Plug potential formation in a tandem mirror
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It is suggested experimentally that a plug potential forms in a different mechanism from the
originally expected scenario in the present tandem mifforTamano, Phys. Plasma&s 2321
(1995]. That is, the formation requires only electron cyclotron resonance heating experimentally. In
this manuscript, therefore, the plug potential with continuous axial profile is analytically shown to
be created with the plausible ion and electron distribution functions in a present tandem mirror, i.e.,
passing ions, mirror trapped ions in the thermal barrier, passing electarspped electrons in a

plug potential, and the small amount of ions that are born around the plug regidi®9®
American Institute of Physic§S1070-664X97)01406-17

I. INTRODUCTION and z=z,, and define the “plug potential” as the highest
electrostatic potential &=z,.
In order to improve the severe technological require-
ments of the plug in the original tandem mirfofthe idea of ll. MODEL OF ION AND ELECTRON DISTRIBUTION
the thermal barrier was proposédhe subsequent tandem FUNCTIONS
mirror experimenta| devices adopted the thermal barrier, At first we consider the ion distribution function in the
where the plug potential is created with the help of sloshing€gionz<z,. Here, the ion velocity space diagram written
ions? by energye and magnetic moment is seen in Fig. (b). The
The sloshing ions are made by neutral beam injectioron distribution functionf; is assumed as follows in the re-
(NBI). The resultant ion density hill at the plug leads to thegion of v;=0,

local potential maximum there. The electrons heated by elec- m, |32 e—eg,
tron cyclotron resonance heatiifgCRH) around the plug fi=nic<ﬁ> exp{ T ] for e=uBi+ed;,
make the potential high enough to confine the central cell : : 1)
ions in a tandem mirror. So the plug potential formation
requires both NBI and ECRH in the original scenario. i n (i> 32 xp{ - e—e¢i—aiMBi] for e
Subsequent experiments, however, found that the ion- "' "'\ 27T, (1—a))T;

confining potential can be created independently of the neu-

<uBit+ed;, 3]

tral beam injection. Namely, the plug potential was made by
ECRH alone. These observations were reported on two difwhile in the region ofy, <0,
ferent experimental devices. am
Theoretical efforts to understand the plug potential for- fi:nic(l> xp{ - 6_e¢‘] for €= uB;
|

mation have been made!! After the formation of a plug 27T, T
potential was observed experimentally with ECRH only in a ted and (e<uB.+e or e<uB.+e
tandem mirror, the main results were that a maximum posi- g (e<uBntedn KBy +edy),
tion of the electrostatic potential locates at an outer mirror (©))
throat. The experimental mea}surements of the .potentla'l pro- m |32 e—edy—apuB,
file, however, have been carried out at only a single pointin  f;=n;, 5T Xp — W for €
each mirror cell until now?=*So it remains unknown ex- Tl “p) i
perimentally Where_ the _maximum point of electrostatic po- =uByted, and u<u,, 4
tential (plug potential exists.
; ; m, \%? e—edy,— ap,uB

Recently, the potential around the outer mirror throat of n ( i ) X0l — m— ®pM4Pm for €
the GAMMA 10 tandem mirrot was measured with Langmuir oM 24T, (1—ap)T;
probes, the results and analysis of which indicate that the -

: . ! ) X = + =
maximum point of the potential exists between the outer mir- #Bmtedm and u=p,, ®)
ror throat[z=z,, in Fig. 1(a)] and the thermal barrier region m; |32 e—ed—a;uB;
(z=z,), rather than just at the outer mirror thrdat!’ fi=nic| 5= Xp——=——~7 —( fore

27T, (1—a))T,

The purpose of this manuscript is to examine a possible
mechanism of the plug potential formation in a tandem mir- <uBit+ed;, (6)
ror with ECRH alone. Here, we define the terr_mnologywherev” is the ion velocity along the magnetic-field line,
“plug region” as the region where the electrostatic poten-, _ exp{—gd—#VT), and n,=n. exp{—dd
ip ic p i ifs im ic m

tiale is the highesfi.e., z=z, in Fig. 1(a)] betweenz=z, — AT Here, u, = — (edy—edn)/(B,— By is the value
of u at the intersection of two lineg=uB,+ed,, €

dElectronic mail: katanuma@prc.tsukuba.ac.jp =uB,,te¢, in Fig. 1(b). Henceforth, the standard nota-
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FIG. 1. Schematic diagram of the end mirror cell of a tandem mitepris
the axial magnetic and electrostatic potential profilbsis the ion velocity for e<uB,+e¢, and e=uByt+ed, and u<p, .
space described by and u. Here, the symbolg, R, and§ are the lines (12)

e=uBi+te¢;, e=uByt+ed,, e=uBy+edy,, respectively, inb). These . .
lines symbolized by, %, andF in (b) correspond to the ion velocities, the Here, u,, =—(ed,—edp;)/(B,—B;) is the magnitude ofc
parallel component of whichy, is zero atz=z;, z=z,, and z=zy, at the intersection of the lines=uB,+e¢, and e=uB;
respectively in(@). +ed;. The constantd,, @, @,, anda, satisfy the rela-
tions in order that the distribution function is continuous
across the separatrix of each region in E8s. (9), and(10),
i.e., (@Bi/Bp—1)Ty=(a;—1)T;, where the distribution
tions are used. The suffixésm, andp of field quantities are ~ functions(8) and(9) are continuous across the liffein Fig.
the values az=z;, z=z,,, andz=z, defined in Fig. 1), 1P, and (@—1)T;=(ay—1)T,, where the distribution
respectively. functions (9) and (10) are continuous across the line
The ions flowing out of the central cell of a tandem = M« - o o
mirror are assumed to be Maxwelliin the rangev,=0) at The electron distribution functiof, is assumed to be
the inner_ mirror_ throafz=z). The ions trapped in the .ther- me |32 e+ed,
mal barrier region are assumed to be non-Maxwellian be- f.= neb<m) xp{ -
cause the ion density at=z, is usually smaller than that in € €

