axially, the ion gyro-viscosity will provide a restoring force dent ofs, for FRC’s with low E (oblate, while tilt stability

in Fig. 12h).

in the Z direction as in the tilt stability, of FRC’s with largeE (prolate depends ors/E. It is found
NTRs (1—fg)2 that plasma rotation due to ion diamagnetic drift can stabilize
Feov=—3m¢; < 8 the tilt mode whers/E<1.7. The so-called collisionless ion
A

gyro-viscosity also is identified to stabilize tilt whesiE
where the perturbed force is assumed to be active only at2.2. Combining these two effects, the stability regime
both ends of the plasma with a thicknesg. Then the sta- broadens toss/E<2.8, consistent with existing theories. A
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10f regime. But with a certain level & X B rotation, all the data

(a) 1 can be included in the stable regime, although a consistent
- ExB rotation has not been experimentally established in
] these devices.

Of course, one should bear in mind that the above results
are only semi-quantitative. Also likely is that the stability
_ 1 windows shrink when non-rigid-body motions are taken into
-5 : : : : account. A recent stud{shows that parallel viscosity due to
both collisions or collisionless pitch-angle scattering can
(b) 1 smooth out variations along the field line thus making the
motion more rigid-body-like. On the other hand, the omitted
effects of plasma compressibilitincluding both thermal
1 and magnetit® and sheared flow8are likely to broaden the
1 stability window. Therefore, a more precise stability diagram
would require a substantial theoretical and numerical
Stable ] effort,>’ which is beyond the scope of the present work.
Nonetheless, the present work has elucidated two important
stabilization mechanisms in detail for the FRC tilt stability:
I ] plasma rotatio{due to both ion diamagnetic drift ariéix B
ol . drift) and ion gyro-viscosity. The tilt stability observed in
0 2 4 6 8 10 past FRC plasmas formed bgpinches can be well ex-
plained by these two effects due to their lafge
FIG. 12.(a) The JxB force normalized by:y(B3/2u,)Rs as a function oE Another important conclusion is that FRC plasmas are
for a small radial shift.(o) The stability diagram for radial shift in the always likely to be unstable to at least one global instability
parameter space sfandE with ion gyro-viscosity included. with any combination o andE. Passive or active stabilizers
(coils or conducting shellsare required to stabilize these
global modes completely. Theta-pinch FRC'’s are subject to
) : - S “c the axial shift instability, but it seems to be stabilized by
improve tilt stability significantly at largé, although it is oy cojls. FRC plasmas made by merging spherofifaks
not self-consistently included in equilibrium as in Ref. 4. A 50 jikely to be subject to the radial shift instability due to
similar approach is taken to study the physics of shift stabily,gjr gplate shape. A conductive shell is probably needed to
ity. It is found that radial shift is unstable whén<1 while  g¢apijize this mode. The global stability of FRC plasmas with
axial shift is unstable wheit>1. However, unlike the tilt i oplate and prolate shapes and varieaan be explored
stability, gyro-viscosity has little effect on the shift stability. ¢,ither in the proposed project SPIRITSelf-organized

In an attempt to compare with experiments, Figure 13p|55ma  with Induction, Reconnection, and Injection

plots thes—E tilt stability diagram together with existing Techniques® based on the counter-helicity spheromak
experimental observatiofis2®in #-pinch devices. Without merging.

E x B rotation, some experimental data are outside the stable
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Normalized J x B Force

S
Unstable

20

small additional rotatiorisuch as a Mach number of .€an

100F

APPENDIX: NUMERICAL CALCULATION OF
EXTERNAL FIELDS FOR SOLOVEV EQUILIBRIA

Unstable

A free-boundary solution for the Solovev FRC equilib-
rium provides external fields for calculation of the tilt and
shift instabilities. To obtain the solution we place NC poloi-
dal field coils on a closed contour surrounding the plasma
and seek a set of coil currents which match appropriate

Stable

SIZE PARAMETER, s
S
T

T FRX-B.C 1 boundary conditions at the plasma separatrix.
% FRX—C/LSM l The total flux, ¥, anywhere in space can be written as
< ggﬁ:é ] separate contributions from the plasma and coil current
O PIACE—II sourcesy= i, + i . Axisymmetric Green'’s functions relate
1l vy X ISK d, .. the current sources to the fluxes:
0 2 4 6 8 10
ELONGATION, E d,p(xiyzi):f f J4(X,2)G(X,Z;X;,Z;)dXdZ
FIG. 13. A comparison of theoretical predictions of tilt stability diagram
with experimental observations of stable FRC plasmas. where
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1

Here, p’ =pg/ g is the derivative of the pressure with re-
spect to the poloidal flux, and is constant for the Solove
model. Similarly, the “external flux”” provided by the poloi-
dal field coils is given by

NC
Pe(Xi ,zi)=j§1 G(Xj,Zj:%,Z)1;.

Specifically, theX;, Z; are chosen to be NB equally
spaced points on the plasma separatrix, excludiad, and
the NC coils are equally spaced orX/Kq)2+(Z/Z)?
=2a?, a contour conformal with the separatrix.
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