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Two-dimensional electromagnetic particle simulation is performed to investigate the profile
relaxation from a magnetohydrodynami®IHD) equilibrium to a kinetic one and the physical
property of the kinetic equilibrium in the field-reversed configuration. The radial oscillation is
excited in order to relax an excess energy in the MHD equilibrium. After this profile oscillation, the
system spontaneously relaxes toward a kinetic equilibrium, in which the electron current profile
becomes hollow as a result of the combined effects of the gradient-B drift near the field-null line and
the EXB drift generated by the ion finite Larmor radius effect near the magnetic separatrix. On the
other hand, the ion current profile becomes peaked due to the effect of the ion meandering orbit near
the field-null line. The stability of the obtained kinetic equilibrium against the tilt mode is also
studied by means of three-dimensional full electromagnetic particle simulation. It is found that the
growth rate of the tilt instability in the case of the hollow current profile and high separatrix beta
value is smaller than that in the case of the peaked current profil20@3 American Institute of
Physics. [DOI: 10.1063/1.1526703

I. INTRODUCTION eters used in most experiments. Barmesal®~’ evaluated
numerically the finite ion Larmor radiu$-LR) effect by us-

The field-reversed configuratidfRC) has many advan- ing a Vlasov-fluid theory and found that the tilt mode can be
tages for a fusion reactor, as follow§) The geometry is stabilized for a kinetic plasma, but it tends to be unstable for
very simple and compact with negligible toroidal field, in a moderately kinetic plasma and the growth rate increases as
which a plasma is confined by poloidal magnetic figith  the ion FLR effect decreases. Horiuchi and Sawecuted
The magnetic field is open in the periphery of plasifi@)  the electromagnetic full particle simulation in which both
The pressure of the plasma confined within the separatritons and electrons were treated as particles and the initial
reaches its maximum value in the vicinity of the O-point, condition was given by two-fluid equilibrium solution. Their
where there is no toroidal field and the magnetic field issimulation clarified that the tilt mode is stabilized for a ki-
reversed. Therefore, the averaged plasma bgjatends to  netic plasma due to the effect of meandering ions which exist
be high in FRC plasmas(g)~1). The physics of FRC'S near the field-null line and have a large average velocity
have so far been studied from both theoretical and experiak)ng the azimuthal direction. Many effects have been pro-
mental pOintS of view by many scientists. One of the mOStposed as seen above’ but none of them have given any sat-
important studies is on the tilt instability. isfactory explanation as yet.

The dangerous tilt instability in FRC plasmas, which  The tjlt instability is also discussed from the viewpoint
leads to the disruption of plasma confinement, is predictegys the profile consistency’~?’Steinhauer and Ishiddana-
by magnetohydrodynamiéMHD) theory;” but many ex-  |yzed the experimental measurements of several devices and
perimental observations show that FRC plasmas remaigointed out that most experimental equilibrium configura-
stable much longer than the filt growth timeJntil Now, tions tend to take a hollow current profile. This analysis sug-
various models with physical effects which are not taken ingests that the hollow current profile may be relevant to the
an ideal MHD theory have been studied in order to solve thigapilization of the tilt mode. Cobét al° clarified by mak-
contradictior:** For example, Milroyetal® studied the g yse of the extended MHD simulation with the Hall term
nonlinear evolution of the tilt instability by using the three- 4t the equilibrium with hollow current profile is stable
dimensional(3D) resistive MHD code with the Hall effect. ,gainst the tilt mode if the beta value at the separatrix is
Their numerlcgl studies |nd|c_ated Fhat the Hall term does ”Oénough large. In their model, however, the ion FLR effect
suppress the tilt mode effectively in the range of the paramj,creases as the current profile becomes hollow. Their result
meant that the stable configuration is realized only in full
dElectronic mail: ohtani@tcsc.nifs.ac.jp kinetic plasmas, in which their model is not applicable. Be-
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lova et al!*®investigated the dependence of the global staand the Maxwell equations
bility on the elongation numerically using both 3D MHD and

hybrid (fluid electron andsf particle ion) simulations. They E Ez —VXE, (3)
found that the tilt mode growth rate for the prolate FRC is  © ot

reduced due to the FLR effect, but complete linear stability is =

not found, even when FRC plasma is fully kinetic. Nish- ——=VXxXB—4nj, 4
imura et al}'~1* revealed from the 3D electromagnetic full ¢ at

particle simulation that the tilt mode is stabilized for a large  y.g=0, (5)
plasma beta value at the magnetic separatrix by the anchor-

ing ions which play a role to hold the unstable internal ~ V-E=4p, (6)

plasma to the stable external plasma. The problem of the\fvherexj(t), v;(t), m;, andg; are the position, the velocity,

ana(ljyﬁs IS ':hat ;hte mHIID( eqtt_ullbrlum_ adﬁpted asl an_t'r?'iﬁlthe rest mass and the charge of tite particle, and the
condition refaxec 1o fhe KINEUc one simuttaneously wi Crelativistic y-factor of thejth particle is defined by

evolution of the tilt instability and, therefore, the effect of the

kinetic profile on the tilt mode is not clear. yl:llx/l—(v,--vj)/cz. (7)
Usually an MHD equilibrium is used for analysis of the

tilt instability except for the cases in which the kinetic profile

is dealt with under the restricted conditidhlt is important

to obtain a kinetic profile of an FRC plasma and examine its N qvi(t)

character in considering the tilt instability because most ex-  j(x,t)= >, ————S[x—x;(1)], (8

perimental FRC plasmas are kinetic. It is quite difficult to -

give an analytic solution of a kinetic FRC equilibrium. How- N

ever, we can clarify what kind of an equilibrium is realized p(X,t):z q;S[x—x;(t)], 9)

in a kinetic FRC plasma, separately from the tilt mode by =1

performing two-dimensiona(2D) electromagnetic particle \yhereN is the total number of particles arg{x) is the form

