by the fact that despite the smallness of the elastic loading amplitude in comparison with
the wave amplitude, it has a substantial effect on the wave profile (Fig. 2). Figure 2 also
shows clearly the dynamics of formation and evolution of the elastic foreshock and load at
the following distancés from the boundaries ey = 0, 0.206, 0.488, 0.862, 1.33, 1.9, 2.55,
and 3.3 (lines 1-8).

The authors are grateful to K. I. Andriankin for supporting the study and for discussing
the results.
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ION AND NEUTRAL-PARTICLE KINETICS IN A LOW-PRESSURE DISCHARGE
CONTAINING A CLOSED HALL CURRENT

V. K. Kalashnikov and Yu. V. Sanochkin UDC 533.95

Considerable interest attaches to heavy-particle kinetics in a real bounded system;
there are various papers on the kinetics of neutral particles near the wall in a fusion reac-
tor such as [1, 2]. One has to consider heavy-particle kinetics in relation to the boundary
layer between a dense cold completely ionized plasma and a negative electrode [3]. As the
distribution of the neutral particles near the bounding wall is spatially inhomogeneous in
such cases, one has to consider the effects on the ion distribution and in particular on
the ion transport in the gas from which the ions are derived. It is also important to con-
sider heavy-particle conservation and dynamics for a low-pressure discharge containing a
closed Hall current as used in generating accelerated-ion beams [4]. In that case, one can-
not restrict consideration to a single component of the heavy particles. Studies have been
made [5, 6] on the kinetics of neutral particles and ions in plasma accelerators with closed
drift, but allowance was made only for the ionization (the system of kinetic equations for
the heavy components was integrated numerically). However, these studies have neglected
the interactions between the ions and the neutral particles, which can be important under
certain conditions [7].

The purpose of this study is to examine the kinetics of the heavy particles in a low-
pressure discharge having closed drift for the magnetized electrons, with allowance for the
burnout of the neutral component because of ionization by electron impact and collisions
between ions and neutral particles.
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Elastic collisions with electrons can be neglected in considering heavy-component dyna-
mics. It is shown below that ion—ion collisions can also be neglected to a first approxima-
tion in that case. Therefore, if we are not interested in aspects such as the formation
of highly charged ions, excited atoms, etc., the kinetic model corresponds to the physical
conditions occurring in actual discharges.

Two types of discharge with closed drift are most widely used in experiments and in
technology. One can distinguish a discharge containing an anode layer, in which there is
a large positive anode potential drop (anode-layer accelerator ALA), and a discharge with
an extended electric field (accelerator with closed drift and extended acceleration zone
ACDA). In the first case, the applied potential difference ¢y is localized on a length ¢
of the order of the Larmor radius for an electron with energy e @ for an electron temperature
in the layer Te ~ ey, while in the second, the potential drop occurs over a length deter-
mined by the size of the insulating insert between anode and cathode &, while Te is about 10
eV [4]. Under conditions of practical interest, much of the gas entering through the anode
burns up, i.e., in both cases, ¢ is larger than the jonization length:

v,

1>t d
7 ~ Y
ZLOeyet (Oteo g’

where vg and vi are the characteristic velocities of the neutral particles and ions; ng and
n are the scale factors for the concentrations of neutral particles and charged ones; and
<give>, is the characteristic value of the ionization coefficient. The speed of the neutral
particles vg ~ (Tg/M)I/2 is determined by the anode temperature, while the speed of the ions
vi ~ (e%/M)'/2 is governed by the discharge voltage (vi > vg). Under ALA conditions, & is
less than the mean free path for ion—neutral-particle collisions, whereas the two are of

the same order in ACDA:

b2

e 4
é‘ (cn*i)n ong (1)

