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On the plug potential formation mechanism in a tandem mirror
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A formation mechanism of the plug potential in a tandem mirror is proposed. The orbits for ions,
which are accelerated by the thermal barrier potential, are calculated numerically in a magnetic
mirror field. A non-Maxwellian electron distribution function, which leads to a modified Boltzmann
law, is assumed in order to determine the electrostatic potential profile. Monte Carlo simulation is
carried out for ion dynamics to include the effects of Coulomb collisions and ion radial losses. It is
found that the plug potential is formed under the condition that the ions trapped in the thermal
barrier region are few. €002 American Institute of Physic§DOI: 10.1063/1.1489424

I. INTRODUCTION tential formation have been report&d° It has been shown
] ) _that the ions accelerated by the thermal barrier potential and
The problem of an electrostatic potential along magnetiGne non.Maxwellian electrons create the plug potential.

field lines has been recognized as an important issue ifygyever, it was found that the plug potential formation re-
plasma physics and efforts to understand the mechanism @f,ires 4 population of ions in the loss cone region in velocity

an electrostatic potential formation have been made. In SPaG&ace, in addition to passing ions from the central cell and

plasmas, for example, an electrostatic potential formatiofons trapped in the thermal barrier potential, as will be men-
mechanism is proposed by Ref. 1, where the field-aligne¢,;ned in Sec. II.

electrostatic potential is supposed to be generated by the dif-

ferent pitch angle anisotropy of ions and electrons. The idegqyction of ions in the loss cone region in velocity space.
has also been applied to more complicated probfan 10 onization rate required for the plug potential formation,

gsse_ntial point for figld—aligned electrostatic potential formafhowever, is one ordered magnitude larger than that measured
tion is tha_t there exists an electron current _along magnetig, 5 present tandem mirror experiméAThe purpose of this
field Imes in space plasmas. Recent calculanong of pOtent'aArticIe, therefore, is to make the mechanism of the plug po-
formation are based on the assumption of the existence of a@ntia| formation clear by including Coulomb pitch-angle
electron current along magnetic field lines. scattering of ions instead of ionization, where Coulomb col-

~ The electrostatic potential for trapping particles is Uti-jisions scatter ions in the passing region and the trapped
lized in a wide area, not only neutral plasmas and NONiegion in velocity space into the loss cone region.

neutral plasmdsbut also a field of anti_hydroge7ﬁ,9 where In Sec. Il a modified Boltzmann law is derived from a
antiprotons and positrons are trapped in the electrostatic pgjon_paxwellian electron distribution function. The Monte

tential in a minimumB magnetic mirror. , _ Carlo simulations are carried out to study a plug potential
The tandem mirror tries to make use of a field-alignedsymation in Sec. I1l. A summary is given in Sec. IV,

electrostatic potential for ion confineméfit*? The original
scenario to create an electrostatic potential hill at a midway
point from the thermal barrier region to the outer mirror

Previous work¥*include the ionization effects for a

throat, where the potential hill is called the ion confining (a)

potential or plug potential, included a magnetically trapped central /N B A ond wall
high energy ion populatiofsloshing iongin the end mirror cell FARIAN

cells of a tandem mirror. However, subsequent experiments VAN
revealed that the formation of the plug potential did not re- i S N .
quire the sloshing ion§** That is, only electron cyclotron Zi Zp Zp Zm z
resonance heatingECRH) applied in the plug region can be (b)  clectron velocity space

responsible for the plug potential formation. e e=UBi-e¢; e=iB-cq

In the end mirror cells of a tandem mirror there is no
electron flow in the steady state, so the mechanism of the
plug potential formation is different from the field-aligned
electrostatic potential formation in space plasmas, such as
the magnetosphere.