Simulation because the tllt mode iS 3D |nstab|l|ty In thIS function of particles Wh|Ch are expressed by a triangle W|th

paper, we first carry out the 2D electromagnetic particlethe pase length equal to 2.0 times the grid separafion.

simulation to sufficiently relax the system from an MHD We consider an FRC plasma confined within a cylindri-

equilibrium to a kinetic one separately from the tilt instabil- ca| conducting vessel by an external mirror magnetic field

ity. From this simulation, the hollow current profile is found B_ in order to control the shape of the separatrix. The exter-

to be spontaneously generated through the relaxation prora| mirror magnetic field is obtained from the sum of two
cess. In Sec. lll, we examine the relaxation process of agjrror potentials as

FRC plasma from an initial MHD equilibrium to a kinetic

one, and clarify its physical property. Section IV is devoted
to discussing how the FRC plasma with the hollow current
profile is kept stable against the tilt instability based on 3D
full electromagnetic particle simulation in which the kinetic 31( k—)

The current density(x,t) and the charge densipy(x,t)
are obtained by summing over all the particles, namely

19 19
___(W1+W2)!OIF%(\P1+\I,2):|I (10)

B..=
ex r dz

equilibrium obtained from the 2D simulation is used as the r Zp z
o - o . V,(r,z)=V¥,————cosh k—|, (11
initial condition. Summary is given in Sec. V. () 3 (krD) Zp
1 7
II. SIMULATION MODEL | (k r )
-
In order to investigate the profile relaxation process in- ‘I’z(f,Z)=‘1’c2L —Dcos( ki), (12)
dependently of the tilt instability, we perform 2D simulation 'p | kr_D) Zp
; i _ ; ; 1
under the axisymmetry conditio@{d¢ = 0). The simulation Zp

starts from an MHD equilibrium. In this 2D simulation, we o
. - X o whereJ;(x) and|(x) are the Bessel and modified Bessel
examine how the initial profile relaxes to a kinetic one and . .
functions of first order, three constanks.,, ¥.,, andk are

cIarn‘y_ what charg_cter a_k|net|c gqumbnum has. Ngxt "€ the control parameters of the mirror field, and the half-height
examine the stability against the tilt mode by performing 3D . o . I
. . . :911-13 . of this vessefy, is fixed to three times the vessel radigsin
full electromagnetic particle simulatidft=3 starting from . © .
this paper ¢p=3rp). The control parameters of the mirror

the kinetic equilibrium obtained from the 2D simulation. field we adopt in the simulation are summarized in Table I. It

Both 2D and 3D code relies on the semi-implicit metBdd. : . e
. . . is assumed that the physical quantities are periodic at the
The equations to be solved are the equations of motio A
oundary of thez axis (z=*zp) and the vessel wallr(

d(yjv;) q; v =rp) is arigid perfect conductor at which particles are elas-
TZE(EJFEXB ' (D) tically reflected. In 3D simulatiof® particle pusher and
gather processes are carried out in the rectangular coordi-
%_ . @) nates &,y,z) where the simulation domain is implemented
dt o1 on a (49%49x32) point grid and its volume is given by
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TABLE I. The control parameters of the mirror field,and V,/V ;. The kinetic parametes, the initial
hollowness parametdd and the mirror ratio are also shown. The cases from C1 to C6 is the results from the
initial condition of the zerdz(0) case, and the cases from E1 to E6 is the results from the initial condition of
the finite E(0) case.

Case C1,E1 C2,E2 C3,E3 C4,E4 C5,E5 C6,E6
s 1 1 2 2 3 3
D -0.6 0.2 —-0.6 0.2 —-0.6 0.2
k 0.75 0.75 0.75 0.75 0.75 0.75
Ve, Py 0.75 0.38 0.75 0.38 0.75 0.38
mirror ratio 0.827 1.00 0.827 1.00 0.827 1.00

