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Abstract

The steady state pressure balance between a plasma and

a low pressure neutral gas is calculated by the continuum
approach in order to predict the critical denstiy of a neutral
gas above which the plasma is drastically affected. The
diffusion in the plasma-neutral gas boundary induces a

large diamagnetic current which also induces the large
pressure difference between a plasma and a neutral gas.

This means that a plasma may be affected even by a low

density neutral gas.
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1) Introduction

The neutral particle penetration into a magnetized plasma is
known to have important effects on the spatial distribution
of the plasma density and plasma temperature /1/,/2/. When

a plasma is sufficiently dense and the plasma radius is
sufficiently large, the plasma is impermeable to neutral

gas and a "neutral gas blanket" forms around it. From such a
layer electrons and ions as well as high energy neutral
particles hit the wall, which results in wall recombination
and sputtering, followed by an influx of neutral gas and of
impurities. These neutral gases are ionized in the boundary

and balance the charged particle losses.

Particularly important is the effeet of neutral particles

on a full scale Tokamak in which the neutral gas accumulates
around the plasma. Recently, Lehnert/3/ pointed out that,

in recent Tokamak experiments whose plasma density is in the
transition region between permeable and impermeable plasma,

the collisionless ballooning mode produced by the steepened

pressure distribution leads to an instability which may have

some relevance for disruption.

In order to have an insight into the effect of the pressure
of this neutral gas blanket on the plasma pressure - even
when the plasma pressure is compensated by a magnetic field
gradient, the steady-state solution of the plasma-neutral gas
boundary is solved for a simple case, and then we try to find
out at what neutral gas pressure the plasma begins to be af-
fected.

2) Assumptions and basic equations

The folbwing assumptions have been made in the present calculation:
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A fully ionized plasma is surrounded by a low pressure neutral
gas which contacts a wall located at x = o. At X-* 00 , the
uniform fully ionized plasma is sustained. A magnetic field

is applied in the z direction. All quantities are independent
of the y and z directions. The temperatures of electrons, ions
and neutral particles are assumed to be constant but unequal.
These constant temperatures are only an approximation of the
present problem and represent the temperatures which occur
somewhere in the boundary. The magnetic pressure is sufficiently
strong with the neutral gas pressure. The electric current
along the magnetic field in the boundary is neglected. This
assumption may be permitted even in the confined plasma if

/jz By/ in the boundary layer can be neglected relative to
/3y

species. This assumption will be discussed in the section 6

Bz/. The macroscopic fluid equations are applied to each

of the paper. First, ions are assumed to be singly ionized and
there is no anomalous resistivity. But these simple assumptions
will be extended in the following section.

The system of multi-fluid equations for electrons, ions and
neutral particles is as follows:

for mass conservation:
d . ¥ ,( ro—_— o
dz( % dz("““ et “ y
for momentum conservation in the x direction:
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and for momentum conservation in the y direction:
Peon Nla ( Ta—Te )+ mefe N(T-Te ) +eNTB=C. £
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with Ampere's law
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where N,T,U,V,E,B,d,e and m are the number density of
electrons or ions, the temperatures, the velocity in the

x direction, the velocity in the y direction, the electric
field, the magnetic field, the ionization coefficient, the
electric charge of a proton and the mass, respectively.

X;, represents the coefficients of mutual momentum exchange
between i and j species. The subscripts e, i and a represent

electrons, ions and neutral particles, respectively.

We introduce the following normalized quantities:
7=x/[a(12,,))r)'§2,3 f n= /\//{A/dcz_lft (}7&:/\/6‘!//([&0/

=T/ iMT a0 )00} amd b= BB, o
where ./ is the flux of neutral particles, Z2-(7+7.)./7a ,

/
O = (LTt Te ) fomerm: s F o Do =alNao, Ly = (energiam INas/Crerm:),

7
{),; is the product of the F/all coefficients of the electrons

and ions at x = o ( =4yéz;cu {21) and the subscript o re-
presents the quantities at x = o. Then the normalized basic

equations for the present problem are derived from equations
(1) to (8) as

dﬂ - J 5‘}4_(71/)4 -/(j-— b‘t‘)-f— . ,_Qe,:hz . e
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where 8_ is defined by A@,‘é"’/}/{ﬁfﬁ’? ) and § = Qe./é?m

( ﬂl;and é%uare the elastic collision cross sections of elec-
trons with ions and neutral particles, respectively). Summation
of equations (2) - (4) using equation (8) and the relation
n =0 at 7 = o yields the pressure balance relation,

C

2
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In the present analysis, we are interested in the case
where 8 <« 1 (the neutral gas pressure is much lower than
RT3,
equations (10) - (12) are approximated by the following

the magnetic pressure). When Ba<< i, e

equations:
D{,'n‘,_ J -/
Gomviiy ol T ) el
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where W™ =+ 7% In the present problem, the following

boundary conditbns are imposed on the above equations:

Y=/ and wW(=ntna)=/ at y =0

and
Vg = ¢ a,/_t ? _—s Do (/7)

When we divide equation (15) by equation (14), we have the

following equation for Z and N_:

N - Y
AN (TX a0+ 70 )T W+ 72y
3 Relation between pressure and neutral gas pressure

1¥at 7 —ew (and hence 77 at ?-900) can be calculated by inte-

grating equation (18) with the boundary conditon W =1 af Ma=1

The following matching procedure is useful to obtain the
approximate solution of equation (18); }’La decreases from unity
as ? ifcreases and finally varishes at 7 -»eo . When 7’Za is
close to unity (then? > =W and ?‘la> U'z:-l‘w‘ are satisfied)
equation (18) is approximated by
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On the other hand, when n, becomes much smaller than unity,

equation (18) is approximated by

GZ?A/L _ --10'6’1. ?23"—’
LNy = ) (= /

These equations, (19) and (20), with the aid of boundary

condition (19) are integrated to give

7 —‘/2&':’4 ‘.
& = W+ 260 — | 24 2

and o
71 = (et — —m— 2¢L'¢
% - BCL, T 7

respectively. If we match these equations at W = W+ (the

values of W' and const are adjusted so that n_ and %,;:

(22 )

of both equations (21) and (22) become equal at W = W ), we
find that

e
C
—_— 23
W: r‘%‘: and const [ — Ty J'/ )

when(.a—?—fz— ¢<< 1 (this relation is fulfilled for the usual low

8 condition). The relation (23) yields W at "Z — oo as

W ) 2 Z
ut;[:u-aj?_,w)___qu .___(.3’.(2;2' ) ;. (24 )

This solution which was obtained by the matching procedure can
be shown to be a good approximation to the exact solution, at
least when 5“ is close to unity, by the following procedure;
when j~= 1, equation (18) is easily integrated to give
4 Pent .~/
ﬂa:-—?%"-— " 2/4n[1 _tz«f;;'—-—- ('h_,)} /__} (25 )

which yields for ? —3 A 7

A e
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Expanding the ¥ft hand side of equation (26) in Wa // 212
to the third order, we find that

=/3ﬂeg?")/3 ) (22 )




which coincides exactly with the matched solution (24)
for ¥ = 1.

The dimensional form of 7, is obtained from the relation (9):
- Lo :/1’ s
o = (35%) Mac
or

% (7T )Nwz(‘a?“?)—.é/a/baa 5 /2?/3
Fec T2

which means that the plasma pressure is ( times

larger than the neutral gas pressure. Because ) ei is pro-
portional to M. , the relation between A, and M. is
written as

Nﬁc P Ng.a =<

N oo - / N ) ; (30) / e
where 3 J.zh 7T £2B% .
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The assumption _Qu/r?'»] means that /V > Na., because
x>/ - i ‘_(:294,' %7'
N .//U&o —(3 a__?_ ) .
4) The effects of multiple ionization an anomalous
resistivity

when ions have a charge of eZ, the basic equations (1) - (8)

should be changed to

%/A/QU—) S 5—%(2/\/4_!:;) = AR MaMe | &3
'—('fé ‘i(/;’e JEJ?Q/LEZA {—C;l_"f)__eAfe(Ex-f——V:B):a/ ('2)/
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b 4 z J
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rd
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We know that equations (1)'- (8)'are reduced to the equations
(1) - (8) when the following substitutions are carried out:
NHA{QJMQ__’ZMAJ ﬁ'éié‘,n_)é%—)
; i ) w

These replacements change the characteristic parameters in the
following way

s N e '
sl died mil Ja . }'é( T = j

Blg + e o

yn.,/: (mefdea ™ éa:a)/\/ﬁe/(hze-f- ML) 5

%": ZE—*E (32 )
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where the superscript' denotes the new parameters. Then we

know from (28) that AN, is modified to the following form:

_ 3 Y5
New = 2Mico = (320 Voo B2E e agy

where.flei is the same as that defined in §2.
This relations means that

/7
(20
/vm [ 4
h ':l"/ /e_f’:\
where N ¥ = z CiZ/ s A/

It is shown that A, is reduced by factor Zz when Miw is the
same as that for singly ionized ions and Z > 1.

1f the plasma has an anomalous resistivity, equation (12)
changes to

:t__k_f‘ = — A:_‘ﬂa. bz‘j- (12)/
”‘? /+(;‘2~“i,)m+{qaj’[/—b’-) >

where¢£jrepresents in an empirical way anomalous effects
perpendicular to the magnetic field that are due to non-




classical diffusion and other phenomena. Equation (12)'

changes the equation (18) to

d - /
PPl Y2 oo s ——
= (¢T84 10 ) (T W+ Ma )

7
(&)

which gives Aém as
k

Voo = &2 (TEE T 88200 e, o0

ZTe+ T
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where ¥ o /e*u - :
N iz I '8 , = A/ Nas increases by a
f—‘-

factor é: owing to the reduction of the diamagnetic current

by the anomalous resistivity.