(¢ is the cross section for resonant charge transfer). The neutral particles can be considered
to move in free-molecular mode, since % < (Ugng)'l (og is the gas-kinetic cross section of
the atom). In a low-pressure discharge, one can neglect bulk recombination, and such a dis-
charge is usually employed in an accelerator flow system. The gas enters through the anode,
and the ions and the remaining neutral particles leave the discharge gap freely. By virtue
of (1), one can neglect the second and subsequent charge transfers, as well as ionization

of the fast neutral particles, as will be evident from what follows. If we neglect vg by
comparison with vi in the equation for the ions (the strong-field approximation), one can as-
sume that the ions formed by charge transfer from slow neutral particles will have zero ve-
locity. One naturally represents the distribution for the neutral particles as £ = fg + ff,
where fs and ff describe the group of slow particles (v = vg) and the fast ones (v = vi).

The initial system of kinetic equations is

p I L DI @)+ (@] ng ()8 () —|vlo((v]) ng () F, (2)
v%=—wm+¢mwyv%=wmwn%@ﬁ

Here F is the ion distribution, nsg is the concentration of slow atoms, v = <give>ne is the
electron ionization function, and ¢ = f|v|o(|v]|)F(x, v)dv = <ovi>ni. Boundary conditions are
specified at the anode:

0.

I

PO, ) = Fot), 1,0, ) = feoo), 1,0, 0) o)

The equation for the ions can be solved by the characteristic method. We write the solution
to (2) and (3) as

Fx,v)=1F, (L/vz — v?,x) exp {— j ny (y)o (l’fuz + U:f-,,) dy| + (4)

In, (z .
£ 2 () + @10 () — O (0 — ] X
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% exp {—— 5 ns(y) g (l/uz + Uig) dy}, (4)

z

x

fs @ v) = fyo () exp {——}f{v(x') + <:c'>1dx'},

<

X
fe(@ vy =a(lv]) [ ng (@) F (2, v) .
(1]
The argument of z(x, v) in (4) is found from the characteristic equation

Mi12e + 9(a) = o).
The symbols used in (4) are

e {[’ 0,
Ugy=v(z, Y) = _%{[(P(w)-(p(y)], 0 () = o ZZO

where vxy is the velocity of an ion formed at point x with zero velocity, which it has at
point y. According to (4), the solution is defined if ng and { are known and the external
conditions are given: the electric-field distribution, the type of gas, and the ionization
function. The equations for ng(x) and ¥(x) follow from (4). For simplicity we put fg, =
ngé(v - vg), and then

YA (x) = ngexp {" ;1;'5 [v(z') + ‘p(zl)] dx,}’ (5)

P(2) = Vo + § 0 (0s) 1 (1) [ () + B (B)]exp {— [ ns@o ) dz} dy,

y

@) = § oo (oD Fo (Vv = vh) exp {— {n o (V——PZ k) dy} dv.

Then the problem of (2) and (3) amounts to solving two one-dimensional inhomogeneous integral
Volterra equations as in (5), which is possible in explicit form in limiting cases. We re-
strict ourselves in what follows to the case where the ions are formed in the bulk, i.e.,
Fo(v) = 0, and then all the moments of the distributions in (4) can be represented as a series
of integrals of the same type. For example, the expressions are as follows for the particle
concentrations and the corresponding fluxes:

(rg@ v @+ ¥ @)
n (z) = v (9, 2)

exp {— [ENCLICR dz] a,

Y

(6)

o Ea @+ bel v
ne(z) = 5 n (z")dx 5 s T ) exp {-—g ns (2) 6 (vy2) dz} dy,
0

Jilz) = S ng (¥) [v(y) + ¥ (y)lexp l— f ng (2) 0 (vy2) dZ} dy,
(] v

2@ = [ n, @z’ § n @) 1v(w) + v (@) exp {— § ne@ o) dz} dy.