(2rpX2rpx2zp). On the other hand, the electromagneticand also represents roughly the plasma beta value at the
field is solved in the cylindrical coordinates, ¢b,z), and the  separatrixD is the hollowness parameter which controls the
(33%x 32X 32) space grids are used in this calculation. In 2Dcurrent distribution. That is to say, the current profile in the
simulation, on the other hand, these processes are carried cequilibrium statej ,/r, becomes peaked fd» <0, flat for
under the axisymmetric condition. The total number of par-D =0, and hollow forD>0.
ticles is 16 in this simulation. The ratio of ion to electron It is very difficult to obtain a analytic profile in the ki-
massm;/m, is 50 and the frequency ratiep./wce is 5,  netic plasma, such as a charge imbalance generated through
where wpe(=\/4wneqezlme) is the electron plasma fre- the kinetic effect and a self-consistent profile of electric field
quency defined by the density, at the field-null line and with such charge imbalance. For simplicity, we choose two
wo = 0eBwai/MeC) is the electron cyclotron frequency de- types of initial particle distribution to investigate the kinetic
fined by the magnetic fiel,,, at the vessel wall in the effects and the profile relaxation process from an MHD equi-
equatorial plane =0). We adopt the predictor-corrector librium to a kinetic one, because it is taken for granted that a
method with a sub-stepping of the electromagnetic field for &inetic equilibrium is quite different from an MHD one. The
time advancing. Namely, the particles are advanced with &irst one is the shifted-Maxwellian under the conditi&n
large time step ofw,.At=1.5, whereAt is a time ste? =0, where the average flow velocity is equal to the diamag-
while the electromagnetic field is advanced with a small timenetic velocity and the ion temperatur€;J and the electron
step of CAt)/(ApAr)<1.0, whereApAr is a minimum  temperature T,) are the same and spatially constailt (
grid separatio”® by using an iteration method. =Te=T). This initial condition is more natural choice in
An initial profile of 2D simulation is obtained from the order to examine the generation®fand a charge imbalance
2D one-fluid MHD equilibrium satisfying the Grad— in the simulation. The second one is the shifted-Maxwellian

Shafranov equation under the require@ # 0, where the electric current is carried
only by the electrons, the ion average flow velocity is zero,
-VP+ }Jx B=0. (13) and T!=Te=T. The requiredE iS given l_)y the ion fluid
c equation under zero ion mass flow velocity
The pressure function is given by the Cobb’s pressure —VP,+q;nE=0, (17)
model? as
wheren; is the ion number density.
p ( Ko— x— E D X2) The parametegs, is fixed to 0.2 because the growth rate
o\ "o 2 of the tilt instability is the smallest at this value in the simu-
P(y)={ for x=0; inside separatrix (14 lations done by Nishimurat aI_.11 On the other hand, we
P K. /Ko adopt two types of current profile models, i.e., a peaked pro-
oo

file (D=-0.6) and a hollow profile =0.2), as a initial
for x=0, outside separatrix, value for the MHD equilibrium in order to investigate the
dependence of the kinetic equilibrium on the initial current

yvhereP(= PitPe) is th? total preisure(=‘l'/|\lfa>§|, W ax profile and to examine whether the hollow profile is sponta-
is the value of¥ at the field-null =—1), andP, is con- ) )
neously realized in an FRC plasma.

stant.K, is expressed by two important parameters as fol- We furthermore adopt the parame&for the ion FLR

lows: effect as the another control parameter. The paranseter
1-D/2 defined by
KO:BspW1 (15
sp __ (reprdr

where B, is the normalized pressure value at the magnetic S= JR Fsphi’ (18)

separatrix on the=0 plane
where rg, is the separatrix radiusR is the radius of the

P(x=0) field-null line, and\; is the local ion gyroradius a= 0. This

(16)

S P(xy=—1)" parameter roughly indicates the ratio of the plasma radius to

Downloaded 03 Mar 2009 to 133.75.139.172. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



148 Phys. Plasmas, Vol. 10, No. 1, January 2003 Ohtani, Horiuchi, and Sato

tfta tita 0.40
01234567 0 051015 2025
07 PN~ 1 -
v 4 - 0.35
0.6 | it
8 i 1
~ /\/\/\Nw—- o
0.5 ¢ ¥ Tre———"—] & 030
04T @s=1p=—06 T ®x=3p=—06
0 10 20 300 10 20 30 0.25
Wt/27 W27
FIG. 1. Time evolution of the radii of the field-null lif@ and separatrixg,
for (@ s=1 and(b) s=3. rp is the radius of the vessel,; is the ion 0.20 L L L L L L
gyration frequency, anth is the Alfven transit time, respectively. 0 05 1 15 2 25 3 35

w2

) . . ) . FIG. 2. Time evolution of the separatrix beta valgg,. The solid line
the ion Larmor radius. In this paper, we examine what kindshows the case &=1 andD=— 0.6, the dotted line shows the casesof

of kinetic profile is realized and how the feature of the tilt =3 andD=—0.6, the dashed-and-dotted line shows the case=df and

mode is altered, whes varies from a full kinetic Caseﬁ D=0.2 and the broken line shows the casesef3 andD=0.2, respec-
. . — tively.

=1) to a moderate kinetic cass=3).