5.) Some numerical examples

From equations (1) - (8), the thickness of the boundary layer
Lb can be estimated:

1 Vet 2at] o8 -£ / Vo, i
Ly~ar (‘75_5-_ TJ*T /b;u@;a,(%:.) = (37

If the plasmaradlus R exceeds Ly, {this means that the plasma

density exceeds T &5y A?(érj ), the neutral particles accumulate
outside the plasma core. Then we can define the critical plasma

density My aa(?'é?mQ(KJ} For the typ1ca1 condition that C~/*

=
Q"a_: G x /O 5141_2 ’ R = 10 cm, and( 1;/0 Nc_rv lS

b
found to be 2.5 x 10-3cm >. This cr1t1ca1 plasma density M, is
the criterion which determines only whether neutral particles

accumulate around the plasma or not.

If the neutral particle density around the plasma exceeds Nea o
given by (30) or (30)", a steepening of the plasma pressure

profile should take place in the outer plasma. This may provide

a driving force for instabilities. ForJ’= 102, z = 102,

Te = Ti = 106 K, F%a_— 2% 10™ 16 2 éﬁa_= 2 x lo_lscmz,




m, = 5 x 10“24gr and B = 5 tesla, for example, N'Il is found

to be 5,3 x lolscm—B. When 5;= lO3 and Z = 5, this vale

of N yields Na: = 4.5 x lollcm—3 and 3.5 x 10']'2c:m_3 when
-3 14

Niw= 5 % 1013em™3 ana 10 em”3, respectively.

6) Validity of the continuum approach

In order to check the validity of the present analysis, we
should compare L. with some kinds of mean free paths. First, |
Lb is compared with the mean free path of the neutral particles
la( = N2'@, C1+25)7 ) e

; A i :
Klpgu i LE)Z (25 ) ?

Lo 1+ T2 L /o ?
Because ¥m contains Y I(the ionization of neutral particles

is directly connected with ion production), we can conclude
that la < Lb: The boundary layer is always thicker than the
mean free path of the neutral particles.

Next, we compare Lb with the mean free path of the (/s 1li
(collision of ions with neutral particles):

Lia ; j

! -4 -1
LA B Ja ) TBlea k

L 3l /llfg_o
/ A
R Ak ) ¢ ol e
“(/vm)‘ z(Vm) : LW
* s . .
Because N > N__ , 1ia is larger than Lb' ions are almost

free from collisions with neutral particles in the boundary. !
But this conclusion does not exclude the continuum approach 5
because, as will be shown below, the ion cyclotron radius y;

is usually smaller than Ly: ?

12 aw.’

Ab A’tﬁ;'/a T-h;l.( Vb—; //‘z/’/-%“‘,l)

T 3 )P 0 fire ) (i )
Y (22:)
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For the typical condition of B = 5 tesla, T, = p, = lO6 K,

i
the condition Y <Ly is satisfied when Na, < lolScm 3.

Finally, we compare the mean free path of ion-ion collisions

1ii with Lb; »
Rie (Mo @)
2 o el —
En Mo 22 f('z'm}{z/ﬁf
= EVe g (O ) - (I8 2
Because (7:;> @i 304 Fu > U e 1, is normally shorter

than L, . This ensures a Maxwellian velocity distribution
of the ions with their temperature T.. and the boundary
condition that N = o at x = O.

To conclude this section, the fact that the mean free path
of the neutral particles and the ion cyclotron radius are
shorter than the thickness of the boundary layer confirms
the validity of the continuum approach, and sufficiently
frequent ion-ion collisions in the boundary should make the
ion velocity distribution Maxwellian and also validates the

boundary condition at the walls used in this analysis.

7) Conclusions

when the plasma density and/or the plasma radius increases
above the critical value, the neutral particles tend to
accumulate around the plasma and the neutral gas-plasma
boundary layer is formed. A steady-state pressure balance
between the plasma and the neutral gas was calculated for

the case where the neutral gas pressure is much lower than
the magnetic pressure. The large difference of pressure bet-
ween the plasma and the neutral gas is induced by the diamagnetic
effect of diffusion. This is promoted when the magnetic field
is large and the neutral gas pressure is low. This means that
the plasma pressure profile may be influenced by a rather

low neutral gas pressure. This critical number density of
neutral particles above which the plasma is much affected is

given in the relation (30)" including the effects of multiple
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jonization and the anomalous resistivity. A typical example
of this critical neutral particle density is about 1 % of

3
the ion number density for the case of B = 5 tesla. .= 10

1 -
Z =5, T = 106K and Niar 5 x 10 . - 1014cm 3.
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