] for e=uBy

the central cell when the nonzero thermal barrier potential —edy, (13
depth is observed, which was pointed out experimentally by 2o
Postet al® The ion distribution functions are different from fop | Me _ €tedp— aquBy for e
each other in;=0 andv| < 0 in Egs.(1)—(6), because the e el o7 T, (1—ag)Te
ions passing over the outer mirror thro@=z,) do not

" <uBp—edyp, (14

come back to the thermal barrier region.
. The ion distributiqn functiqn in _thg regionnzz} z, @s wherengp,=n;. exp{d ¢,— ¢ 1/Ts. Here, the electron distri-
given as follows: At first, the ion distribution functio; is bution function(13) and (14) is applied in the regioz,<z

assumed in the region @f =0, which is < z,,in Fig. 1(a). The electrons are assumed to be Maxwell-
ian in a part that comes from the central cell. The fundamen-
m; %2 e—edg, tal electron cyclotron resonance heatitg.ECRH) is as-
flznic(m) p[— T, ] for e=uB; sumed to be applied at the poiB=2B,, so that the

electrons trapped in the plug potential are assumed to be the
+e¢; and e=uB,+ed,, (7)  non-Maxwellian distribution in Eq(14), which is consistent
with the Fokker—Planck simulation results obtained by Mat-
where these ions flow from the central cell. The distributionsuda and Rognliet?

function of ions trapped in the regiony,=z>z, is given, The parameters;, ay, «p, @y, anda, describe the de-
respectively, in each region of velocity space as gree to which the trapped-particle phase space is filled, as
adopted by Cohef?. This type of distribution function is a
m, |32 e—ed;— a;uB, simplest distribution function, which has the effect of the
fi=nic 2T Xp — T d—a)T, for € non-Maxwellian distribution but is analytically integrable in
! v velocity space. Here, we require that@,<1 in Egs.(4)
<uBjt+e¢; and e=uB,+ed¢,, (80 and(5), assuming that ions are not produced in the region
Phys. Plasmas, Vol. 4, No. 7, July 1997 Katanuma et al. 2533
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outside the outer mirror throat. And, we require thgt1 in

Eq. (12), wherea, should have the value close to unity. (a) @ D) Yy

Here, we show the various orbits of ions and electrons

that are taken into account in this manuscript. Figuf@ 2 ® C - D)

displays the schematic diagram of orbits in the axial mag-

netic and potential profiles shown in Fig(b2 The orbit QC o Co @O®
symbolized by is that of ions that come from the central

cell, where the distribution function is given by Ed). The @
orbit (@ is that of ions that are trapped magnetically in the @ ) )

end mirror cell, where these ions are given in E8). The ® :)
symbol@is the ion orbit where ions are trapped electrostati- (b)

cally in the end mirror cell and the distribution function is @ : SK 3

given by Eqs.(2) and(6). The Yushmanov trapped ions are central /i i (I) P ; end wali
given by the orbits@), (8, and(®, where ions are trapped in cell ’ ‘ : \

.............

the region betweea=z, andz=z,,. The distribution func-
tions with orbits of the Yushmanov trapped iof@® (B, and

~
~.
.
~-..
=

. . . . =

(® are given by Eqgs(9), (10), and (11), respectively. The % Z Zp Zm z
orbits of ions that are born around the plug region@eand =B teb
®. The distributions functions with orbit§? and (® are (C) _____ " emiBired;
given by Egs(4), (5), and(12), respectively. € @p / @ e=iByted

The electron orbits are indicated by the symb@s, R PR
. The electrons flowing from the central cell are reflected
first by the thermal barrier potential depth, and second by the
potential drop beyond the outer mirror throat, where the dis- e=liBy+edy

tribution function is given by Eq13). The electrons trapped
in the plug potential are denoted by the symi| and its

distribution function is given by Eq14). o . . L
The ion velocity spacée ) diagram is shown in Fi FIG. 2. Schematic diagram of ion and electron orhig:is the orbits in the
y Sp - 9 g. magnetic field and potential profiles, which are showribn and(c) is the

2(c). Here, the axial regioz,<z=<z, is considered in Fig. ion velocity (e,) space diagram.

2(c). The location of each symbol displays the region of

existence in the, u space, where the ions in the region with ] ) .

each symbol in Fig. @) correspond to those with the orbit mal barrier region are assumed to be non—Maxwelllap, yvhere
indicated by the same symbol in Fig@2 The distribution the constant; is introduced in Eqs(2), (6), and(8). Simi-
function should be continuous everywhere in the velocity!@ry, the Yushmanov trapped ions are also assumed to be
space, so that the distribution functions defined in each rg?0n-Maxwellian. So, we introduce a constagtin the dis-
gion (D —(® are required to be continuous across the boundltfibution function of Eqs(10) and(11).