Fsp
: (19
R

= [Waxl 9 [Jg(t)
Ill. PROFILE RELAXATION D(t)={( — I s
cPy ax\ r

In this section, we discuss the profile relaxation process

. . . Iy
from an MHD equilibrium to a kinetic one based on 2D where J(t) |s_the toroidal current density and--)|RP
simulation results. means the spatial average fréro rg,. The parameteD in

an initial MHD profile corresponds t®(0) from Egs.(13)
and(14). Because the initial current is given by the diamag-
Let us examine how the plasma profile changes from ametic current §o=Jgiae, Ji=Jgia;) and the initial electron
MHD equilibrium to a kinetic one under the initial condition temperature is equal to the ion temperatulg=T;), the
where the average flow velocity ) is equal to the diamag- initial electron current density becomes equal to the ion cur-
netic velocityv 4, and the initial electric field is zerpE(0) rent density §.=J;). Since the motion of the electron differs
=0]. Figure 1 shows the time evolution of the field-null line from that of the ion in a kinetic plasma, the electron current
and separatrix radiiR andrg) on the equatorial planez(  profile is expected to change from the ion one as time goes
=0). In the full kinetic case$=1) shown in Fig. 1a), both  on. We, therefore, introduce the electron and ion hollowness
R andrg, oscillate with the frequency~2w,; in the early parametersi,, D;) for the electron and ion current profile,
period (w.; is the ion cyclotron frequency associated with respectively.
the magnetic field at the conducting wadind damp gradu- Figure 3 shows the time evolution @& the electron
ally until wcit~5. This phenomenon indicates that the pro- hollowness parametd, and (b) the ion oneD; . The initial
file oscillates in the radial direction and that the system trantg|lowness parametdd is — 0.6 for the peaked profile and
sits from the MHD equilibrium to a kinetic one during the 0.2 for the hollow one. Since the finite spatial mesh is used
relaxation period ofu;t=>5m. Figure 2 shows the temporal , 16 simulation, the observed valf0) att=0 is slightly
evolution of the plasma beta valy;, at the separatrix. In different from the initial parametdd. One can see that the

the case ofs=1, Bsp jumps from an initial small value ., ent profile changes immediately after the beginning of
(Bsp=0.2) t0 about 0.3 in an initial momentogit <), and  yne gimylation (o,t<). In the case of the initial peaked

keeps this value after that. In the moderate kinetic case (profile (D<0) for the full kinetic case ¥=1), E)e shifts

=3), on the other hand, no oscillation appeffsy. 1(b)] ) o i e
i . . . I from negative value to positive one. This result indicates that
and Bg, keeps an initial valugFig. 2). This radial oscillation 6he electron current profile is changed from the peaked one

takes place in order to relax an excess energy in the MH ~ _
equilibrium. Whers is small or a plasma is fully kinetic, the t© the hollow one. The absolute value Df(<0) increases,

energy difference between the initial MHD profile and thethat is, the ion current profile becomes more peaked. In the
obtained kinetic equilibrium is so large that a relaxation os-c@S€ Of the initial hollow profile@>0) for full kinetic case
cillation is excited. (s=1), on the other hand, the absolute value ®f in-

In order to examine the temporal behavior of the averagé&reases, that is to say, the electron current profile becomes
current profile, we introduce the average hollowness paranmore hollow. D; changes from positive value to negative
eter as one, namely the ion current profile is changed from the hol-

A. Relaxation from MHD to kinetic
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Wt 21 FIG. 4. Radial profile of the toroidal current density for the cass=ol and
D=-0.6 at(a) t=0 and(b) w.t=5, which is averaged in terms of thg
FIG. 3. Time evolution of the hollowness parameter far the electron variation. The solid line shows the total current dendigy /r, the broken

current densityDo(t) and (b) the ion current densit;(t). The solid line  in@ shows the electron current denslty ./r, the dashed-and-dotted line
showss=1 andD=—0.6, the dotted line shows=3 andD=—0.6, the  Shows the ion current density,; /r, the dashed line shows the local ion

dashed-and-dotted line shods 1 andD =0.2 and the broken line shows Larmor radiusk;(r), and the dotted line shows the distance from the field-
S=3 andD=0.2, respectively. null line |r —R|, respectivelyL ,,; is the ion meandering orbit amplitude.

low one to the peaked one. When the FRC plasma is mod-
erately kinetic =3), D, and D; almost keep the initial line decreases and then its profile changes from the initial
value both in the casés 5}: —O.é and 0.2. On the average peaked one to the hollow one. The spatial structure of the

the electron current profile changes to a hollow one and th&!€ctron toroidal current density, . is shown in Fig. 5 for
ion current profile changes to a peaked one independently ¢f€ case 0B=1 andD=—0.6 at the initial time (=0) and

the initial current profile as a result of the profile relaxation. &fter the relaxationd;t="5m) in ther-z plane. Itis clearly -
seen in Fig. 5 that though the electron current profile is

peaked around the field-null line at the initial time, it changes
to the hollow profile around there after profile relaxation.

In the previous subsection, we find that the electron and Next we compare this current profile changess 1
ion current profiles change to hollow and peaked ones aftewith that in's=3 (a moderate kinetic cas¢o examine its
the relaxation, respectively. In this subsection, we first examdependence on the ion FLR parameserFigure 6 is the
ine in detail how the spatial profile of the current densitysame figure as Fig. 4 but fer=3 andD= —0.6. In the case
changes when the MHD equilibrium relaxes to the kineticof s= 3, the electron current profile becomes slightly hollow
one (w¢it>57). Figure 4 shows the spatial profile of the and the ion current profile becomes slightly peaked. How-
toroidal current densityl, for s=1 andD=—-0.6 at (a) ever, they do not change so much as in the case=df. Let
w¢it=0 and(b) w.t=57, which is averaged in terms of the us next examine the dependence on the initial hollowness
¢ variation. The electron current density, . decreases near parameteD. Figure 7 is the same figure as Fig. 4 but for
the field-null line, and increases near the separatrix. Totallyp=0.2 ands=1. In the case o6=1 andD=0.2, J,;; in-
an initial peaked profile changes to a hollow profile. On thecreases and, . decreases near the field-null line, that is, the
other hand, the ion current densilly, ; increases near the ion current profile changes from the initial hollow one to the
field-null line, and then the ion current profile becomes morepeaked one and the electron current profile becomes more
peaked. So the total current density; near the field-null  hollow. The total current profile also becomes more hollow.