£=jBy,-e@yp

Efforts at understanding the mechanism of the plug po- 13
FIG. 1. Schematic diagram of the end mirror cell in a tandem miapand
3E|ectronic mail: katanuma@prc.tsukuba.ac.jp the electron velocity space representedsband u (b).
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Il. SIMPLE ANALYSIS by the thermal barrier potential and only a few of the elec-

A Maxwellian electron distribution function leads to the TONS rgach the plug rggion. On the cher hgnd, the electrons
conventional Boltzmann law of an electrostatic potential,Magnetically trapped in the plug/barrier region are heated by
where a local maximum point of the electrostatic potentialECRH o ) )
locates at the local maximum point of the electron density ~ The schematic diagram of electrostatic potential and
along a magnetic field line. The local maximum point of themagnetic field profiles are shown in Figal, and the veloc-
electrostatic potential, however, is not the same as that of th& space of electrons is shown in Figtbl While the elec-
electron axial density in a tandem mirror, so that we consideirons are Maxwellian at=z;, where electrons are supplied
the non-Maxwellian electron distribution function in the fol- from the central cell, the electrons trapped in the plug/barrier
lowing. region are assumed to be non-Maxwellian, the distribution

The electrons coming from the central cell are reflectedunction of which is written as

( me |32 eteei| 5
_ — > j— .
Nec 27T o exX Too or e=ubj—e€g;
fo="< (1)

32
mg etep,— aub;
nec( ) exp{ (A= ag)Tee for e<uB;—eg;

Here a, is constantT .. andng. are the electron temperature considered. The density obtained in the previous
and density az=z;, m, is electron mass, and is unit  calculatiot®*°increases gradually from the thermal barrier
charge. The notationB and ¢ represent the magnetic field to the outer mirror throat, while the density at the plug is

strength and electrostatic potential, the subsdrigenotes — smaller than that at the thermal barrier in the actual experi-
the quantity az=z;. The quantities andu are the electron  hants.

total energy £=2imw?—ep) and magnetic momentu(
=%mevf/B), wherewv is velocity, andv, is the velocity
component perpendicular to the magnetic field. Equation

In this article, the electron velocity space is divided by
the line e=uB;—eg; in Eq. (1), where electrons trapped

. L ) I oo magnetically in the thermal barrier region are considered.
is applied in the regiom,<z<z,, in Fig. 1(a). The distribu- Anoth t ttention to the elect ¢ d i
tion function(1) is the simplest one which includes the effect ng er rgason 0 pay aten Io.n 0 ? electrons trapped mag
of non-Maxwellian electrons trapped magnetically but is ablenetICaIIy in the thgrmal- barrier region, t?“‘ .not the ones
to be integrated analytically in velocity space. This is thelf@Pped electrostatically in the plug potential, is that the for-
reason we adopt Eq1) as the electron distribution function Mation of the plug potential accompanies the thermal barrier
in the end-mirror cell. potential formatiorf® The distribution function of electrons

In previous work&1°the electron velocity space was trapped in the plug, therefore, is the same as that of electrons
divided into two pieces by the line=uB,—e¢,, where trapped magnetically in the thermal barrier region.
electrons trapped electrostatically in the plug potential are  The electron density.(z) (z,<z<z,) is given as

BNec (
Ne(2)= —o

© Heesex * *®
f dsf d,u,-i-J' dsf du
uBp—epp 0 HBj—eg;

1 [{ eteg;
(e — uB+eq)? Tec

\/;Tgl(:Z Mekx
uB;—egp; o 1 etep—« B;

+J’ i Idg dM / EX[{ _ Pj el I] (2)
uB—ep pes  (e—uB+ep)? (1= ae)Tec

Here ue, =e(¢— ¢;)/(B—B;) and ue,, =€(¢p— ¢i)/(Bp,—B;). The integrations in Eq2) are carried out to be
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( ml—ag(&—e
nec
(B—aeBi)\ B

vz % B ﬂw—%q
exp —
(B_Bi) Tec
in case of ¢=g;

B(1- ) (Bi—B)l’z p{ B; e(qa—qoi)]
Nec exp, —
(B_aeBi) Bi (B_Bi) Tec

Bi  ele—¢j)
>0

incase of &

(Bi - B) Tec
Ne(D=\ r  B(l-ad® [ ele—¢) ®)
Nec ex for (1—ae)>0
(B— aeBi) (1— )T
{ B(ae.—1) 1
nec
Bi e((P_(Pi) for (1—ae)$0
m\—"
\ Tec
, e(e—¢j)
incase of ——>1.
\ ec
Here the assumptions
e(p— B;
(@ (Pb) >1 Mexx Dj >1. (4)

