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On the plug potential formation mechanism in a tandem mirror
I. Katanuma,a) Y. Tatematsu, K. Ishii, T. Saito, and K. Yatsu
Plasma Research Center, University of Tsukuba, Tsukuba-City 305-8577, Japan

~Received 6 November 2001; accepted 6 May 2002!

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. ©2002 American Institute of Physics.@DOI: 10.1063/1.1489424#
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I. INTRODUCTION

The problem of an electrostatic potential along magne
field lines has been recognized as an important issue
plasma physics and efforts to understand the mechanism
an electrostatic potential formation have been made. In sp
plasmas, for example, an electrostatic potential forma
mechanism is proposed by Ref. 1, where the field-alig
electrostatic potential is supposed to be generated by the
ferent pitch angle anisotropy of ions and electrons. The i
has also been applied to more complicated problems.2–4 An
essential point for field-aligned electrostatic potential form
tion is that there exists an electron current along magn
field lines in space plasmas. Recent calculations of poten
formation are based on the assumption of the existence o
electron current along magnetic field lines.5

The electrostatic potential for trapping particles is u
lized in a wide area, not only neutral plasmas and n
neutral plasmas6 but also a field of antihydrogen,7–9 where
antiprotons and positrons are trapped in the electrostatic
tential in a minimum-B magnetic mirror.

The tandem mirror tries to make use of a field-align
electrostatic potential for ion confinement.10–12 The original
scenario to create an electrostatic potential hill at a midw
point from the thermal barrier region to the outer mirr
throat, where the potential hill is called the ion confinin
potential or plug potential, included a magnetically trapp
high energy ion population~sloshing ions! in the end mirror
cells of a tandem mirror. However, subsequent experime
revealed that the formation of the plug potential did not
quire the sloshing ions.13,14 That is, only electron cyclotron
resonance heating~ECRH! applied in the plug region can b
responsible for the plug potential formation.

In the end mirror cells of a tandem mirror there is
electron flow in the steady state, so the mechanism of
plug potential formation is different from the field-aligne
electrostatic potential formation in space plasmas, such
the magnetosphere.

Efforts at understanding the mechanism of the plug
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tential formation have been reported.15–19 It has been shown
that the ions accelerated by the thermal barrier potential
the non-Maxwellian electrons create the plug potent
However, it was found that the plug potential formation r
quires a population of ions in the loss cone region in veloc
space, in addition to passing ions from the central cell a
ions trapped in the thermal barrier potential, as will be me
tioned in Sec. II.

Previous works16–19 include the ionization effects for a
production of ions in the loss cone region in velocity spa
The ionization rate required for the plug potential formatio
however, is one ordered magnitude larger than that meas
in a present tandem mirror experiment.19 The purpose of this
article, therefore, is to make the mechanism of the plug
tential formation clear by including Coulomb pitch-ang
scattering of ions instead of ionization, where Coulomb c
lisions scatter ions in the passing region and the trap
region in velocity space into the loss cone region.

In Sec. II a modified Boltzmann law is derived from
non-Maxwellian electron distribution function. The Mon
Carlo simulations are carried out to study a plug poten
formation in Sec. III. A summary is given in Sec. IV.

FIG. 1. Schematic diagram of the end mirror cell in a tandem mirror~a! and
the electron velocity space represented by« andm ~b!.
9 © 2002 American Institute of Physics
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II. SIMPLE ANALYSIS

A Maxwellian electron distribution function leads to th
conventional Boltzmann law of an electrostatic potent
where a local maximum point of the electrostatic poten
locates at the local maximum point of the electron dens
along a magnetic field line. The local maximum point of t
electrostatic potential, however, is not the same as that o
electron axial density in a tandem mirror, so that we consi
the non-Maxwellian electron distribution function in the fo
lowing.

The electrons coming from the central cell are reflec
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by the thermal barrier potential and only a few of the ele
trons reach the plug region. On the other hand, the elect
magnetically trapped in the plug/barrier region are heated
ECRH.