. . o . Although the ion distribution function in Eq9), which
aries of the region where the distribution functions are de- . -
fined 9 is symbolized by(@) in Figs. 2a) and 2c), has constants,

The Yushmanov trapped ions in regio®, &), and anday, these constants are determined uniquely in terms of

(® exist in a different region from each other in FigcR T.i’ i s gnd x bgcause of the gontlnuny condltlop of the
. L . . . . distribution function across the line=u,, and the lineR,

The distribution function in(@ is continuous with that in as already mentioned in this section

(@ across the separatrik, and the distribution function in The Yushmanov trapped ions syrﬁbolized@/ ®, and

(® should be joined continuously to that(@® across the line

St : _ _ ® in Fig. 2 do not influence the formation of plug potential,
. S0 the distribution functions i@ and © are defined 1+ have an effect on the potential profile fram: z, 102
with different forms, as seen in Eq®) and(10).

. . : =Zny.

Whether the jump of the potentiélormation of sheath Examples of the ion distribution function at=z, are
potentia) occurs across the axial coordinate z, depends  gisplayed in Fig. 3. The ion distribution function in the re-
on whether the ion distribution function is continuous acrosgyion y,=0 is different from that in the region,<0 atz
line R in the velocity space in Fig.(2), as shown later in — z, in Fig. 2 because the ions escaping from the outer mir-
this manuscript. The distribution function of ionized ions in (o throatz=z,, are assumed to not come back to the central
region(®) in Fig. ZAc), therefore, is required to be continuous cel|. The ion distribution function in Eq2) is written in
with that in D across the separatri®. And the coefficient terms ofv, andv, atz=z,, which reduces to

aq in Eqg. (12) is ;=1 in order that the distribution function 302
|
fi_nlc<27TTi) exp[

0.0 l'.l* u** ”

of ionized ions decreases away from ligfe _ Mivi  Mivl ey ed; ,
The distribution function of ions in regio® is the same 2T, 21, (1-a)T,

as that of ions i3 in Fig. Zc). As mentioned previously in  with T=(1—a)T; and T, =(1—a;)T;/(1— a;B;/By) by

this section, the ion distribution functions trapped in the therusing the relations e= %mi(vf+ vf) +e¢, and u
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distribution function in Eq(14) is the same type of ions as in

: (a) Eq. (2). The distribution function of electrons trapped in the
a=-20 a=09 plug potential becomes bi-Maxewllian in the case @f

i <0, as seen in Figs.(d and 4b). On the other hand, the
electron distribution function reduces to the state of few
trapped electrons in the case @f>1, as seen in Figs.(d)
and 4d).

lll. ION AND ELECTRON DENSITIES

A. Densities at the plug

(b) We assume that the charge neutrality conditions holds
around the plug region, thus, the electrostatic potential
around there is determined by the charge neutralityn,.

: Requiring thatB,<B; and ¢,=¢;, the ion density is ob-

A R : tained by integrating the distribution functiofis)—(6),

=20 op=09

a(Rip—1) [R,— 1|12
ni=nNic |( ip )( ip )

exp— P}~ aRp,—-1 | R

escaping ip

coming back

0.0

n.
+ 22 (1—ap)

Vil
'P(I)D
Xexp, —
FIG. 3. The contour plot of ion distribution function at the thermal barrier Rip_ 1
z=1z,. In the figure, the parameters ai,/B,=2.0, B;/B,=B,/B,

=6.0, e(¢— ¢p)/Ti=1.0, e(¢p,—¢))/T;i=1.5, ande(¢y—¢;)/T;=1.0, B (1-a )3/2
respectively. The solid lines describe the separatrixes. The lines denoted by —(1-a )1/2 exp — M+ Bp o p
@, R, andF correspond to the lines with the same symbols in Fig);1(a) p T, apRmp— 1

is aj=—2.0, a,=0.9, and(b) is a;=2.0, p,=0.9.

Xex% M Bp] n a’p(Rmp_ 1) ( Rmp— 1) v
T; apRmp—1 Rmp

=mvf/28b. The distribution becomes bi-Maxwellian with
positive T, and T, in the case ofx;<0 in the region indi- Xexp{ _ M Bp”_ (15)
cated by ‘B-trapped” in Fig. 3a). The distribution function, T
however, changes from Maxwellian to the state of no trapped
ions in the case of;>1 in Fig. 3b).

Examples of the electron distribution functionzt z, Here ®,=¢€[¢,— ¢;]/T; and Rjy;=B;/B,, Ry,;=Bn/By;
are shown in Fig. 4. The electron distribution function is erf{ } and erf¢ } are the error and complementary error func-
symmetric about =0, with the assumption, in this manu- tions defined by etk}=2/% exp{—t?}dt/\/z, and erf¢x}=2
script that all electrons escaping from the outer mirror throatx [ exp{—t3} dt/\/7, respectively. Ifa,=0, namely, if the
come back to the central cell again, so that only the regiomistribution function of ionized ions is the same as that of
v, =0 is displayed in Figs. &) and 4d). The passing elec- coming back ions, which is obtained under the assumption
trons are assumed to be Maxwellian, which is given in Eqthat all ions passing over the plug and outer mirror throat
(13), and the passing component of electrons is seen in theome back to the central cell, the term proportionahtp
region denoted by “passing” in Figs.(d) and 4d) and in  becomes zero in Eq15).
the regione= uB,—eg¢y, in Figs. 4a) and 4c). The electron The electron density is given by Eq4.3) and (14),

r a'e( pr_ 1)3/2 q)e 1/2 (ae_ 1)3/2pr q)e 1/2
+ - =
Nep| XP{D }erfe] VD o} Ron— e Ds Rop—1 Roo— e Ds - for a.=1,
e (R _ 1)3/2 1) 1/2
Ne= ¢ neb[ exp{® Jerfc{ D} + eR pb_ S Ds R il (16)
3/2R 16)) ph ; 1) 1/5b
(1-ae) pb e e
+ <