TEC Tec

were made to obtain E¢3) so that the contribution of the passing component of electrons from the inner mirror throat, the first
two terms on the right-hand side of E®), can be neglected. In order for the electron distribution funatigrio not become
infinite in the rangeB,<B=<B;, whenu—o with ¢=uB, the following relation has to be satisfied:

1-aB;/B
— =0
1-a, '
that is,
a.<B,/B; or a.,>1. (5)

Solving ¢ as a function oh, in Eq. (3),
B,—B Bi \Y?2B—a.B; ny2)
Bi Bi—B B(1-ae) Nec

Bi ele—¢i)
(Bi_ B) Tec

Tec

incase of &

B—acBi ne(2)
B(1- ae)3/2 Nec

Teci( B(ae— l)) 2( Nec

e(¢— g~ <1—ae>Tecln[ ] for (1-ag>0 )

2
) for (1—ae)<0

Bi Ne(2)
k in case of e(‘fl_—;:oi)>1.
|
Now we are looking for a relation ap on n, andB in =aTe:In{G(B)n«(2)/nsg, Where a is constant andG(B)

the regionz,<z=<z, in Eq. (6), the required relation of means a function oB. Therefore, we choose the relation of
which is that the density decreases wathut the electrostatic ¢ on B andn, as
potentiale increases witle, as shown in Fig. 1. Because the
magnetic fieldB is an increasing function ot aroundz
=z,, a possible candidate for the solutionfis the top or
P o . . B—aBi ne(2)
middle equation in Eq(6). These top and middle equations e(e—¢)=(1—ag)Tecln ) (7)

in Eq. (6) are the same type of equation, that is(z) B(1—ae)¥? Nec
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Here the constanta, should satisfy the relationa, ion velocity space
<B,/B;. &=HB +e¢
- P £ e=lB; +e@;

Equation(7) holds for the conditio®(¢— ¢;)/To>>1 as N
seen in Eq.(6). However, we apply Eq(7) to the region =By +eqp
e(o— )/ Te*1 because the essential part of the non-
Boltzmann distribution of electrons for the plug potential
formation is retained. Equatiof¥) reduces, on the basis of
the thermal barrier potentia,, to

0.0 s Hl++
B—aB Ne(2) H
B(1— ag)®? Nec

escape to
end wall

come Back to central cell

e(o— =(1—ag)Tecln
(¢=ep)=( e Tec [ FIG. 2. lon velocity space represented dynd w.

B~ @eBi Nep h ion that the el distribution function is bi
— —wn the assumption that the electron distribution function is bi-
Bp(1—ae)” Nec Maxwellian of Eq.(9) at z=z, in the whole velocity space,

B,[B—aB;] Ny(2) Tcludlng the region passing to the'mner mirror thraat
B(2)[Bo—a.B] n . =z;. The electrons coming from_ the inner mirror throat are

ewer atz=z, than those magnetically trapped in the therma
b ZePil Teb f tz=z, than th gnetically trapped in the th |
(8)  barrier region, ifB;/By,>1 andT,, /Ty>1, so that the as-
sumption that the electrons are bi-Maxwellian in the passing
region atz=z, is a good approximation of the Maxwellian
electrons in the passing region.
Now we briefly consider the mechanism of a plug poten-

A modified Boltzmann relatiorn8) is able to be derived on
—(1—ae)Tec|n| ]

=(1—ae)Tec|n[

Hereng,=nq(z,).
The distribution function of electrons trapped in the
plug/barrier mirror cell in Eq(1) is written as