B. Current profile in a kinetic equilibrium
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) ) ) FIG. 6. The same figure as Fig. 4 but for the cass=68 andD = —0.6.
FIG. 5. (Color) The perspective diagrams of the electron toroidal current

densityJ, o /r for the case ob=1 andD=—0.6 att=0 (top) and w;t
=5 (bottom). Here, the vertical axis shows, . /r in ther-z plane, which

is averaged in terms of th variation. Figure 8 shows the spatial profiles of the various elec-

tron velocities along the toroidal direction on the equatorial

plane ¢=0) fors=1 andD=—0.6 at(a) w.t=0 and(b)
The more hollow profile is realized in this case comparedw.t=57. The average flow velocitysolid) is equal to the
with in's=1 andD = — 0.6 [Fig. 4(b)]. diamagnetic velocitydotted at w.t=0. It is clear in Fig. 8

Consequently, in the full kinetic casé, ; increases and that the dominant electron motion on the equatorial plane
J e decreases near the field-null line, whilg . increases (z=0) is the gradient-B drift near the field-null line. There-
near the separatrix independently of the initial hollownesdore, the electron current near the field-null line is roughly
value D. In the moderate kinetic case, on the other handgiven by the sum of the diamagnetic current and the
their behaviors show the same tendency as=1, though gradient-B drift current Jg~JgaetJvg). Because the
their changes are relatively small. One can see that how thgradient-B drift has the opposite sign to the electron diamag-
hollow profile of the total current is created near the field-netic drift [Fig. 8b)], the current density decreases near the
null line dependently on the values sfandD. This inter-  field-null line. Strictly speaking, the drift orbit approximation
esting simulation result that the current profile spontaneouslis not applicable to the vicinity of the field-null line|r(
changes to a hollow one is in good agreement with the analy= R|<\¢(r), N¢(r): The local electron Larmor radiysbe-
sis of experimental results. cause the electron Larmor radius becomes infinite. But, the
Let us consider the reasons why the electron current praendency is correct.

file becomes hollow and the ion current profile becomes When the spatial scale of the magnetic field is almost the
peaked, that is to say, what causes the plasma current to shifame as ion orbit scales€1), ions execute meandering
from the initial diamagnetic profile. We separately discussmotions along the field-null line without any self-intersection
the reasons near the field-null line and the separatrix sincef the orbit line? The spatial sizel,,; of this meandering
the different tendency is observed there. motion is determined from the location which satisfies the

relation

The single particle orbit is an important keyword in con- Lmi=Ai(r)=[r =R, (20
sidering the reasons why the electron current profile becomeshere;(r) is the local ion Larmor radiuésee Fig. 4. For
hollow and the ion current profile becomes peaked near theomparison, we plot the ion meandering orbit amplitugg
field-null line, respectively. in Figs. 4, 6, and 7. When the FRC plasma is fully kinetic, or

1. Near the field-null line
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rirp field E, , the broken line shows theXEB drift (E X B), and the dashed-and-

) ) . dotted line shows the gradient-B drifgrad B, respectively.
FIG. 7. The same figure as Fig. 4 but for the cass=fL andD=0.2.

_ there (Fig. 8). Since the generatexX B drift there has the

s is small, L, is large and the average toroidal velocCity is same sign as the electron diamagnetic ddiff increases in

also large due to this meandering motion. Accordingly, thehe periphery. Though thex B drift has the opposite sign as

large average toroidal velocity causég; to increase near the jon diamagnetic drift, the spatial size of the strong elec-

the field-null line. . tric field region is smaller than the ion Larmor radius and so
To confirm that both the decrease &f . and the in- g acts on ions less effectively. Thus the modification of the

crease of,; near the null line can be explained by the jon current profile becomes relatively smaller adg;

character of the single particle orbit, we calculate the orbitg|ightly decreases near the separatrix. ’

of particles, which satisfy the same initial conditions as the | this way, the electron current density decreases and

2D simulation, under the fixed field. Figure 9 shows the timeihe jon current density increases near the field-null line,

evolution of the spatial profile of the current densitigg,

andJ,; obtained from this orbit calculation in the case of

's=1 andD=-0.6. Due to only the effect of the single »F -
particle orbit, the re-distribution of the momentum takes

place in space, andl, ; increases and, . decreases near the 24 r iy
field-null line, respectively. 20 }

Note that bothl,, . andJ, ; do not change near the sepa- < 16k l
ratrix. This tendency for the electron current to become hol- S e Wit =57
low and for the ion current to become peaking near the field- 12 F 7 Sdi—d e Ji 0it=0
null line is the same as the results of 2D simulat{iig. 8
4(b)]. It is confirmed thatl, . decreases andl, ; increases .
near the field-null line because of the effect of the single @?
particle orbit. 0t— 2 y —