\ y— ex 1=, erf -, for a.<1,
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(b)

passing

"

0.0
0.0 Vll

€ Vi
> ,.VQ,Q/@‘&Q
SR
ae=2.0 b
0.0 u 0.0 VII

FIG. 4. The contour plot of the electron distribution function. In the figure, the parametels, #8g= 3.0, e($,— ¢p)/T,=3.0, (&) and(c) are the velocity
space described by and u, and(b) and(d) are the distribution function at the plug=z,, which corresponds t¢g) and (c), respectively. The solid lines
describe the separatrixes and the solid lineghjnand (d) are the linee= uB,—ed¢, in (a) and(c), respectively.

where @ .=¢[ ¢,— ¢,]/T, and R,,=B,/B,. The func- tial maximum. Provided that the density is differentiable
tion Do} is defined as Ds}=2exp with B and ¢, it is written asd¢(Bp)/dBy,=—[dn;/dB,
{—x?} % exp{t3}dt/\/. —dNneldBLlI[an;1dpp—dngldy]. Therefore, the plug po-

The charge neutrality conditiom = n, gives the electro- tential should satisfy both conditions that(B,,#p)
static potential as a function @, i.e., p=#(B). The plug  =ng(B,¢p) anddin;(B,,dp)/IBy=dne(By, ¢p)/dB,. The
potential ¢, should satisfy the conditions that,>¢; and  explicit form of the derivative of each density with respect of
d¢(Bp)/dB,=0 because the plug is a position of the poten-B at B=B,, is given by

i _me | Rip®p a,(R,p 3’2(1) ) ai(ai— 1R (Ri,— 1)
dB, B Rp—1)[ aiRjp— R; —1 Pl (aiRp—1)° | Ry
Nip a, (1- ap) Rmp
+ZB —,—( )12exp{ ] 1- ex4 ] (1-a Rmp)
(1-ap) "1+ (2- 3ap)Rmp}( mp— ) ~ By (1—ap>1’2Rmpu*Bp(Rmp—l)l’z}
2(1- apRpp)? Rmp (1 ap Rip) Ti (1— apRpp) T Rmp ’
(17)
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(%ae(pr_l)llzDs{( D, )llZHpr—Sae-}—Z @, ]_i_a'e(ae_l)s/zDs(( ®, )1/2]_ ae\VPe
Byl Rpp—ac Rpp—1 2(Rpp—ae)  Rpp—1)  (Rpp—ae)” ae—1 VT (Rob— e)

for a.=1,
jge: Net] e R 1)1/2DS{( ®, )1/2] [pr—Sae-i-Z o, ]_aeu—ae)afznx p{ ®, ]erf[( o, )1'2}

P Bb pr—ae pr—l Z(pr—ae) pr—l (pr—ae)2 1—ae 1—ae
a\P
—e—\/_e for a.<1.
\ \/;(pr_a'e)

As seen in Eq(17), the magnitude o#n;/dB, grows infi-

distribution function, which is defined in the rangg<z

nitely large asx, approaches unity. Thus, the plug potential < <z,, so that the electrostatic potential is continuous from
does not form if none of the ions are produced by the ionz=z, to z= z,. The next problem, therefore, is to find the

ization around the plug region. For the casexpf=0, the ion
distribution function is symmetric around the line ©f=0,

as seen in Eqg1)—(6). Throughout this manuscript, we as-
sumeT;=T,.

The procedure to find the solution ¢f, and B, is the
following: At first, we find the solutionp®= ¢“(B,), satis-
fying the equationn;(¢“,By)=ne(¢“,B,). At the same
time, the solutiong?= ¢#(B,,) is determined by solving the
equationdn;(¢*,B,)/dB,, —o’!ne(g{)ﬁ B,)/dB,. The plug po-
tential is obtained if the two solutiong®(B,) and ¢ﬁ(Bp)
are equal.

Figure 5 displays an example &f“= ¢“(B,) and PP

condition in which the potential is continuous in the region
z=1z,.

The ion density is obtained by integrating the ion distri-
bution functions(7)—(12) in the velocity space, the explicit
form of which is too lengthy to be written down in this
manuscript.