1m 2 tial formation. As mentioned previously in this section, the
me \%? 2 el modified Boltzmann law(8) has a type ofe(¢(z)— ¢p)
fe=nec 27 Tog expy - (1= agTe, =Tg IN{G(B)Ni(2)/neg- Here we assume the charge neutrality

condition so that the electron density is the same as the
ion densityn;. Because the original scenario of a plug po-
1 tential formation includes the high energy sloshing ion popu-
lation, the plug potential is formed at the point where
1=y + A—a0T , (99 dnj/dz=0 even if G(B)=1. In the case of a non-
—— T e ec Maxwellian electron distribution in the plug/thermal barrier
(1~ @eB;/By) region, i.e..G(B) #1, the plug potential can be formed at the
at z=z,, which is a bi-Maxwellian distribution function region satisfyingd[G(B)n;]/dz=0, if it exists, in the mid-
with two component temperaturd@s,, T,, parallel and per- Wway from z=z, to z=z,, even if there is no high energy

pendicular to the magnetic field line, sloshing ion population.
(1 ) In order to clarify whether there exists a region where
_ _ % d[G(B)n;]/dz=0, the following ion distribution function is
Ty=(1—a)Tee, Tei=———o T, (10 i1/dz=0, the 9
. e T (1-aeBi/Bp) °° introduced in the regioa,<z<z,,,

( m; |32 €~ €g;
Nic : exp — for e=uB;+eg;

27T Tic
32
m; ) p‘ 8—e¢i—aiMBi}
n; expp ————— for e<uB;+eop;
f o '42me (1=a)Te pETEe (11)

v”$0
0 for and e=uBy+ep,
\ and 82M8i+e@i'

Here the ion distribution function is the same type as that ofnirror throatz=z, never come back again, where we as-
the electron distribution function, ang is constant. The ion sumeB,,=B; and ¢,,= ¢; for simplicity. The velocityv, is
distribution function in the loss cone in the regiop<0 is  defined in Sec. ll[see Eq(15)].

assumed to be zero, i.e., ions escaping through the outer Figure 2 plots the diagram of ion velocity space, where
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Hix=—e(e—¢y)/(B—Bp) and wui,, =— e(¢i—¢p)/(B; On the other hand, the ion density in the regBr B, is
—By). The contribution of ions with the energy<<uB; given as
+ep; to the ion density is neglected assuming,, B;/Ti.

>1 in the following calculation. The ion density, in the e . 1 Mik
regionB=B,, in Fig. 2 is given as ni(z)= o lim 5 B ew de o du
ic Mix—* p p
Bnic 1~ *°
ﬂi(Z)=—3/2 —f dsf d,LL 1 * 1
VT2 ures Jo “2)re m*d'u (6~ uB—ep)'?
1J’/’-Bp+e‘Pp fw 1 _
+ = de | dyu|———— €~ €
2 uB+eo 0 M (S_MB_E(P)UZ Xex% - Tic ] (13)
Xexp{ _ S_e‘*’i]_ (12) The integrations in Eqg12) and(13) are carried out around
Tic z=2z, with the assumption of &e(¢,— ¢)/T;<1, to be

1 e(¢p— i) e(¢p—¢)  [Bp—B\"?

—n: — <

2nIC exp{ T 1+ T + B, for B<B,

n(2)=4 1 e(ep—¢i) 2 [e(ep—e) 19
p~ Pi Pp— @
—nN; e —— E—r— _ >
5 Ni¢ exp{ T } 1 = T. for B>B,
|

Here the condition that € — u;,B/T,;<1 is assumed to Because the plug potential formation is a one-
obtain the ion density in the regidd<B,,. dimensional problem om, we calculate the ion orbits along

The ion density profile in Eq.(14) indicates that magnetic field line,
dn;/dz= - atz=z, as shown in Fig. 3. Atype of modified

Boltzmann law e(¢(2) — ¢p) =T IN{G(B)Ni(2)/neg in EQg. dz m,

(8) requiresd[G(B)n;]/dz=0 at the plug. However, Eq. qiu um V5 (e-uB-eg). (19
(14) indicatesd[G(B)n;]/dz=—= at o= ¢, (i.e., B=B),

that is, plug potential does not form. The resultjof,/dzl ~ Heree andu are the ion total energy and magnetic moment,
= at z=z, comes from the fact thg®f;/de|=c on the respectively. The ion scattering by Coulomb collision is in-
line e = uBy+eq, in Eq.(11). This contradiction is avoided cluded by Monte Carlo method$-**As seen in Figs. (&)