02 04K 0.67» 0.8 1

. rlrp
2. Near the separatrix

he d . file b | v i hFIG. 9. Radial profile of the toroidal current density in the orbit calculation
Because the density profile becomes steep locally in t ‘f%r the case os=1 andD=—0.6. The solid line show the current &t

narrow peri_phery region near the separ_atrix, the_ iO_n finite- o, the broken and dashed-and-dotted lines show the electron and ion cur-
Larmor radius effect generates the radial electric fiEjd rent atwt=5m, respectivelyL  is the ion meandering orbit amplitude.
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FIG. 11. The same figure as Fig. 4 but for the cass=of andD=—0.6 in
the initial condition of the finiteE(0) case aiwt="5.

C. Effects of ion mass flow

So far we discuss the results when the simulation starts
from the MHD equilibrium with the average ion flow veloc-
ity equals to the diamagnetic one. The effects of ion mass
flow is not negligible because the average ion flow velocity
is comparable to the thermal ion velocityv{)~0.4v ;) in
the full kinetic case ok=1. So let us compare the results
from the initial condition, where the electric current is car-
ried only by the electrons, the average ion flow velo¢ity)
is zero, in the finiteE(0) case, with the results from the
initial condition, where(v) is equal tov g, in the zeroE(0)
case.

Figure 10 show the temporal evolutions(ef R andr g,

(b) Bspand(c) D, in the finiteE(0) case. In the zer&(0)
case, the profile oscillation takes place in the radial direction
(see Fig. 1, Bgpincreases from an initial valugsee Fig. 2

and f)e becomes positive valuésee Fig. 3, while in the
finite E(0) caseR, rg,, Bspand D, keep almost an initial
values. This results indicates that the system transits from the
MHD equilibrium to a kinetic one without any clear profile
oscillation in the finiteE(0) case. The reason for this differ-
ence is that the centrifugal force by kinetic effect exerts an
influence on ions when the system has a finite ion flow in the
full kinetic case. When the initial MHD profile has the ion
average flow velocity which equals to the diamagnetic one, it
does not include the centrifugal effects and then the relax-
ation oscillation is excited to relax the energy difference be-
tween the initial MHD profile and the obtained kinetic equi-
librium.

Figure 11 shows the spatial profile df for s=1 and
D=—-0.6 atwt=57 in the finite E(0) case. After relax-
ation,J,, ; is generated through the meandering effect. How-
ever, its magnitude is small because the initial ion current is
zero. On the other hand, . slightly decreases near the

while the electron current density increases near the separfield-null line due to the gradient-B drift and increases near
trix. Accordingly, an initial MHD equilibrium relaxes to a the separatrix because of tkex B drift, and then the elec-

kinetic equilibrium with the electron hollow and ion peaked tron current profile merely changes to the hollow profile
current profiles through the combined effects of the singlearound the field-null line. The reason for this slightly de-

particle orbit and ion finite Larmor radius.

crease ofl, . is that the radial electric field also exists
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0.08 lation, the kinetic equilibrium solution obtained ai;t
=77 (after the profile relaxationin 2D simulation is
0.04 adopted as the initial condition.
0.00 The time averaged parameters, the field-null and separa-
= 004 . trix radii ((R) and(rgy), the elongation (E(=2zs,/rp)),
= ~ the plasma beta value at the separat(ig«y)), the hollow-
-0.08 ness parametergid.) and(D;)) and the ion Mach number
0.12 ((Ma(=vg/va))), are shown in Table I, where--) means
016 the time average after the relaxation{t>5), vy is the
020 ion flow velocity at field-null line, and  is the Alfven ve-

locity estimated by the density at field-null line and the mag-
netic field at the wall. In the zerB(0) case, when the initial
A ] _ o the cacs _ current profile is peaked is=2, 3(C3 and C3%, both the ion

ihe ital conditon of the () ease atotosm | and electron current profiles keep peake® <0, (Bo)
<0), while in the other case£1, C2, C4, and O6the ion
current profile becomes peakedf)@)<0) and the electron
current profile becomes hollow(iD,)>0). On the other
hand, the electron current profile keep its initial profile in
each case of the finitB(0). (D;) cannot be calculated be-
causel, ; is too small.

Table II also shows the growth ratg,_; of the n=1

around the null-line shown in Fig. 12 and thErx B drift is
generated there. Because this gener&sd has the same
sign as the electron diamagnetic driff; . slightly decreases
there though the gradient-B drift reduckg . It is also con-
firmed from the orbit calculation in the fixed electromagnetic

field that the initial current profile is kept without any sig- mode for the ion average flow velocity, ; in z direction,

nificant change in the presence of the firki0) f_|eld_. ... wheren is the toroidal mode number. These growth rates are
Consequently, the difference between the kinetic equilib-

rium and the MHD one under the initial condition whére normalized by those obtained from the MHD simulation

0,
is equal tov g, andE(0)=0 is large in the full kinetic case YMHD* In all cases,y,—, reduces to roughly 15% Ofwip
L . - . because of the kinetic effect. In cases when the hollow cur-
and it is small in the moderate kinetiMHD-like) case. On

the other hand, under the initial condition where the eIectricIrEent profile is reall_zed after relaxatid@1, C.2’ C4, Cs6, E2,