The schematic diagram of electrostatic potential a
magnetic field profiles are shown in Fig. 1~a!, and the veloc-
ity space of electrons is shown in Fig. 1~b!. While the elec-
trons are Maxwellian atz5zi , where electrons are supplie
from the central cell, the electrons trapped in the plug/bar
region are assumed to be non-Maxwellian, the distribut
function of which is written as
f e55
necS me

2pTec
D 3/2

expH 2
«1ew i

Tec
J for «>mBi2ew i

necS me

2pTec
D 3/2

expH 2
«1ew i2aemBi

~12ae!Tec
J for «,mBi2ew i .

~1!
us
er
is

eri-

by
d
ed.
ag-

es
or-
rier

rons
Hereae is constant,Tec andnec are the electron temperatur
and density atz5zi , me is electron mass, ande is unit
charge. The notationsB and w represent the magnetic fiel
strength and electrostatic potential, the subscripti denotes
the quantity atz5zi . The quantities« andm are the electron
total energy («5 1

2mev
22ew) and magnetic moment (m

5 1
2mev'

2 /B), where v is velocity, andv' is the velocity
component perpendicular to the magnetic field. Equation~1!
is applied in the regionzb<z<zm in Fig. 1~a!. The distribu-
tion function~1! is the simplest one which includes the effe
of non-Maxwellian electrons trapped magnetically but is a
to be integrated analytically in velocity space. This is t
reason we adopt Eq.~1! as the electron distribution functio
in the end-mirror cell.

In previous works16–19 the electron velocity space wa
divided into two pieces by the line«5mBb2ewb , where
electrons trapped electrostatically in the plug potential
e

e

considered. The density obtained in the previo
calculation16–19 increases gradually from the thermal barri
to the outer mirror throat, while the density at the plug
smaller than that at the thermal barrier in the actual exp
ments.

In this article, the electron velocity space is divided
the line «5mBi2ew i in Eq. ~1!, where electrons trappe
magnetically in the thermal barrier region are consider
Another reason to pay attention to the electrons trapped m
netically in the thermal barrier region, but not the on
trapped electrostatically in the plug potential, is that the f
mation of the plug potential accompanies the thermal bar
potential formation.20 The distribution function of electrons
trapped in the plug, therefore, is the same as that of elect
trapped magnetically in the thermal barrier region.

The electron densityne(z) (zb<z<zm) is given as
ne~z!5
Bnec

ApTec
3/2S F E

mBb2ewb

`

d«E
0

me** dm1E
mBi2ew i

`

d«E
me**

`

dmG 1

~«2mB1ew!1/2
expH 2

«1ew i

Tec
J

1E
mB2ew

mBi2ew i
d«E

me*

`

dm
1

~«2mB1ew!1/2
expH 2

«1ew i2aemBi

~12ae!Tec
J D . ~2!

Hereme* [e(w2w i)/(B2Bi) andme** [e(wb2w i)/(Bb2Bi). The integrations in Eq.~2! are carried out to be
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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ne~z!.

¦

nec

B~12ae!

~B2aeBi !
S Bi2B

Bi
D 1/2

expH 2
Bi

~B2Bi !

e~w2w i !

Tec
J

in case of w<w i

nec

B~12ae!

~B2aeBi !
S Bi2B

Bi
D 1/2

expH 2
Bi

~B2Bi !

e~w2w i !

Tec
J

in case of 1*
Bi

~Bi2B!

e~w2w i !

Tec

.0

5
nec

B~12ae!
3/2

~B2aeBi !
expH e~w2w i !

~12ae!Tec
J for ~12ae!.0

nec

B~ae21!

Bi

1

ApAe~w2w i !

Tec

for ~12ae!<0

in case of
e~w2w i !

Tec

@1.

~3!

Here the assumptions

e~w2wb!

Tec
@1,

me** Bi

Tec
@1, ~4!

were made to obtain Eq.~3! so that the contribution of the passing component of electrons from the inner mirror throat, th
two terms on the right-hand side of Eq.~2!, can be neglected. In order for the electron distribution function~1! to not become
infinite in the rangeBb<B<Bi , whenm→` with «5mB, the following relation has to be satisfied:

12aeBi /B

12ae
>0,

that is,

ae<Bb /Bi or ae.1. ~5!

