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   It is shown  that plug und  thermal  barrier potentials are  created  simultaneously  by etectron  cyelotron

resonance  heating (ECRH) in the end-mirror  cells  of  a  tandem  mirror  without  a  high energy  sleshing  ion

population. Monte-Carlo particle simulatien  is carried  out  to investigate the electrostatic  potential formation

in the steady  state  in the end-mirror  cell.  It is found that a  combination  of the plug und  thermal  barrier

potentiaSs can  be created  using  a  two-component  distribution of  electrons  at the inner mirror  throat and  u

non-Maxwellian  distribution of  electrons  which  are  heated by the plug ECRH  and  trapped magnetically  in the
thermal barrier region,  In addition  to the electron  distributions, the potentiat formations require  the cxistence

of  non-Maxwellian  ions trapped  in the thermal  banier potentia] which  are  assumed  to be lost radia]ly.
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    We  have shown  that a  plug potential cun  be
1'ormed with  the effects  of  non-Maxwellian  electrons

and  ions which  are  trapped  magnetically  and  elec-

trostatically in the end-mirror  celi in addition  to

Maxwe]]ian  ions and  electrons  fiowing from the cen-

trat ce]l of a tandem  mirror  [1]. In this calculation.
on]y  the region  from the therrnal barrier to the outer

mirror  throat  in the end-mirror  ce]1  was  constdered

with  the thermal barrier potentiul depth as  a  given pa-
rameter.

    In the tandem  mirror  experiments,  however, plug
potential formation is accompanied  by the formation
of  the thermal  barrier petential depth. Therefore, si-

multaneous  catcu]ution  is necessary  in the region  from
the inner mirror  throat z 

r-
 zi to the outer  mirror  throat

: =  .r.ni, as shown  in Fig. 1, for eomplete  understand-

ing of  the electrostatic potcntiul formation in the end-

miiTor  cell.

    Thc  electron  digtribution function in the  end-

min'or  cell  is assumed  as,
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constant,  and  the schematic  diagram
1(b) is considered.  Thc standard  no-

        .t.uukuha,ac.'.jp

lations are  used  such  that B is magnetic  field, di elec-
trostatic potential, s  electron  energy,  and  "  magnetic

moment.  The nornialization  factor (m.f2nT.)]/2 of  the

distribution function is omitted  through  out  this paper
for the  sake  of  si mpiicity.  The  electrons  denoted by the

densityn,,inEq.(1)areacomponentofcolde}ectrons
at the inner tnirrer  throat. which  do not  reach  the ther-

mal  barrier z =  zb due to tow kinetic energy,  while  the

electrons  denoted by {he density n,.  is a  component

of  warm  clectrons,  which  are  heatcd by ECRH  and  es-

cape  from the plug region  .'., =t g,p to the inner mirror

throat. The distribution function of the  magnetically

trapped electrons  is connected  contjnuously  with  that

ol' warm  electrons  across  s  =  "B; 
-

 edi; in Figs. 1(b)
and  1(c).
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Fig. 1 Schematic diagram of pluglbarrier region  {a), and

      electron  velocity  space  in the regions  :･,, s  .c <  zh

      (b) and  z･b g  [, s .7.. (c).
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    These two  components  of  the  e]ectron  distribu-
tion funetion haye been observed  in the experiments

of  the p]ug potential formation in the GAMMA1O  tan-

dem mirror[2].

    Using Eq. (1) we  obtain  a moditied  Boltzmann
law ase(ip
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where  Eq. (2) is applied  in the region  c･h K z  <L ztm

whi[e  Eq. (3) is in the region  gi T< z <  zb, Here
n,b  in Eq. (2) is the eleetron  density at .-, =  zb. Equa-
tion (2) can  also  be dcrived with  the assumption  of

a  bi-Maxwellian electron  distribution function, i,e.,

.fL  
=  neb  expl-  Sntevft/f7'e" 