The conditions in which n;(B,®)=n.(B,$) and
ani(B,¢)/dB=dng(B,¢)/dB at z=z, are required for the
plug potential formation. The magnitude and location of the
plug potential are determined by using the ion and electron
densities in Sec. Il A, where the ion distribution function

=¢#(B,). One can see that there is one intersection of thélefined in the regioz=<z, is used. In order that the electro-

two solutlons in both Figs.(®) and Jb). It is seen that there
is a position of the potential maximum betweBhB,=1
and B/B,=6(=B,/By). Figure 5 demonstrates that the

static potential in the regiom<z, connects smoothly with
that in the regiore>z,, the differentialdn;(B, ¢)/JB cal-
culated by the ion distribution function defined z» z, is

plug potential is created only by ions coming from the cen-required to be the same as the differential in Ety). The
tral cell, ions trapped in the thermal barrier region, and ionsstraightforward but tedious calculation verifies that the dif-

born around the plug region but without resorting to high-

ferential on;(B, ¢)/dB, by using the ion distribution func-

energy sloshing ions, where the detailed analysis is given ifions in Eqs(7) and(8)—(12), coincides with the differential

the papef®

B. lon density in the region z>z

p

(17) as long as the conditiod¢(B)/dB=0 is satisfied at
=z,.
The explicit form of the electron density,(¢,B) in z

It is demonstrated in Sec. Il A that the plug potential is =2, is the same as that in the regiasz,, which is given

created between=z, and z=z,, within the present model.

by Eq.(16) by replacingB, and ¢, (i.e.,R,, and®,) with B

The ion density at the plug is determined by using the ionand ¢ (i.e., R, and®,,), respectively:

( 1)3/2 q)ez 1/2 (ae_ 1)3/2Rb q)ez 1/2
neb exp[® erfc{ VP4 + —ae Ds Ro—1 T T R—a Ds )
for a.=1,
Ne= < ¢ a (Rb_1)3/2 P 1/2 (1_ a )3/2Rb 1) 1) 1/2 (18)
e ez e ez ez
Nep EXP[Peterfef VPt + Ro— Ds{ ( Ro— 1) } + Ro—a. exp[ 1_ae]erf{ ( 1= ae) ”
\ for a.<1,

where®,,=e€[ ¢— ¢ ]/ T, and R,=B/B,.

IV. THE ELECTROSTATIC POTENTIAL

A. The electrostatic potential around the plug

for various parameters ef; , @, ande,. As is displayed in
Sec. Il A the solution that satisfies the conditiomg,B)
=ng(¢,B) and dn;(¢4,B)/IB=dn.(¢,B)/9B can exist be-
tweenz=z, andz=z,.

At first, the results withv,=1 are shown, where the ion

In this section, we show that the plug potential is formeddistribution function does not have a loss cone distribution.
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aj=2 Ole= -100 ap=0'0 e(¢i'¢b)/Te= 25 50 T T T T T T T T T 7.0

L5
(a) Q=20
aob 1000 60
e
.~ - 30r o
, . , ) .. & a
1.0 2.0 3.0 4.0 5.0 6.0 S2op %= )
Bp/Bb <
Lo =2 Oe=-100 Op=099 e(di-Ob)/Te=2.6 10} N\
E 0.8 L (b) 0.0 Lz i . 1.0
~~ z"
=06} 6. 0.0 4.0 6.0 10.0
woal O e(0i-0v) / Te
& / 1.6 . . . . 7.0
o 02} :
0.0 —
1.0 2.0 5.0 6.0

3.0 2.0
Bp/Bb

FIG. 5. The solutiongs® and ¢# as a function oB,/By.

Bp/Bo

This case does not require the information on the outer mir-

ror throat, so that this is the simplest case for the plug po- e Oe=2.0 0
tential formation. 0.0 05 10 15 2.0 25
Figure Ga) displays the plug potentigion-confining po- e(0i-0b) / Te

tentia) e(¢,—¢;)/T; as a function of the thermal barrier

potential depthe(¢; — ¢,)/T.. One can see the plug poten- FIG. 6. The magnitude of the plug potential as a function of thermal barrier

tial can form in a wide range of thermal barrier depths anodepth in the case vaP=1. Solid lines represent the location of plug, i.e.,
L B,/B,, and dashed lines are the magnitude of the plug poteitdiais the

ae. In the case of.>1, the plug potential is not created _*__ ofe,=2.0 and(b) is = 2.0,

because the temperature of the electrons trapped in the plug

potential is lower than that of the passing electrons. That is,

the plug potential formation requires electron heating arounghotential is found to exist in a wide range af,, where the

the plug region by an externally injected microwave. Thea, have an effect on the location of the plug potential as well

higher plug potential is created with deeper thermal barrieas its magnitude. As mentioned in Sec. Ill A, the leading

potential depth. On the other hand, the location of the plugerm of dn;(¢,,B,)/dB, in Eq. (17) is proportional to

potential moves to the position of lower magnitude of then; a,, /[By(1— ap) 2], so that asa, approaches unity, the

magnetic field with a deeper thermal barrier. It is found thatdifferential n;,/B, becomes larger in order to satisfy the

the electron distribution function influences both the magnirelationdn;/dB,=dne/dBy,. This is the reason why the ra-

tude and location of the plug potential. tio of B, to By, is smaller with largeir,, at the same thermal
Figure @b) displays the plug potential as a function of barrier depth in Fig. (@).
thermal barrier potential depth as in Figab In Fig. 60b) the The results for varioug., B, /T; are shown in Figs. (b)