Solving w as a function ofne in Eq. ~3!,

e~w2w i !.

¦

Tec

Bi2B

Bi
lnH S Bi

Bi2BD 1/2 B2aeBi

B~12ae!

ne~z!

nec
J

in case of 1*
Bi

~Bi2B!

e~w2w i !

Tec

5 ~12ae!TeclnH B2aeBi

B~12ae!
3/2

ne~z!

nec
J for ~12ae!.0

Tec

1

p S B~ae21!

Bi
D 2S nec

ne~z! D
2

for ~12ae!<0

in case of
e~w2w i !

Tec
@1.

~6!
e

s

of

Now we are looking for a relation ofw on ne andB in

the regionzb&z&zp in Eq. ~6!, the required relation of
which is that the density decreases withz but the electrostatic
potentialw increases withz, as shown in Fig. 1. Because th
magnetic fieldB is an increasing function ofz around z
5zp , a possible candidate for the solution ofw is the top or
middle equation in Eq.~6!. These top and middle equation
in Eq. ~6! are the same type of equation, that is,w(z)
Downloaded 04 Apr 2007 to 130.158.56.189. Redistribution subject to AIP
5aTecln$G(B)ne(z)/nec%, where a is constant andG(B)
means a function ofB. Therefore, we choose the relation
w on B andne as

e~w2w i !5~12ae!Tec lnH B2aeBi

B~12ae!
3/2

ne~z!

nec
J . ~7!
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3452 Phys. Plasmas, Vol. 9, No. 8, August 2002 Katanuma et al.
Here the constantae should satisfy the relationae

<Bb /Bi .
Equation~7! holds for the conditione(w2w i)/Tec@1 as

seen in Eq.~6!. However, we apply Eq.~7! to the region
e(w2w i)/Tec@” 1 because the essential part of the no
Boltzmann distribution of electrons for the plug potent
formation is retained. Equation~7! reduces, on the basis o
the thermal barrier potentialwb , to

e~w2wb!5~12ae!Tec lnH B2aeBi

B~12ae!
3/2

ne~z!

nec
J

2~12ae!Tec lnH Bb2aeBi

Bb~12ae!
3/2

neb

nec
J

5~12ae!Tec lnH Bb@B2aeBi #

B~z!@Bb2aeBi #

ne~z!

neb
J .

~8!

Hereneb[ne(zb).
The distribution function of electrons trapped in th

plug/barrier mirror cell in Eq.~1! is written as

f e5necS me

2pTec
D 3/2

expH 2

1

2
mev i

2

~12ae!Tec

2

1

2
mev'

2

~12ae!

~12aeBi /Bb!
Tec

1
e~wb2w i !

~12ae!TecJ , ~9!

at z5zb , which is a bi-Maxwellian distribution function
with two component temperaturesTei , Te' parallel and per-
pendicular to the magnetic field line,

Tei5~12ae!Tec , Te'5
~12ae!

~12aeBi /Bb!
Tec. ~10!
t o

u
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A modified Boltzmann relation~8! is able to be derived on
the assumption that the electron distribution function is
Maxwellian of Eq.~9! at z5zb in the whole velocity space
including the region passing to the inner mirror throatz
5zi . The electrons coming from the inner mirror throat a
fewer atz5zb than those magnetically trapped in the therm
barrier region, ifBi /Bb@1 andTe' /Tei@1, so that the as-
sumption that the electrons are bi-Maxwellian in the pass
region atz5zb is a good approximation of the Maxwellia
electrons in the passing region.

Now we briefly consider the mechanism of a plug pote
tial formation. As mentioned previously in this section, t
modified Boltzmann law~8! has a type ofe(w(z)2wb)
5Tei ln$G(B)ni(z)/nec%. Here we assume the charge neutral
condition so that the electron densityne is the same as the
ion densityni . Because the original scenario of a plug p
tential formation includes the high energy sloshing ion pop
lation, the plug potential is formed at the point whe
dni /dz50 even if G(B)51. In the case of a non
Maxwellian electron distribution in the plug/thermal barri
region, i.e.,G(B)Þ1, the plug potential can be formed at th
region satisfyingd@G(B)ni #/dz50, if it exists, in the mid-
way from z5zb to z5zm , even if there is no high energ
sloshing ion population.