-
 l. mcv2ilTciI.  where  Tcll =

(1 -c],)T,., and  71,i =  (1 -(r,)7le.f (1 - ci.BifBh).  That

is, the constant  a, in Eq, C1) is re]ated to the temper-

atures of magnetica]ly  trapped warm  electrons  in the
therma] barrier region  as c]e =  X' (1 - ft･ iii )
    The electrostatic  potentiaC distribution is deter-

mined  using  Eqs. (2) and  (3) if the e]ectron  density

n,<:･) can  be numerLcally  calculated,  For this, we  usc

the chargc  ncutrality  condition  n,(z)  =  ni(0.  The  ion

density is caleulated  using  a  Monte-Carlo code  [31.
Coulomb collisions  are  included. The effects  of  ra-

dial ]oss of ions trapped in the thermal barrier region

are  included by  sett{ng  a  mean  ]ife time  of  TT.,s.  The

ions are  supptied  at  z =  z, continuously  accompanicd

by ahalfLMaxwel]ian,  i.e., vu ) O. oftemperature  Ti,
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Fig. 2 Electrostatic potential and  ion density axial  profiles

     in the  end-mirror  ceM, which  were  obtained  by the
     Monte-Carlosimulation,

    Figure 2 shows  the  calculation  results. Here the

parameters are  n.cf(ne,  +  new)  =  O.96, TccfTew =  O-2,

7'i/7Te. =  O.5, and  T,ifT.H =  50. Those parameters are
not  contradictory  to the observations  in the GAMMA  1O
experiments  [21. The ion loss time  is ri.,,IT]) =  O,18.
where  TD  is the  cou]omb  deHccrion times defined as

TD i  VMiTL3/!!(Viinnoe4lnAiO, Transit time TtrurTsit

necessary  for thermal  iens to move  from z =  zi to

Z =  [･bn iS T'transit!TD  2` 4･4 × IO-3, so  that the relation

TtranhLt K  1']os. E  TD  iS Satisfied,

    It is seen  that the p]ug and  thermal  burrier poten-
tials arc  created  in Fig, 2. The  thermal  bam'ier depth is

deeper than  thc prediction from the Boltzmann  law of

co]d  electrons, i.e.. e(ipi-iph)  >  T,. In(n.,/n,b}, and  the

height of  the plug potential is larger than the therma]

barrier dcpth, i.e.. e(dip  
-

 ipi) k e(gSi -  iph), which  are

consistent  with  the observations  from the GAMMA10

expenments.

    The  plug potential has suMcient  height to eonfine
the ions from the central  cell because e{dip - ipi)fTi !

2.6. Thc  ion density gradually decreases from z, [  I,i

toward  :･. =  z･., which  cleurly  satisfies  thc relation

nKz･t)  )  izi(.',b) k n;(zp).
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Fig, 3 Schematic diagram  of electron orbits.

    Figure 3 shows  the schematic  diagram ef  elec-

tron  orbits  which  arc  rcsponsible  for lhe formations
of  the plug and  therma]  barrier potentials, Here f},
is the orbit  of  the cotd  componenl  of  electrons  in
the  centrul  celi.  .f5. is the orbit  of the warm  com-

ponent of  electrons  at  the tnner mirror  throat which

are  heated by ECRH  around  plug and  escape  from

thc plug/thermal barrier region, .tleh is the magneti-

cally  trapped  non-Maxwel]ian  electrons  the distribu-
tion function of  which  is conneeted  continuously  with

that of  warm  electrons.

    It' the  co]d  electron  componcnt  does not  exist,

only  the deep thcrmal  bttrrier potential is created.  That

is, the profile ot' electrostatic  potentiul is atmost  sym-

metric  about  .,, =  z.h so that the plug potentialis not

formed  without  cold  electrons.  The coulomb  pitch an-

gle collisions  are  important for the plug potentiaH'or-
mation  to attain  ldnKz)fdrl t oo  at z. =  zp in the calcu-

lation ot' this puper, as  indicated in Ref, 1.
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    Rudia] loss ofions,  which  is included in this cal-
culation  as  Tlc,,,. is necessary  for stcady  state  potential
forrnation. In GAMMAIO.  the plugfbarrier potential
structure  can  be sustained  for 150 ms  and  no  banier

fi11ing has been observed  [4J. This strongly  suggests

the radial  loss of  ions in GAMMA1O  experiments,

    In summary,  it has been shown  that the existence

ofthethreecomponentsofe1ectronsof.fl,,,.fUw,andJLh

as shown  in Fig. 3 in addition  to the cou]omb  co]Iisions

ofions  around  .,, =  zp and  the ion radjal loss in the end-
mirror  cel] leads to the formation of p]ug and  Ihermat

barrierpotentials.
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