coefficienta, is fixed. It is seen that the plug potential can beand 7c). As the definition, the value ok, is positive defi-
formed for a wide range of thermal barrier depths and  nite, so that the positive cases are shown in Fig. 7. The
The remarkable feature in Fig(l§ is that the height of the solution is not found in the case @f, B,/T; being larger
plug potential does not depend @n so much, but it be- than 1.2 fora,=0.9, while there is no solution in the region
comes larger with deeper thermal barrier depth. whereu, B,/T; is larger than 0.4 for,=0.99. The location
Through Figs. 6a) and @b), the location of the plug of the plug potential is much more influenced by the
changes with the thermal barrier depth even if the coeffiu, B,/T; than the magnitude of the plug potential. The re-
cientsa; ande, are fixed. The ion and electron distributions gion where the plug potential exists in Figlby almost co-
change with the thermal barrier potential depth because thigcides with that in Fig. &).
separatrix distinguishing the trapped and passing particles In summary of this section, the plug potential can form
changes with thermal barrier depth. easily within the present model. The height of the plug po-
The following results are the cases in which the ion dis-tential increases with the thermal barrier depth. The location
tribution function has a loss cone. The electrostatic potentiabf the plug potential also changes with the thermal barrier
atz=zg is given in advance through the quantjiy, in the  depth, where the location moves to a lower magnetic field
plug potential formation. with a deeper thermal barrier depth. The region where the
Figure qa) displays the case of,B,/T;=0.1. The plug potential exists does not depend @pas much.
constanta,, represents the distribution function in the IossB Potential profile b d the bl
cone. With the assumption that the distribution function de-~" otential profiie beyond the piug
creases in the loss cone region from the loss cone boundary, The plug potential is obtained by using the ion distribu-
the magnitude ok, takes a value between 0 and 1. The plugtion function defined in the regior<z,, where the condi-
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‘,,;-""\ 0‘0_ 40 E FIG. 8. Contour plots oh;—n,. The dark colored region is;>n, and the
o~ 02 7oA white region isn;<n,.
5 {30 A
04 INWB, /T, -00120
o0, NI 1.0 plug and then being reflected by the magnetic field at the
‘E‘(‘;_ o )‘791, 8.0 100 outer mirror throat.
Cloi-bv)/ e 70 Figure 8 shows an example of the potential calculated by
5.0 'ocp;o.99' =20 7~ ’ the charge neutrality condition by using electron dengiB)
| 1B /T, =00 C {6.0 and the ion density, the explicit form of which is not written
40[ uB, /T, . y p
i \ {50 in the manuscript. Here, to display the quasineutral profile,
~ 3.0} 01 .,.»K %0 m we plot the contour surface of the zero-levelmpf-n, as a
© 02 T N 140 function of B/B, ande($— )/ Te. This procedure ensures
\_9?2.0 | o0 * 130 A that we will find all possible roots af,=n,. The parameters
S ol oo .\01 ' 20 used in Fig. 8 and;/B,=6, e($;— ¢y,)/Te=2.3, a;=—2,
02 \\;: ' WwB, /T, =00 17 @e=-100, ,=0.9, ay=1, andu, Bp/T;=0.37. The loca-
03 -3 ~03 02 1.0 . . . .
0oL == TR — : . tion and magnitude of the plug potential are determined by
0.0 20 40 8. 8.0 10.0

0 .
. solving ni(¢,,Bp)=ne(¢p.By) and dni(¢,,B,)/dB,
e(i- ¢o)/ Te =0ng(¢p.By)/dB,. The resultant plug exists at

FIG. 7. The magnitude of the plug potential as a function of thermal barrier?p/BbIS'S’ &(¢p—4)/Ti=0.31, and e(dm—¢)/T;
depth in the case af,# 1. Solid lines represent the location of the plug, i.e., — - 12. . . . ) o
B, /By, and dashed lines are the magnitude of the plug potefitais the The dark painted region is whem —n, is positive,

case ofa;=2.0 and u,By/T;=0.1, (b) is the case ofe,=0.9 ande;  while n;—n, is negative in the white region. The boundary,
=2.0, and(c) is the case of,=0.99 anda;=2.0. therefore, represents the possible roohof n,=0 in Fig. 8.

It is seen that the potential jump is observedzatz,. The

actual electrostatic potential is determined, in general, with

the help of the Poisson equatidnp= —4me(n;—n,). The
tion d¢(B,)/dB,=0 is derived from the potential solved in solution for ¢ obtained from the Poisson equation is well
the regionzs=z,. The potential just inside the plug, i.e, approximated by the one obtained from the quasineutral
=<z,, therefore, is continuous, that is, there is no potentiakquation n;j=n., where the two solutions differs by
jump. This is because there exists a population of ions proO()\zD/Lz), and the solution to the Poisson equation satisfies
duced around the plug and going toward the central cell, i.ethe charge neutrality to the same order. Harg,andL are
a,#1, and a population of passing ions flowing from thethe Debye length and the scale length for potential variation,
central cell. respectively.