In order to clarify whether there exists a region whe
d@G(B)ni #/dz50, the following ion distribution function is
introduced in the regionzb<z<zm ,

FIG. 2. Ion velocity space represented by« andm.
f i55
nicS mi

2pTic
D 3/2

expH 2
«2ew i

Tic
J for «>mBi1ew i

nicS mi

2pTic
D 3/2

expH 2
«2ew i2a imBi

~12a i !Tic
J for «,mBi1ew i

0 for H v i<0

and «>mBp1ewp

and «>mBi1ew i .

~11!
s-

re
Here the ion distribution function is the same type as tha
the electron distribution function, anda i is constant. The ion
distribution function in the loss cone in the regionv i<0 is
assumed to be zero, i.e., ions escaping through the o
f

ter

mirror throat z5zm never come back again, where we a
sumeBm5Bi andwm5w i for simplicity. The velocityv i is
defined in Sec. III@see Eq.~15!#.

Figure 2 plots the diagram of ion velocity space, whe
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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m i* [2 e(w2wp)/(B2Bp) and m i** [2 e(w i2wp)/(Bi

2Bp). The contribution of ions with the energy«,mBi

1ew i to the ion density is neglected assumingm i** Bi /Tic

@1 in the following calculation. The ion densityni in the
regionB&Bp in Fig. 2 is given as

ni~z!5
Bnic

ApTic
3/2F1

2EmB1ew

`

d«E
0

`

dm

1
1

2EmB1ew

mBp1ewp
d«E

0

`

dmG 1

~«2mB2ew!1/2

3expH 2
«2ew i

Tic
J . ~12!
.

h

to
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n

c-
-

n.
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On the other hand, the ion density in the regionB*Bp is
given as

ni~z!5
Bnic

ApTic
3/2

lim
m i*

→`
F1

2EmBp1ewp

`

d«E
0

m i* dm

1
1

2EmB1ew

`

d«E
m i*

`

dmG 1

~«2mB2ew!1/2

3expH 2
«2ew i

Tic
J . ~13!

The integrations in Eqs.~12! and~13! are carried out around
z5zp with the assumption of 0<e(wp2w)/Tic!1, to be
ni~z!.5
1

2
nic expH 2

e~wp2w i !

Tic
J F11

e~wp2w!

Tic
1S Bp2B

Bp
D 1/2G for B<Bp

1

2
nic expH 2

e~wp2w i !

Tic
J S 12

2

Ap
Ae~wp2w!

Tic
D for B.Bp

. ~14!
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Here the condition that 0<2 m i* B/Tic!1 is assumed to
obtain the ion density in the regionB<Bp .

The ion density profile in Eq.~14! indicates that
dni /dz52` at z5zp as shown in Fig. 3. A type of modified
Boltzmann law e(w(z)2wb)5Tei ln$G(B)ni(z)/nec% in Eq.
~8! requiresd@G(B)ni #/dz50 at the plug. However, Eq
~14! indicatesd@G(B)ni #/dz52` at w5wp ~i.e., B5Bp),
that is, plug potential does not form. The result ofudni /dzu
5` at z5zp comes from the fact thatu] f i /]«u5` on the
line «5mBp1ewp in Eq. ~11!. This contradiction is avoided
by introducing the effect of Coulomb collisions, whic
makesu] f i /]«u,` on the line«5mBp1ewp . The Cou-
lomb collisions, therefore, are expected to makeudni /dzu
,` at z5zp and so the Coulomb collisions are expected
form the plug potential betweenz5zb andz5zm .

III. RESULTS OF MONTE CARLO CALCULATION

In Sec. II it was shown that the ion Coulomb pitch an
scattering, as well as a modified Boltzmann law, was
quired to form a plug potential. In order to take into accou
the effect of Coulomb collisions on the ion distribution fun
tion, we carry out the Monte Carlo simulation in the follow
ing.