: ; . 4, and E® y,—, is smaller compared with the moderate
current is carried only by the electron;;) is zero, and Kinetic case of the peaked current profi@3, C5, E1, E3
E(0)#0, it is not so large both in the full kinetic and mod- d E5 P P T T T
erate cases. In this way, we obtain several kinetic equilibrium '

configurations from several initial conditions Thoughy,—, in the kinetic equilibrium becomes surely
9 ' smaller than that in MHD casey,—; remains finite. All of

the modes take place because the full simulation are per-
formed in this paper. We need to examine what mechanism
In the previous section, we find from 2D simulation that causes the@=1 toroidal mode to grow. Let us pay attention
the kinetic equilibrium with the hollow current profile is to the fact that then=1 mode consists of two physical
spontaneously generated in the FRC plasma. In this sectiomodes, that is, the tilt mode and the shift mode. Figure 13
we examine the stability against the tilt mode in the kineticshows the schematic illustration of the flow pattern for the
equilibrium based on 3D simulation results. In the 3D simu-tilt mode and shift mode. The flow pattern of the tilt mode is

IV. TILT INSTABILITY

TABLE II. The time averaged parameters from the 2D simulation results, the ratio of field-null to vessek Rdiys; the ratio of separatrix to vessel radius
(rsp/rp; the elongatiof E(=z,/r &), the plasma beta value at the separaffiyy); the electron hollowness paramet&,); the ion hollowness parameter

(ﬁi); the Mach numbe(M,), and the growth rategy, of the tilt instability from the 3D simulation result§..-y means the time average after the relaxation
(w¢it>5m), andyyyp is the tilt growth rate in the MHD simulation. The cases from C1 to C6 is the results from the initial condition of the(fgroase,
and the cases from E1 to E6 is the results from the initial condition of the ti{id§ case.

Case s D (R)rp <rsp>/rD (E) <ﬁsp> (Be) (ﬁl) (M) Yn=1!YmHD it/ Ymrp
C1 1 —-0.6 0.511 0.711 2.17 0.288 0.346 —-3.09 0.477 0.1430.073 0.05%0.059
C2 1 0.2 0.512 0.709 2.66 0.333 0.810 —1.58 0.390 0.1120.054 0.061+0.147
C3 2 -0.6 0.493 0.697 2.09 0.226 —0.142 —2.00 0.226 0.27€0.070 0.295-0.078
C4 2 0.2 0.492 0.696 2.69 0.247 0.535 —0.865 0.169 0.18%10.037 0.131#+0.057
C5 3 —-0.6 0.492 0.694 211 0.212 -0.501 —-1.58 0.146 0.2430.084 0.2880.032
C6 3 0.2 0.489 0.693 2.71 0.237 0.101 -—0.582 0.101 0.0550.074 0.065-0.059
El 1 -0.6 0.490 0.693 211 0.220 —0.997 0.006 0.2850.022 0.286:0.021
E2 1 0.2 0.492 0.694 2.74 0.239 0.013 0.004 046820 0.205:-0.041
E3 2 —-0.6 0.490 0.693 2.10 0.210 —-0.932 0.009 0.24% 0.059 0.267%0.078
E4 2 0.2 0.490 0.693 2.68 0.231 0.068 0.008 048Mm66 0.173%0.052
E5 3 —-0.6 0.490 0.693 2.14 0.207 —0.922 0.009 0.3190.027 0.327%0.032
E6 3 0.2 0.492 0.694 2.67 0.233 0.070 0.002 040462 0.115:-0.060
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FIG. 13. Schematic illustration gB) the tilt mode andb) the shift mode.
The arrow shows the average flow.
3 0.1
£
_ _ _ _ ="
the rotation around the axis normal to theaxis, while the g
flow pattern which makes the central axis of the FRC plasma << 0.01
move radially appears in the shift mode. So we separate the
n=1 mode into the tilt and shift modes by assuming that the
flow is symmetric in the tilt mode and anti-symmetric in the . . . . .
shift mode about an equatorial plane. If we define the next 0.001
four values 0 1 2 3 4 5 6
_ tta
v, =v(2)—v(—2), (21) o , o )
FIG. 14. Time history of the mode amplitudés; (solid line) and Av,
v; =v,2)+v,(—2), (22 (dashed lingfor (a) C2 and(b) C5.
v =v,(2)+v,(—2), (23)