0 0

<

The following dimensionless quantities and scale factors are used:

r_ = r. 9 M ¢ _Pef @ .
=7y @ =% Ry == ns.f—'_‘“ng » V= v =
’ 'lP r__ g - qo __ — [ . 2 M1/2 X
P =9 g = 'Eo'z n__"_i-’ Vo= LOWedo My Py = VoTontgl, v;= (Zepy/M) ',
(
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where qg = n Vg is the flow rate and o, is the characteristic charge-transfer cross section
(the primes are subsequently omitted).

System (5) is written in dimensionless form as

ng (z) = exp {— I f v (=) + I ()] dx'}» (5")

P(z) = S ng ()0 (vy) [v () + TP (y)] exp {— Hf s (2) 6 (vy2) JZ} day,
0 ¥

XA
k)

v

1= I = gyngl.

i

System (5) contains the two dimensionless parameters I and 1, which are, respectively, the

ratio of the channel length to the ionization length and the charge-transfer length, respec-

tively (I ~ n //@0 is proportional to the flow rate and decreases as the electron tempera-

ture 1ncreases, while T ~ n,). As in (5'), the other moments in (6) are dependent on I and

I, apart from the fast neutral-particle concentration, which is proportional to N = n/n =
vg/vy < 1.

We now consider the heavy-particle kinetics for the conditions of a discharge in ACDA.
In the experiments, the main attention was given to the flow-rate range for the working gas
(mainly xenon) q, = 30-100 mA/cm? in current units. It is of interest to examine a wider
range q, = 50-500 mA/cm?, which corresponds to n, = 10%3-10%* cm™® at the anode; taking o, =
5-10715% cm?, with £ = 4 cm and ¥ = 150 V, we readily get I = 3-30, I = 0.3-3; to simplify
the calculations, the charge-transfer cross section was taken as constant. The observed
profiles for the ionization function and potential as used in the calculations are known
for qo = 50 mA/cm? from [8].

Figure 1 shows the dimensionless ion-velocity distribution in the sections x = 0.2,
0.6, 1 (lines 1-3) for q, = 50 and 250 mA/cm?® (solid and dashed curves). This is clearly
markedly inhomogeneous in x and has two peaks in v near the cathode. At the cathode, there
are two groups of particles having substantially different mean velocities, which is due
to the specific and almost stepwise change in potential along the discharge gap and the cor-
responding ionization distribution [8]. The fast group of ions produces the peak at v = 1
and is generated near the anocde.

This peak is relatively small for q, = 50 mA/cm? because of the low ionization rate
in the anode part. The second group of ions is more numerous at this flow rate and is
generated in the region of the potential step, the velocities being less directional. The
slow-atom concentration is given by (5') as being exponentially dependent on the flow rate.
Therefore, as the flow rate increases, so does the consumption of neutral particles in the
anode region, and the peak determined by the fast group, which appears in the one-dimen-
sional treatment, increases. It is difficult and uncertain to calculate v(x)} for the region
adjoining the anode from the experimental data; the ion generation and the electric field
are small in this region, and the ions mainly move to the wall and the x direction is not
a prominent one [8]. Therefore, the second peak in the ion distribution may be smoothed
out or entirely lacking in a real two-dimensional system such as that of [8].

Figure 2 shows the variation in ion temperature along the gap (the numbers on the curves
in Figs. 2, 3, 5, and 6 are the flow rates). Near the anode, where thelelectric field is
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weak and the concentration of charge particles is low, the ion temperature is low but increases
slowly. In the middle of the gap, where the electric fields are strong and there is extensive
ionization, Ti increases rapidly and attains about 25 eV in the cathode region for q4 = 50
mA/cm?. As the gas flow increases, the above shift in the main ionization region means that
the spread in the ion-flux velocities decreases, and Ti at the cathode is about 7 eV when the
flow rate increases by an order of magnitude. These results on the ion heating justify the
assumption that one can neglect the Coulomb collisions between ions.