FIG. 3. Schematic diagram of ion density profile around the plug regio
e
-
t

Because the plug potential formation is a on
dimensional problem onz, we calculate the ion orbits alon
magnetic field line,

dz

dt
5v i , v i5Ami

2
~«2mB2ew!. ~15!

Here« andm are the ion total energy and magnetic mome
respectively. The ion scattering by Coulomb collision is i
cluded by Monte Carlo methods.21–23 As seen in Figs. 1~a!
and 2 the ion velocity space is divided by different mirr
trapped regions, so that it is difficult for ions to fill in a
regions of velocity space without any collisional effects.

Due to the Coulomb collisions the ions are filled in th
thermal barrier region and then finally the ion distributio
function becomes Maxwellian. In order to take into accou
the effects of non-Maxwellian ions in the thermal barri
region in Eq.~11!, therefore, the effects of ion~radial! loss
are included. That is, an ion loss timetL is introduced. The
uniform random numberjk ~which is a number from 0 to 1!
is introduced for thekth ion. The numberjk is compared
with the magnitude of exp$2tk /tL%, where the timetk is mea-
sured from the time when thekth ion was input at the inne
mirror throatz5zi in Fig. 1~a!. If jk.exp$2tk /tL% the kth
ion is lost from the plug/barrier mirror cell. Because we a
looking for the steady state of plug potential, the ions wh
are lost are input at the inner mirror throatz5zi immedi-
ately. Here the velocity componentsv i and v' of ion at z
5zi are given to be Maxwellian with temperatureTic in the
passing region in the velocity space by means of a rand
number.

On the assumption of charge neutrality condition t
electron density is the same as the ion density, i.e.,ne(z)
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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5ni(z). The electrostatic potentialw(z) is determined by the
modified Boltzmann law given by Eq.~8!. In the simulation
the electrostatic potential is given in advance, i.e.,w(z)50.
The motion of ions is followed in the given electrosta
potential and the density is calculated by each ion posit
The calculation of ion motions continues until the stea
state of ion density is realized.

The new electrostatic potential is calculated by the mo
fied Boltzmann law~8! with the ion density in the stead
state in the old electrostatic potential profile. The ion mot
is traced again in the new electrostatic potential profile a
the ion density is accumulated after initialized until t
steady state of ion density is realized. The above-mentio
procedure is repeated until the steady state of both ion d
sity and electrostatic potential profiles are realized.

The parameters used in the simulation are as follo
The magnetic field profile fromz5zb to z5zm is adopted for
the end-mirror cell in the GAMMA10 tandem mirror,13

where the axial lengthLz from the thermal barrierz5zb to
the outer mirror throatz5zm is Lz5120 cm. The tempera
turesTfield of the field ions and electrons, with which the te
ions receive the Coulomb collision, are 100 eV. The num
densitynfield , where the density of field ions is the same
that of field electrons, isnfield51011 cm23, which is uniform
alongz. In this field plasma the deflection timetD is

tD5Ami

2

Tfield
3/2

pnfielde
4lnL i i

. ~16!

Here lnLii is the Coulomb logarithm. The timet0 is defined
ast0[(Ti /mi)

21/2, i.e., the time necessary for a thermal te
ion to move by 1 cm, where species of ions is hydrogen

The temperature of test ions is setTi5100 eV at z
5zi . The deflection time istD.5.631023 s and the flight
time of 1 cm ist0.1.031027 s in above-mentioned param
eters. The transit timet transit of the thermal test ion fromz
5zb to z5zm is t transit.Lz3t0.1.231025 s.

The test ions escaping from the outer mirror throaz
5zm or lost ~radially! are input again at the inner mirro
throat z5zi in the simulation. Here the justification of th
boundary condition on test ions is mentioned in the follo
ing. The ion axial density profileni(z) is given by the test
ion axial positions as

ni~z!5(
k

B~zk!d~z2zk!. ~17!