(24) find that the shift mode does not affect on the tilt mode. The
appearance of the shift mode does not matter in the investi-
the flow (v, ,v,) corresponds to the tilt flow, while the flow gation of the tilt instability.
(v, ,v;) corresponds to the shift flow. Figure 14 shows the ~ We calculate the growth rate of the tilt modg, from
time history of the mode amplitudelsv; andAv, for v the time history of theAv, (Table I). In cases when the
andv, , respectively, in the cases () C2 and(b) C5. In  hollow current profile is realized after the relaxati@i, C2,
the case of C2, bothv, andAv, increase untit/t,=3, C4, C6, E2, E4, and B6 v/ ymup is smaller compared
wheret, is the Alfven transit time. After this perioddv,  With the case of the peaked current profie3, C5, E1, E3,
decreases whilé\v, continues to increaseAp, <Av,).  and ES.
These phenomena indicate that the shift mode dominantly There are several parameters which are related to the
continues to grow and the tilt mode damps, that is to say, iStabilization of the tilt mode. For instance, the plasma beta
stabilized fromt/t,= 3. In the case of C5, on the other hand, value s, the hollowness parameter, the Alfven Mach num-
both Av; andAv; increase, that is, both the tilt and shift ber M, and the finite Larmor radius parameterWe dis-
modes grow up. However, the tilt mode is dominant in thecuss the relationship between the growth rate and three pa-
late phase becauskv; is always larger thahv, . Let us  rameters here.
examine directly the flow pattern to make clear which mode ~ Figure 16a) shows the dependence of the tilt growth
is dominant in each case, the tilt or shift mode. Figure 15atey;; on the plasma beta valy@s) at the separatrix. The
shows the ion flow pattern of the=1 mode, the tilt com- tilt growth rate tends to decrease (ass,) increases in the
ponent ¢, ,v)) and the shift componenw( ,v,) onr-z ~ Same way as the result by Nishimueaal* These results
plane att/t,=5. It is obviously shown in Fig. 15 that the show that the separatrix beta value is relevant to the tilt sta-
shift mode is dominant in the case of C2 and the tilt and shifbilization, and that the anchoring ions can play an important
modes grow in the case of C5. This shift mode is generatetple in the tilt stabilization.
on the inside of the plasma and the plasma oscillates around Figure 16b) shows the dependence of the tilt growth
thez axis. We also perform the simulation in which the shift rate y;; on the electron hollowness parame(&je). It is
mode is forced not to be excited. From this calculation, weworthy of notice that the tilt growth rate is remarkably re-

U, =0A2)—v—2),
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FIG. 15. The ion flow pattern of the@=1 mode, the tilt component 0.1 ) L )
(v; ,v;), and the shift component{ ,v;) in r-z plane for(a)—(c) C2 and " ) )
(d—(f) C5 atwyt—5. 1.2 -0.8 -04 9 04 08 12
Do)
0.5 T T
duced when the electron current profile is hollogDg) ©
>0). These results indicate that the electron hollowness pa- 04 1 1
rameter has much to do with the tilt stabilization. Since Fig.
16(b) demonstrates all sorts of the tilt growth rates obtained 0.3 } i
from various initial conditions, such as the zef¢0) and %
finite E(0) cases, it is important to point out that thereisa & 0.2 1
clear correlation between the growth ratg, and the elec- S
tron hollowness parameté&,. This tendency coincides with 0.1F .
the analysis of the experiments by Steinhauer and Isiida. ¥
Figure 1&c) indicates the dependence of the tilt growth 0 L
rate yy, on the Mach numbefM ») of the ion toroidal flow,
whereM , is the ratio of the ion toroidal flow velocity at the 0.1 L )
field-null line to the Alfven velocity. In the MHD 0 02 0.4 0.6
simulation? the tilt mode is stabilized due to the spin stabi- My
lization effect whenM ,>1. In this particle simulation, on A

the other hand, the tilt stabilization becomes visible in the
reg_lon Of,MA%O'S' Ther?fore’ t,hls .Stablllzatlon IS. not ex- FIG. 16. The dependence of the growth ragg/ yuup Of the tilt instability
plained directly by the spin stabilization effect. In Fig(@6  on (a) the plasma beta valugss, at the separatrix on the midplar(@) the
the tilt growth rateyy;; tends to reduce whemdecreases and electron hollowness parameid,), and(c) the Mach numbe¢M ) of the
M , increases. These results suggest that the ion toroidal mdn toroidal flow at the field field-null line. The open circle shows the case
tion partially contributes to the tilt stabilization. of s=1, the open square shows the casesef2, and the open triangle
These results lead us to the conclusion that the Iasmshows t'he case &=3 und_er the initial COHdItIOﬂ of the zerig(0) case,
. . L o P r%spectlvely. The closed circle shows the case=fl, the closed square
confinement is broken by the tilt instability in the moderateshows the case @ 2, and the closed triangle shows the cass-e8 under
kinetic case of the peaked current profile, while the tilt modethe initial condition of the finiteE(0) case, respectively.
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tends to be stabilized and the shift mode is dominant in thés dominant, while in the system with peaked current profile,
cases of the hollow current profile and high separatrix betathe tilt instability grows. From the investigation into the re-

lationship between the tilt growth rate and several param-
V. SUMMARY eters, we find that the electron hollowness parameter and the
separatrix beta value are important keys to solving the prob-
lem of the tilt stabilization. We will discuss the physical
mechanism of the reduction of the tilt growth rate and the tilt
stabilization due to the kinetic and profile effects in the next
aper.

We perform the two-dimensional electromagnetic par-
ticle simulation to investigate the profile relaxation from an
MHD equilibrium to a kinetic one and to clarify the property
of the kinetic equilibrium of the field-reversed configurations
independently of the tilt instability. And then we perform the P
three-dimensional full electromagnetic particle simulation
using the kinetic profile obtained from the two-dimensional ACKNOWLEDGMENTS
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