by introducing the effect of Coulomb collisions, which and 2 the ion velocity space is divided by different mirror
makes|df;/de|<o on the linee=uB,+eq,. The Cou- trapped regions, so that it is difficult for ions to fill in all
lomb collisions, therefore, are expected to make, /dz| regions of velocity space without any collisional effects.
<o atz=z, and so the Coulomb collisions are expected to Due to the Coulomb collisions the ions are filled in the

form the plug potential betweer=z, andz=z,,. thermal barrier region and then finally the ion distribution
function becomes Maxwellian. In order to take into account
. RESULTS OF MONTE CARLO CALCULATION the effects of non-Maxwellian ions in the thermal barrier

region in Eq.(11), therefore, the effects of iofradia) loss
In Sec. Il it was shown that the ion Coulomb pitch anglegre included. That is, an ion loss time is introduced. The
scattering, as well as a modified Boltzmann law, was reyniform random numbeg, (which is a number from 0 to)1
quired to form a plug potential. In order to take into accountjs introduced for thekth ion. The numbet, is compared
the effect of Coulomb collisions on the ion distribution func- with the magnitude of eXp-t,/7 }, where the time, is mea-
tion, we carry out the Monte Carlo simulation in the follow- sured from the time when thdéh ion was input at the inner
ing. mirror throatz=z; in Fig. 1(a). If &>exp{—t/7} the kth
ion is lost from the plug/barrier mirror cell. Because we are
looking for the steady state of plug potential, the ions which
are lost are input at the inner mirror thraatz; immedi-
ately. Here the velocity components andv, of ion atz
=z; are given to be Maxwellian with temperatufe. in the
passing region in the velocity space by means of a random
> number.
On the assumption of charge neutrality condition the
FIG. 3. Schematic diagram of ion density profile around the plug region. electron density is the same as the ion density, ng(z)

n;

end wall

Zp z, Zm 4
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=n,(2). The electrostatic potentig(z) is determined by the Zm dz

modified Boltzmann law given by E@8). In the simulation NiEf ni(z B(2)

the electrostatic potential is given in advance, ig€z)=0. %

The motion of ions is followed in the given electrostatic Zm dz
potential and the density is calculated by each ion position. = sz Ek B(z) 5(Z_Zk)%

The calculation of ion motions continues until the steady
state of ion density is realized.

The new electrostatic potential is calculated by the modi- - ; L
fied Boltzmann law(8) with the ion density in the steady
state in the old electrostatic potential profile. The ion motionwhere Eq.(17) was used. Therefore, the test ions escaping
is traced again in the new electrostatic potential profile androm the outer mirror throat or radially have to be input
the ion density is accumulated after initialized until the immediately at the inner mirror throat in order that the total
steady state of ion density is realized. The above-mentionedumberN; does not change in time in the steady state. The
procedure is repeated until the steady state of both ion dembove-mentioned boundary condition on test ions means that

(18

sity and electrostatic potential profiles are realized. the ions in the plug/barrier region are supplied by the ion flux
The parameters used in the simulation are as followsfrom the inner mirror throat.

The magnetic field profile from=z, to z=z,, is adopted for In order to save computer time, only the region fram

the end-mirror cell in the GAMMAL0 tandem mirrdt, =1z, t0 z=2, is calculated. The test ions input zt z; are

where the axial length., from the thermal barriee=z, to  mapped az=z, with a positive velocityv, on the assump-

the outer mirror throaz=z, is L,=120 cm. The tempera- tion of conservation of andu during its flight fromz=z to

turesTyeq Of the field ions and electrons, with which the testz=z,. The test ions reached at=z, with v,<0 are re-

ions receive the Coulomb collision, are 100 eV. The numbeflected perfectly az=z, if e<uB;+eg;, and are input

densityngeq, Where the density of field ions is the same asagain atz=z with Maxwellian velocity of T; if &> uB;

that of field electrons, i8geq=10"" cm™3, which is uniform  +eg; .

alongz In this field plasma the deflection time, is The algorithm of ion supply to the end-mirror cell
adopted in the Monte Carlo simulation is consistent with the
present tandem mirror experiment, where the ions in the end-