Herezk is the axial position of thekth test ion andd( ) is the
Dirac delta function. The weightB(zk) in Eq. ~17! comes
from the fact that the cross section of the magnetic flux tu
is in inverse proportion to the magnitude of magnetic fie
B(z). The total number of ionsNi in the mirror cell fromz
5zb to z5zm in Figs. 1~a! and 3 is given as
Downloaded 04 Apr 2007 to 130.158.56.189. Redistribution subject to AIP
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zb

zm
ni~z!

dz

B~z!

5E
zb

zm

(
k

B~zk!d~z2zk!
dz

B~z!

5(
k

1, ~18!

where Eq.~17! was used. Therefore, the test ions escap
from the outer mirror throat or radially have to be inp
immediately at the inner mirror throat in order that the to
numberNi does not change in time in the steady state. T
above-mentioned boundary condition on test ions means
the ions in the plug/barrier region are supplied by the ion fl
from the inner mirror throat.

In order to save computer time, only the region fromz
5zb to z5zm is calculated. The test ions input atz5zi are
mapped atz5zb with a positive velocityv i on the assump-
tion of conservation of« andm during its flight fromz5zi to
z5zb . The test ions reached atz5zb with v i<0 are re-
flected perfectly atz5zb if «<mBi1ew i , and are input
again atz5zi with Maxwellian velocity of Ti if «.mBi

1ew i .
The algorithm of ion supply to the end-mirror ce

adopted in the Monte Carlo simulation is consistent with
present tandem mirror experiment, where the ions in the e
mirror cell are supplied from the central cell and esca
through the outer mirror throat or escape radially.

The electrostatic potential is setw i50 at z5zi . The
potentialwb at z5zb is given in advance and is not change
through simulation run. The potential profilew(z), therefore,
is determined on the basis of its magnitude atz5zb .

Figures 4–6 are the steady state test ion distribut
functions in the whole axial region represented by« andm in
the case ofewb /Ti521 andTe' /Tei560. Here the ion loss
time is set attL /t05103 in Fig. 4,tL /t05104 in Fig. 5, and
tL /t05105 in Fig. 6, respectively. The separatrixes denot
by the lines«5mBp1ewp and «5mBm1ewm are deter-
mined as the results of the simulation run, while the sepa
trixes denoted by«5mBi1ew i and«5mBb1ewb are given
in advance as boundary conditions of electrostatic poten
It is observed the loss cone in the region«.mBp1ewp and
«.mBm1ewm in v i,0 of Figs. 4~b!, 5~b! and 6~b!. The
only velocity space in the region«>0 is plotted in Figs.
4–6, that is, the ions responsible for the plug potential f
mation, the energy of which is larger than the potential e
ergy ew i at z5zi , are seen in Figs. 4–6.

Because the ion loss timetL is shorter than the deflec
tion time tD in Fig. 4, the test ions in the region«<mBi

1ew i are very few. However, the ion distribution function
the passing region from the inner mirror throat«.mBi

1ew i is almost independent ofm, i.e., is a part of the Max-
wellian distribution function, because the transit timet transit

is shorter thantD and tL . On the other hand, Fig. 5 is th
case oftL&tD , while Fig. 6 istL*tD , so that the remark-
able increase of ion collisional filling is observed in the r
gion «,mBi1ew i in Fig. 5 to Fig. 6.

The axial profiles of ion density and electrostatic pote
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 5. Ion distribution function represented by« andm. The dashed line is
«5mBp1ewp . Here the parameters used areewb /Ti521, Te' /Tei560
and tL /t05104. The intervals of each contour are the same asd f 59.4
31022. ~a! The velocity space in the region ofv i>0 and ~b! that
of v i,0.

FIG. 4. Ion distribution function represented by« andm. The dashed line is
«5mBp1ewp . Here the parameters used areewb /Ti521, Te' /Tei560
and tL /t05103. The intervals of each contour are the same asd f 51.5
31021. ~a! The velocity space in the region ofv i>0 and ~b! that
of v i,0.
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tial are shown in Fig. 7. Here Fig. 7~a! is tL /t05103, Fig.
7~b! is tL /t05104, and Fig. 7~c! is the case oftL /t05105,
which correspond to the simulation results in Figs. 4, 5, a
6, respectively. It is seen that the plug potential~maximum
point of the electrostatic potential! is formed in all figures of
Figs. 7~a!, 7~b!, and 7~c!.