Figure 3 shows the distributions for the total neutral-particle concentration (solid
lines) and for the fast neutral particles (dashed lines); it is clear that the type of ioniza-
tion varies with the flow rate, which explains the behavior of the ion distribution. The
ionization and charge transfer at the anode become more rapid as the flow rate increases;
the length over which most of the flow becomes ionized tends to decrease. The rapid decrease
in the neutral-particle concentration causes a similar deformation in the effective momentum-
transfer region. Calculations show that ng decreases by more than two orders of magnitude in
the cathode region when the flow rate increases by an order of magnitude. At the same time,
there is a proportional increase in the fast neutral-particle concentration. The range q, =
50-500 mA/cm? corresponds to nf increasing from about 0.005 to 0.08. The change in the rela-
tionship between the fluxes of fast and slow neutral particles are such that the total con-
centration at the exit from the accelerator at first decreases (under these conditions, to
about 0.05) and then begins to increase.

Figure 4 shows the concentrations of the charged particles (solid line) and fast neutral
particles (dashed line) as functions of flow rate at the exit from the accelerator on an
enlarged scale; for q, = 500 mA/cm?, nf(1l) is larger than nj(1l) by about a factor of four.
Therefore, this shows that there are always neutral particles in the low-voltage part of
a discharge in the range of parameters typical of ACDA, whose concentration is greater than
that of the charged particles, i.e., conditions exist for classical electron mobility in
the neutral particles.

Figure 5 shows the distributions of the ion flux (solid lines) and the fast neutral-
particle flux (dashed lines), which c¢learly demonstrate the effects of ion—neutral collisions.
For q, = 500 mA/cm?, about 277 of the flow leaves the discharge gap as a flux of fast neutral
particles, while the ion flux is correspondingly reduced. However, as the flow rate increases,
the increase in the proportion of fast neutral particles becomes slower, and it does not
exceed about 30% in this case. Therefore, the neutral particles receive only part of the
energy formed by the ions as a result of charge transfer, and the interaction therefore leads
to a restricted reworking factor and restricted performance in the accelerating system.
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There are no published experimental data for high flow rates, so the profiles for the
potential ionization functions were taken as unchanged in the calculations. The results
of [9] indicate what conditions correspond to these discharge modes. According to [9], the
distributions for the electric field, electron temperature, and electron concentration are
determined by the magnetic-field profile, with approximate functional relationships applying
between the plasma parameters for given ¢ and %o :

E~ Ve lowoKowes H, @~ H Ve/ng,

{B:0e) [{Boete) ~ H?/ nf;r, "~ ng/ V.-g:,

Here i is the value of an ion, o,e is the electron transport cross section, and H is the mag-
netic field. According to these formulas, if ¢i = const, the electric field E and the ioni-
zation function v remain unchanged if H ~ V/q, increases along with the flow rate, while Te,
which is determined by the ionization coefficient, decreases somewhat. If one incorporates
the increase in ¢€i as Te decreases, the electric field can be maintained at the same level with
less increase in H. There remains then a weak decreasing dependence of v on q,. Consequent-
ly, ion—meutral interaction should have even more effect on the results. Under the condi-
tions of an ALA discharge, parameter II is substantially less than in ACDA under similar con-
ditions. Also, the jonization rate is higher, so the region of effective ion formation is
less than the layer thickness, which additionally restricts the scope for momentum and charge
exchange between ions and atoms. Therefore, this interaction has only a minor effect on

the parameters of the accelerated flux in ALA [10].

Figure 6 shows the dependence of the directional velocity of the ion component on the
electric field. Although this model incorporates only single charge transfer, one gets the
standard relationship uji -~ El/2 in the anode region (dashed lines), where nji < ng. The func-
tion u(E) has two values because the electric field is not monotone and has a maximum near
the peak in the inhomogeneous magnetic field [8]. These results show that ionization and
charge transfer at low flow rates can lead to falls in the speed of the ion flux in some
parts of the discharge gap.
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