312 mirror cell are supplied from the central cell and escape
m; Thield ; -
o=\3 (16)  through the outer mirror throat or escape radially.
TNfieig€ INAi The electrostatic potential is set=0 at z=z . The

potentiale,, at z=z, is given in advance and is not changed
through simulation run. The potential profig€z), therefore,
Here InA; is the Coulomb logarithm. The tims, is defined  is determined on the basis of its magnitudez atz,, .
aSTOE(Ti/mi)—W, i.e., the time necessary for a thermal test Figures 4—6 are the steady state test ion distribution
ion to move by 1 cm, where species of ions is hydrogen. functions in the whole axial region representedsbgndu in
The temperature of test ions is s&t=100 eV atz the case ote,/T;=—1 andT,, /T, =60. Here the ion loss
—2 . The deflection time isp=5.6x10 3 s and the flight time is set atr /7o=10% in Fig. 4, 7,/ 7o=10% in Fig. 5, and
time of 1 cm isto=1.0x10 " s in above-mentioned param- 7./7o=10 in Fig. 6, respectively. The separatrixes denoted
eters. The transit timey,,s; Of the thermal test ion fromz by the linese=uBy+e¢, and e=uB,+e¢, are deter-
=2, 10 =27 IS Tyansic= L, X 70=1.2X107% s. mined as the results of the simulation run, while the separa-
The test ions escaping from the outer mirror thraat trixes denoted by = uB; +e¢; ande = uB,+eq, are given
=z, or lost (radially) are input again at the inner mirror in advance as boundary conditions of electrostatic potential.
throatz=z in the simulation. Here the justification of the It is observed the loss cone in the regior uB,+e¢, and
boundary condition on test ions is mentioned in the follow-&>uBn+e¢y in v <0 of Figs. 4b), 5(b) and @b). The
ing. The ion axial density profile;(z) is given by the test only velocity space in the region=0 is plotted in Figs.
ion axial positions as 4-6, that is, the ions responsible for the plug potential for-
mation, the energy of which is larger than the potential en-
ergy ep; atz=z;, are seen in Figs. 4—6.
Because the ion loss timg is shorter than the deflec-
ni(z):E B(z) 8(z—z). (17)  tion time rp in Fig. 4, the test ions in the regiog= uB;

K +eqp; are very few. However, the ion distribution function in
the passing region from the inner mirror throat- uB;
+eg; is almost independent qf, i.e., is a part of the Max-

Herez, is the axial position of th&th test ion andS( ) isthe  wellian distribution function, because the transit timgsit
Dirac delta function. The weighB(z) in Eqg. (17) comes is shorter thanp and . On the other hand, Fig. 5 is the
from the fact that the cross section of the magnetic flux tubease ofr <, while Fig. 6 is7 =7, so that the remark-
is in inverse proportion to the magnitude of magnetic fieldable increase of ion collisional filling is observed in the re-
B(z). The total number of ion8l; in the mirror cell fromz  gion e<uB;+ee; in Fig. 5 to Fig. 6.

=z, to z=z,, in Figs. 1@ and 3 is given as The axial profiles of ion density and electrostatic poten-
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T T (a) 4.0 H T T
€=UBm+e@n
e=uBp+e@p V20 . €=UBm+e@n
e=uBi+eq: 3.0 €= uBp+e@p
— €=uBi+eq:
F
S~
5 i
€= uBp +e@p €=uBp +e@p
L L 0.0 L .
2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
UBb / Ti UBy / Ti
(b) 4.0 T . (b) 4.0 . ' .
€=UBm+efn
V<0 £=uBp +e@p V| <0 €=UBm + eQn
3.0 £=uBi+ep 3.0 e=UuBp+e@p
= / £5 €=uBi+e
~ oo ).
w 2.0 w 2.0 1
10 10 .
“ £=UBb +e@o €= Bb + ey
0.0 K . ! 0.0 > ! .
0.0 1.0 2.0 3.0 4.0 0.0 1.0 2.0 3.0 4.0
UBb / Ti UBb / Ti