The maximum point of the ion density profile does n
coincide with the position of the plug potential, but rath
exists in front of the plug potential, which means almost
ions reflect in front of the plug potential and only a sm
part of the ions reach the plug point. In the case of f
trapped ions in the thermal barrier potential in Figs. 7~a! and
7~b!, the peak point of ion density exists around the po
where the electrostatic potential is greater than zero, i.e.,
point just beyond the height ofw i . Because the ions have
potential energyew i when they are input atz5zi , the ions
are reflected extremely by the electrostatic potential when
potential is beyondw i . The ion density, therefore, decreas
with the growth of the electrostatic potential beyondw i . In
the case that there exists a large amount of ions trappe
the thermal barrier potential in Fig. 7~c! the peak point of ion
density profile is aroundz5zb .

Figure 8 shows the axial profiles of ion density and ele
trostatic potential. Here the different parameter in the figu
is Te' /Tei , that is, Te' /Tei55 is in Fig. 8~a!, Te' /Tei

530 is in Fig. 8~b!, and Te' /Tei5180 is the case in Fig
8~c!, respectively. The plug potential is found to be formed
Fig. 8 in the wide range ofTe' /Tei . The peak point of the
ion density profile is localized aroundw50 in Figs. 8~b! and

FIG. 6. Ion distribution function represented by« andm. The dashed line is
«5mBp1ewp . Here the parameters used areewb /Ti521, Te' /Tei560
and tL /t05105. The intervals of each contour are the same asd f 53.5
31022. ~a! The velocity space in the region ofv i>0 and ~b! that
of v i,0.
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8~c!, where almost all ions are reflected by the electrost
potential before they reach the plug.

Figure 8~a!, however, has a different ion density profi
from Figs. 8~b! and 8~c!. The plug potential height is at mos
ewp /Ti.1 in Fig. 8~a!. That is, many ions reach the plu
without being reflected by the electrostatic potential, in
case of which the ion density profile has a peak around
plug region, because the ion drift velocity along a magne
field line is retarded by them“B magnetic forces as well a
the electrostatic potential in front of the plug region.

Figure 9 plots the height of a plug potential as a funct
of Te' /Tei . Here Fig. 9~a! is ewb /Ti521, Fig. 9~b! is
ewb /Ti522, and Fig. 9~c! is the case ofewb /Ti523, re-
spectively. The field ion and electron densities and temp
tures giving the Coulomb collisions with the test ions are
same as those mentioned previously in this section.
modified Boltzmann law~8! is rewritten by relation~10! as

e~w2wb!5Tei lnH FTe'

Tei
1S 12

Te'

Tei
D Bb

B~z!G ne~z!

neb
J . ~19!

Note that the charge neutrality conditionni(z)5ne(z) is as-
sumed through this manuscript. The plug potential is a fu
tion of ne(zp)/neb andBp /Bb as well asTe' /Tei in Eq. ~19!.
Figure 9, however, indicates that the height of a plug pot
tial is a function of onlyTe' /Tei as long astD /tL is fixed,

FIG. 7. Axial profiles of ion densityni and electrostatic potentialw in the
magnetic fieldB from thermal barrier to outer mirror throat. Here the p
rameters used areewb /Ti521, Te' /Tei560. ~a! tL /t05103, ~b! tL /t0

5104, and~c! tL /t05105.
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although the density profile changes greatly by the elec
static potential in Figs. 7 and 8. All solid lines in Figs. 9~a!–
9~c! have the same slope, which is

e~wp2w i !.1.1Tec ln$Te' /Tei%1g~tL /tD!, ~20!

whereg(tL /tD) is a function independent ofTe' /Tei . It is
found in Figs. 9~a!–9~c! that the magnitude ofwp2w i de-
creases with the increase ofwb2w i , but the magnitude of
wp2wb increases with the increase ofwb2w i .