There is a possibility of sheath potential formation in the ~ When the potential is smoothly varying witt®\ , the
regionz>z,. In this section, therefore, the condition under assumption of quasineutrality provides a good approximation
which the potential connects continuously across the plug i$o the solution of the Poisson equation. The jump of the
made clear. potential, however, shows the breaking of the charge neutral-

It is well known that the sheath potential generates inity condition atz=z,, so that the Poisson equation, instead
such a case, so that the ions with zero drift velocity areof quasineutrality, should be applied there. The sheath poten-
accelerated by the electrostatic potential and then are aftial, therefore, is formed at=z,.
sorbed at an end wall. The situation at the plug is just the  Another remarkable feature in Fig. 8 is the¢B/B,) has
same as the sheath potential formation in the caserpf a multivalued solution at the position finely different from
=1. The only different point from the sheath formation is B/B,=1, so that the full Poisson equation treatment is re-
that there exists a population of ions passing through theguired to establish the true potential there. The solutions of
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the Poisson equation vary with the boundary condition, that 4 (arb. unit)
is, whether starting fronz=z, or from the end wall. _ _ _ _ )
Whichever boundary condition is chosen. there is FIG. 11. Potentlal_ profiles for varous thermal barrier potential dg;{ﬁ)s.

o - . ! aand(c) are a function oB/B,,, and(b) and(d) are plotted as a function of

minimum reg'on Of pOtentIa| betwe@‘F Zp and the end Wa” Z. Here’ the parameters used are thaﬂg{:—zloy ap20.99,a)<:0.9, a,

=1.01, andu, B,/T;=0.2 in all figures. Especiallf@) and(b) are the case

of @;=2.0, and(c) and(d) area;= —2.0. The magnetic-field profile used in

(b) and(d) is that in the end mirror cell of theamma 10 tandem mirror.

ag=1.007

dp

in Fig. 8, where ions are trapped in the potential well by
Coulomb pitch angle scattering, leading to another state of
electrostatic potential. To determine the resultant potential
profile, the ion distribution function trapped in the potential
well must be determined, which is beyond the scope of this
manuscript. Even if the distribution function of ions trapped
in the potential well is determined and the potential profile is
recalculated by using the distribution function, the sheath
. potential will remain az=z,.

Bm The cases ofa,#1 are shown in Fig. 9. When
@4=1.0007, there is no potential jump around z,. Here,

the change ofy, slightly away from 1.0 takes into account
the ions that are born around the plug and escape toward the

Om
Bp B
FIG. 10. Contour plots of;—n, in the case otry=1.007. The dark colored

region isn;>n, and the white region is;<n..
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outer mirror throati.e., ions indicated by orbi@®) in Fig. 2. Atfirst, the magnitude and position of the plug potential

Although the potential has the multivalued solution in the@ré determined by the method described in Sec. Ill A. And,
neighborhood ofz=z, in Fig. 9b), the smooth potential then the potential is solved by the ion and electron charge
profile is obtained. The state, however, is not stable. By &€utrality condition. . _ .

slight variation of potential height at=z,, the topology of ~ Figure 11 shows the various potential profiles deter-
the potential profile shifts to that in Fig.®, so that the ~Mined by the charge neutrality condition. As can be seen in
small oscillation of the potential @=z, leads to a large Fig. 11, the continuous potential profile, which hag its maxi-

oscillation aroundz=z,. In the case ofx;=1.007, the po- Mum at a point midway between-z, andz=z,, is ob-

tential has a single valued solution aroundz,, as shown tained for various thermal barrier depths. The maximum po-
in Fig. 9c). P sition of the potential profile moves to the lower magnetic-

The potential profile fronz=2z, to z=z,, is plotted in fit_eld side as 'Fhe _therma_l barrier_ potential dept_h is deeper in
Fig. 10 for the case of,=1.007. It is found that the single- Fig. 11_(a), which is conS|.stent with the results in Sec. IVA.
valued solution of the potential, being maximum z¢ z, The width of the potential becomes larger with the deeper
and decreasing towarz=z,,, exists. The formation of the thermal barrier depth. . .
multivalued solution, such as in Fig(&, is due to the exis- The calculated potentials at=z,, are larger thang; in
tence of the outer mirror throat. If there is not an outer mirrorthe case o&(¢;— ¢;,)/Te=3.6 in Figs. .113) and 11b), and
throat, i.e., there is not a gradient of the magnitude of thdarger thang; in e(¢; — ¢,) Te=2.6 in Figs. 11c) and 11d).
magnetic field, the present problem is the same as a normahere is a pppulatlon of magnencqlly trapped _hOt electrons
problem of the sheath potential formation. Figure 10 indi-2roundz=2z, in an actual tandem mirror, which is neglected
cates that there is a potential profile, which is maximum afn this manuscript. The hot electron population should be
2=z, with d¢(B,,)/dB,=0, and decreases toward the outertaken into account for the potenpal in the nelghb(_)rhood of
mirror throat within the present model. z=2z,, which will make the magnitude of the potential lower

The potential is found to be continuous across the plughan¢i aroundz=z,. The important point in Fig. 11 is that
[as in Fig. 9b)] whenay is larger than 1.0002—-1.0012, de- the potential has a maximum betweenz, andz=z,.
pending on the parameters af, a,, andu,B,/T;.

C. Plug potential profile V. DISCUSSION

The magnitude and location of the plug potential are
investigated in Sec. IV A and the potential profile from the ~ The formation of a continuous plug potential requires the
plug to the outer mirror throat is demonstrated in Sec. IV B.ion distribution function to be characterized by in Egs.(4)

So, the remaining problem is the potential profile around theéind(5) and by in Eq. (12). Those ions are assumed to be
plug, which is shown in this section. The potential profile issupplied by the ionization process around the plug and to
obtained by the charge neutrality condition of the ion andescape to the central cell and/or end wall. So, we estimate the
electron densities. magnitudes ofv, and e in the following.