FIG. 4. lon distribution function represented byandu. The dashed lineis  FIG. 6. lon distribution function represented byand ... The dashed line is
e=uBy+ep,. Here the parameters used @&, /T;=—1, To, /Tg=60 e=uBy+eq,. Here the parameters used @@, /Tj=—1, Ty, /Tg=60
and 7 /7,=10%. The intervals of each contour are the samesés 1.5 and 7_/7y=1C. The intervals of each contour are the samedés 3.5
X101, (@) The velocity space in the region af;=0 and (b) that X102, (@ The velocity space in the region af=0 and (b) that
of v;<0. of v,<0.

tial are shown in Fig. 7. Here Fig.(d is 7 /7o=10°, Fig.
7(b) is 7/ 79=10% and Fig. Tc) is the case of /7o=10,
which correspond to the simulation results in Figs. 4, 5, and
6, respectively. It is seen that the plug potentimaximum
point of the electrostatic potentjak formed in all figures of
Figs. @), 7(b), and 7c).

The maximum point of the ion density profile does not
coincide with the position of the plug potential, but rather
exists in front of the plug potential, which means almost all
ions reflect in front of the plug potential and only a small
part of the ions reach the plug point. In the case of few
trapped ions in the thermal barrier potential in Figs) and
7(b), the peak point of ion density exists around the point
where the electrostatic potential is greater than zero, i.e., the
point just beyond the height @f; . Because the ions have a
potential energyee; when they are input at=z;, the ions
are reflected extremely by the electrostatic potential when the
potential is beyondp; . The ion density, therefore, decreases
with the growth of the electrostatic potential beyond In
the case that there exists a large amount of ions trapped in
the thermal barrier potential in Fig(¢j the peak point of ion
density profile is around=z;.

Figure 8 shows the axial profiles of ion density and elec-
trostatic potential. Here the different parameter in the figures
is Te, /Ty, that is, Te, /Tg=5 is in Fig. 8a), T /T
FIG. 5. lon distribution function represented byand .. The dashed lineis  — 30 s in Fig. 8b), and T,, /T =180 is the case in Fig.

e=uBp+ep,. Here the parameters used @&e,/T;=—1, To, /Tg=60 . s .
and 7, /7o=10" The intervals of each contour are the samesas 9.4 8(c), respectively. The plug potential is found to be formed in

X1072. (a) The velocity space in the region of, >0 and (b) that 9. 8 in the wide range of ¢, /T¢ . The peak point of the
of v,<0. ion density profile is localized aroung=0 in Figs. &b) and
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FIG. 7. Axial profiles of ion density; and electrostatic potentig in the FIG. 8. Axial profiles of ion densityy; and electrostatic potentiagl in the
magnetic fieldB from thermal barrier to outer mirror throat. Here the pa- magnetic fieldB from thermal barrier to outer mirror throat. Here the pa-
rameters used arep, /Ti=—1, Te, /Ty =60. (@) 7 /7o=1C, (b) 7. /7o rameters used am@p, /Ti=—1, 7 /7o=10". (@) Te, /Te;=5, (b) Te, /Tg
=10% and(c) 7 /7o=10". =30, and(c) Te, /T¢=180.

) _although the density profile changes greatly by the electro-
8(c), where almost all ions are reflected by the electrostatigatic potential in Figs. 7 and 8. All solid lines in Figgas-

potential before they reach the pI.ug. ' . _9(c) have the same slope, which is
Figure 8a), however, has a different ion density profile
from Figs. 8b) and §c). The plug potential height is at most ~ ©(¢p— ¢i)=1.1TecIN{Te, [T} +9(7L/70), (20)