Figure 10 shows the magnetic field at the axial posit
of a plug potential. The position of the plug depends wea
on the ratioTe' /Tei and the thermal barrier depthwb2w i ,
and the position is almost independent oftL /t0, i.e.,tL /tD .

IV. SUMMARY AND DISCUSSION

In the Monte Carlo simulation the ion distribution at th
inner mirror throat is assumed as Maxwellian, so that
ions lost by end-loss or radial-loss are reinput at the in
mirror throat as part of the Maxwellian from the central c
of a tandem mirror. This procedure of ion supply at the inn
mirror throat assumes that the loss cone (v i>0) in the ve-
locity space of ions is filled by the Maxwellian ions. In
weakly collisional case and in the absence of microinstab
ties, the loss cone is nearly empty and is populated only
boundary layer near the loss cone boundary.22,23 Therefore,
the solution obtained in this manuscript yields qualitati

FIG. 8. Axial profiles of ion densityni and electrostatic potentialw in the
magnetic fieldB from thermal barrier to outer mirror throat. Here the p
rameters used areewb /Ti521, tL /t05104. ~a! Te' /Tei55, ~b! Te' /Tei

530, and~c! Te' /Tei5180.
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insights into the plugging process, but will be quantitative
incorrect for a non-Maxwellian central cell case.

We have shown that the plug potential is formed as lo
as the electron and ion distribution functions are no
Maxwellian in the plug/thermal barrier mirror cell. It is ea
ily shown that there is no solution ofwp in Eq. ~8! if the ions
obey the Boltzmann relation, i.e.,ni5nib exp$2e(w
2wb)/Ti%. That is, the plug potential is formed if the modifie
Boltzmann law e(w2wb)5Tei ln$G(B)ne/nec% applies in-
stead of the traditional Boltzmann lawe(w2wb)
5Teln$ne/nec%, and if the ion radial loss exists in addition t
the very small ion Coulomb pitch angle scattering into t
loss cone region and so the ion distribution function devia
from Maxwellian distribution. The above-mentioned circum
stances of plug potential formation are not contradictory
those in the present tandem mirror experiments.13,14

The Monte Carlo simulations using the modified Bolt

FIG. 9. The height of the plug potential as a function ofTe' /Tei . Here is
the case~a! ewb /Ti521, ~b! ewb /Ti522, and ~c! ewb /Ti523. The
symbols denoted by closed circles are the results of simulation withtL /t0

5103, closed triangles are the results withtL /t05104, and closed square
are the results withtL /t05105.
Downloaded 04 Apr 2007 to 130.158.56.189. Redistribution subject to AIP
g
-

s

o

mann law of Eqs.~8! or ~19! have led to the results that th
magnitude of a plug potential obeys the relation~20!. The
force to make the ratioTe' /Tei large is considered to resu
from the externally injected microwave power for the fund
mental electron cyclotron resonance heating around the
region. On the other hand, it is known that the larger ra
Te' /Tei makes the thermal barrier depthwb deeper.24,25

Therefore, the results of this manuscript, that the plug pot
tial formation requires a non-Maxwellian electron distrib
tion at the thermal barrier, is consistent with the experimen
results in which the plug potential formation accompan
the thermal barrier potential formation.20

As mentioned in Sec. II the ion population in the lo
cone region in the velocity space is required for the p
potential formation. Otherwisedni /dz becomes infinity at
the potential maximum, as is shown in Fig. 3 schematica
The amount of this ion population in the loss cone region c
be very small for the plug potential to form, as long as t

FIG. 10. The axial position represented byB as a function ofTe' /Tei . Here
is the case~a! ewb /Ti521, ~b! ewb /Ti522, and~c! ewb /Ti523. The
symbols denoted by closed circles are the results of simulation withtL /t0

5103, closed triangles are the results withtL /t05104, and closed squares
are the results withtL /t05105.
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derivative of the ion distribution becomes continuous acr
the loss cone boundary.
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