The ion density in the regions<z, and ¢,=> ¢= ¢; is We consider the ion distribution functidf . The distri-
given by integrating the distribution functioii$)—(6) in the  bution functionv,>0 (defined byF;" andF;") is that escape
appropriate velocity space, though the explicit form of theto the end wall and the distribution functien<O (defined
ion density is not written down in this manuscript becauseby F;) corresponds to those escaping to the central cell.
the form is too lengthy. That is,

. m; 3/2 €_e¢i
Fi=nic| 5—=| exp— T , for € >uBy+e¢, and € >uB,+ed,,
I |

312
= 3 €—edp— aguB,
F; _nlp(—z Ti) exp[ Tt )’ for € >uBy+ed, and esuB,+ed,, 19

3/2
~ m; e—ed,—apuB,
. = . — _—— > < i
F; n,p( = ) exp[ (I—ap)T, , for e >uB,+ed, and u<pu,
Now, we calculate the particle fluxels | jﬁ, and'ji’ atz=z,, where
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escaping to end walll;" h
the plug and escape to the end wall, @ndis the current of

is the ions of which are born around effect in the end mirror cell due to lower density. The gas

pressure, however, is lower in the end mirror cell because the

ions that are born around the plug and escape to the centraeling sources are all in the central cell and the particle

cell.

Noting thatap,=<1, aq=1 and both constants, and
aq are close to unity, it is estimated that/J;"=(aq—1)
andJ 137

dumps around the end mirror cell may be well shielded from
the plug region. The detailed analysis of the ionization rates
around the end mirror cell, taking the above shielding into

=(1-ap). All ions in a tandem mirror are pro- account, have not been done yet in thevMA 10 tandem

duced by the ionization process of neutral atoms. The ratio ofnirror.

the ionization current around the pllqge 3 +3‘) to the
ionization current in the central celle., J5) should be equal
to the ratio 0 +J3.7)/J;" .

The position of the plug potential depends on the rate of
ionization through the coefficient, in Eq. (4) as shown in
Fig. 7(a@. On the other hand, the electron cyclotron reso-

Assuming that the ionization occurs uniformly in a tan- nance poinw= wce, Wherew is the frequency of externally

dem mirror, the ratio JI +J )/J;" should be equal to the injected microwave, is

ratio of each vqumQ(Az/Bp)/(fdz/B)] whereAz is the

located aB/Bp,=2 in the
GAMMA 10 tandem mirror. The efficiency of the plug poten-

width of plug and the integrations are carried out through theial formation, therefore, is expected to be best when the plug

whole region in the tandem mirror.
The integration is estimated to ljémdz/BzO.l?) cm/G
in the GAMMA 10 standard magnetic field. Assumirdg =2

exists atB/B,=2. Control of the ionization rate in the end
mirror cell is important for plug potential formation.
The mechanism of a plug potential formation could be

cm andBp=10 kG, whereB,, is a fundamental electron understood as follows: At first, we consider the situation
cyclotron  resonance  point, the ratio becomeswithout ECRH and ionization in the end mirror cell. The
(Az/By)/J(dz/B) = 0.0015. This value corresponds to that 4xja| profile of the magnetic field is assumed to be symmet-

of @, =0.998 andxq=1.0015, in the parameters of which the ¢ aroundz=z,, as shown in Fig. 12. The ion and electron
continuous plug potentlal determined by the charge neutral-

orbits under consideration are the same as those in Fig. 2.
ity condition is created within the results of this manuscript.
. A . ‘The temperature of the electrons trapped in the regipn
As is seen in Figs. Ab) and 11d), the profile of the <7<z, is the same as that of the electrons passing from the
potential is very flat around the plug, so that the ions respon- = ?’ Iin Fia. 1 0in Eq.(14 pB 9 h
sible for the distribution function characterized by and central cell in Fig. 12a), i.e., a,=0 in Eq.(14). Because the
a, can be born in a wide flat area around the plug. The widtHon and electron densities and potential are a function of only
AQ, therefore, can be larger than 2 cm in thamma 10 B, with the assumption that the ion and electron distribution
tandem mirror, where the axial |ength of the end mirror Ce”fUnCtions are constant along its OrbitS, the axial potential
is about 250 cm. profile is symmetric around=z,, as shown in Fig. 1@).
The above estimation of the ionization rate neglects the The asymmetry of the electron temperature aroand
plasma shielding of the plasma core from neutral gas. Shield=z,, i.e., a,#0, can break the symmetry of the potential
2542
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(a) sheath formation. We suppose that those populations of ions
and electrons are plausible in the present tandem mirror.
The parameter survey was carried out by using the dis-
tribution functions given in advance, the results of which
revealed that the plug potential can form in a wide range of
parameters of the distribution functions. The efforts to deter-
mine the distribution function itself self-consistently is re-
quired as a future problem. The essential conclusions, how-

central
cell

(b)

central ever, will not be too different from the present results.
cell The amount of supply of ions, which is required to form
the plug potential with continuous axial profile, is not con-
tradictory to that estimated in th@eaMMA 10 parameter. This
ECRH amount of t_he supply has an influence on the Iocation. of the
plug potential, as well as the magnitude of the potential.
(C) <= =) ionization
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