epp/Ti=1 in Fig. 8a). That is, many ions reach the plug whereg(r_/p) is a function independent df,, /Te. It is
without bemg refle_cted by t_he ele_ctrostatlc potential, in thefound in Figs. $a)—9(c) that the magnitude ob,— ¢; de-
case of which the ion density profile has a peak around thereases with the increase of — ¢;, but the magnitude of
plug region, because the ion drift velocity along a magnetiqpp_ ¢, increases with the increase of — ¢; .
field line is retarded by the VB magnetic forces as well as Figure 10 shows the magnetic field at the axial position
the electrostatic potential in front of the plug region. of a plug potential. The position of the plug depends weakly
Figure 9 plots the height of a plug potential as a functionon the ratioT,, /T and the thermal barrier depth,— ¢; ,
of Te /T . Here Fig. 9a) is e@,/T;=—1, Fig. 9b) is  and the position is almost independentrpf o, i.e., 7/ p .
ep,/T;=—2, and Fig. %) is the case oke,/T;=—3, re-
spectively. The field ion and electron densities and tempera-
tures giving the Coulomb collisions with the test ions are the'V' SUMMARY AND DISCUSSION
same as those mentioned previously in this section. The |n the Monte Carlo simulation the ion distribution at the
modified Boltzmann law8) is rewritten by relation(10) as  inner mirror throat is assumed as Maxwellian, so that the
ions lost by end-loss or radial-loss are reinput at the inner
TiJr(l— Tii) By mirror throat as part of the Maxwellian from the central cell
T Ty of a tandem mirror. This procedure of ion supply at the inner
mirror throat assumes that the loss coegx0) in the ve-
Note that the charge neutrality condition(z) =ng(z) is as-  locity space of ions is filled by the Maxwellian ions. In a
sumed through this manuscript. The plug potential is a funcweakly collisional case and in the absence of microinstabili-
tion of ng(z,)/nep andB, /By, as well asTq, /Tg in Eq.(19).  ties, the loss cone is nearly empty and is populated only in a
Figure 9, however, indicates that the height of a plug potenboundary layer near the loss cone boundary. Therefore,
tial is a function of onlyT,, /T, as long asrp /7 is fixed, the solution obtained in this manuscript yields qualitative

Ne(2)

Nep

B(z)

e(e—¢p)=Tg |n[ ] (19
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FIG. 10. The axial position representedBys a function off ¢, /T, . Here
TeJ_/TeH is the casda) eq,/T;=—1, (b) e¢,/T;=—2, and(c) e¢,/T;=—3. The
symbols denoted by closed circles are the results of simulation ayithy
FIG. 9. The height of the plug potential as a functionTef /T, . Here is =10% closed triangles are the results with/ 7,=10%, and closed squares

the case(a) eg,/T;=—1, (b) ep,/T;=—2, and(c) e¢,/T;=—3. The are the results withr /7y=10.
symbols denoted by closed circles are the results of simulation wyithg

=10, closed triangles are the results with/ 7=10*, and closed squares

are the results withr, /7o=10°.

mann law of Eqs(8) or (19) have led to the results that the

insights into the plugging process, but will be quantitativelymagnitude of a plug potential obeys the relati@®). The
incorrect for a non-Maxwellian central cell case. force to make the ratid,, /T large is considered to result

We have shown that the plug potential is formed as longrom the externally injected microwave power for the funda-
as the electron and ion distribution functions are non-mental electron cyclotron resonance heating around the plug
Maxwellian in the plug/thermal barrier mirror cell. It is eas- region. On the other hand, it is known that the larger ratio
ily shown that there is no solution ef, in Eq.(8) ifthe ions T, /T makes the thermal barrier depth, deepef*?®
obey the Boltzmann relation, i.e.nj=n,exp—e(¢  Therefore, the results of this manuscript, that the plug poten-
—¢p)/T}. That is, the plug potential is formed if the modified tial formation requires a non-Maxwellian electron distribu-
Boltzmann law e(¢— ¢p) = Tg IN{G(B)N./ns applies in-  tion at the thermal barrier, is consistent with the experimental
stead of the traditional Boltzmann lawe(¢— ¢p) results in which the plug potential formation accompanies
=T.In{n./n.g, and if the ion radial loss exists in addition to the thermal barrier potential formatigh.
the very small ion Coulomb pitch angle scattering into the  As mentioned in Sec. Il the ion population in the loss
loss cone region and so the ion distribution function deviategone region in the velocity space is required for the plug
from Maxwellian distribution. The above-mentioned circum- potential formation. Otherwisen;/dz becomes infinity at
stances of plug potential formation are not contradictory tathe potential maximum, as is shown in Fig. 3 schematically.
those in the present tandem mirror experiménts. The amount of this ion population in the loss cone region can

The Monte Carlo simulations using the modified Boltz- be very small for the plug potential to form, as long as the
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