4. V. I. Davydenkc, G. I. Dimov, and G. V. Roslyakov, "Obtaining precision high-intensity
ion and atomic beams," Dokl. Akad. Nauk SSSR, 271, No. 6 (1983).

5. V. I. Batkin, V. N. Getmanov, I. M. Ikryanov, and 0. Ya. Savchenko, "Proton source with
a regulated current for an electrostatic accelerator," Vopr. At. Nauki Tekh. Ser. Tekh.
Fiz. Eksp., No. 1/22, Kharkov (1985).

6. V. N. Getmanov and 0. Ya. Savchenko, "Pulsed proton linear accelerator," Otkryt. Izo-
bret., No. 26 (1989).

7. V. I. Davydenko, I. I. Morozov, and G. V. Roslyakov, "Proton source of the hydrogen-
atom injector of the AMBAL device," Preprint No. 85-3 [in Russian], Akad. Nauk SSSR,
Sib. Otd., Inst. Yad. Fiz., Novosibirsk (1980).

8. V. I. Batkin and O. Ya. Savchenko, ""Effect of a weak magnetic field in the expander of
an ion source for controlling the beam current and profile,” Prib. Tekh. Eksp., No. 3
(1989).

9. V. N. Getmanov and O. Ya. Savchenko, "Effect of a weak magnetic field on the value of
the current of an arc proton source,' Zh. Prikl. Mekh. Tekh. Fiz., No. 3 (1987).

10. V. I. Batkin, "Beam modulation by a grid electrode in the expander of an ion source,"
in: Author's Abstracts, 1l1-th All Union Seminar on Linear Accelerators of Charged Par-
ticles [in Russian], Kharkov (1989).

FARADAY DARK SPACE FOR A DISCHARGE IN HELIUM

A. I. Ivanchenko and A. E. Medvedev UDC 537.525

Discharges in monatomic gases have been researched for more than half a century, but
our knowledge of the Faraday dark space is still inadequate [1]. Existing models give a
satisfactory description only at pressures up to a few torr [2, 3]. In experiments [4] with
helium at 1.3-9.3 kPa (10-70 torr), the length of the dark space was many times the tube
radius. The result [4] is unexpected from the classical viewpoint [3] but agrees qualita-
tively and quantitatively with the model proposed here.

We consider the transition region from the weak-field area in the cathode layer to the
positive column. If the plasma is quasineutral, the electron temperature is constant over
the cross section of the tube, and the gas heating is slight [1, 3], so we get the solution
for that region from the particle conservation equation

___i._gi_) —_ R
V(Dvn T D), v(E)n — Br?, (1)

in which D, uy, He, 8, v are the ambipolar diffusion coefficient, the ionic and electron mo-
bilities, the bulk recombination constant, and the ionization frequency. On the left in (1},
the ambipolar drift accompanies the diffusion one, which is due to the electron mobility be-
ing dependent on the field [5, 6]. We neglect the generation and loss terms for the bulk in
the Faraday dark space. The particle balance in the positive column is governed not only by
plasma diffusion to the wall but also by bulk processes, and therefore the proportion of
ionization falls sharply as one passes from the positive column to the Faraday dark space
because the ionization term is exponentially dependent on the field, and it cannot balance
the plasma loss to the wall. For example, if the field in helium is reduced by 10% from
that in the positive column, the ionization proportion becomes less than a third of the dif-
fusion loss, and as the field falls further, it ceases to play a part in the balance. A de-
tailed comparison can be made for the recombination losses and the diffusion ones from the
[7, 8] results and the [9] temperature dependence; incorporating the bulk recombination term
is necessary for electron temperatures less than 0.1-0.16 eV (for p = 1.3-9.3 kPa and j =
1072 A/cm?). The rates of the processes are similar in magnitude in each branch of the col-
lisional-radiative recombination involving electrons. The dissociative recombination rate
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at 1.33 kPa is relatively low. At positive-column temperatures, the bulk recombination
losses are larger than the diffusion ones for the various inert gases at p 2 6.5-13 kPa.

Then we write (1) without the loss and generation terms for the bulk and with trans-
port coefficients independent of pressure:

Dp j Byp

We consider (2) for a tube with x as the axis for two limiting cases: low and high pres-
sures. At low pressures, we neglect the last term and get the standard solution with char-
acteristic dimension along x of the order of the tube radius [3], in which the plasma loss
from the cathode region by ambipolar diffusion is balanced by the diffusion transport to the
walls. As the pressure rises, the drift loss from the cathode layer begins to predominate
over the diffusion loss because the electron mobility is dependent on the field. We esti-
mate the pressure at which the diffusion term becomes unimportant.

The diffusion component of the current is small up to E/p = 0.03-0.05 V/cm*torr, so the
electron density is n ® j/eugE. In helium [1, 10]

D~ u,T = kp Elp (k ~ 2 torr-cm), (3)
and the ambipolar diffusion term is

d . d j d(—Elp)d , .
F=EDE?”=2”+TZ{W)TE(WE)' (4)

We approximate the field dependence of the electron mobility at 0.1-1 V/em-torr from [11] as

pep=A+—E%’-, A= 85-10° cm-torr /(V-sec), Ba1.6.10°5 cm/sec (5)

and substitute into (4) to get

. (E/p—B/A)(dE/p)Q E& E| Wl
T (E/p+ B/A)\ dx : A(Elp+B/A}Y" (6)

|

From (5), the ambiédlar drift term is

_ d 1
G—7H+PE§—7H+IJ

B dE/p
(AE/p+ By do~ ™
Estimates are d(E/p)/dx = (E/p)pc/Ax, d2(E/p)/dx? = (E/p)pC/(Ax)z, in which (E/p)pc is Efp
in the positive column, while Ax is the characteristic scale of the inhomogeneity along the
tube axis, so (6) and (7) give

(F A | (EP,e
max {7}2 » B (EiD)pe  0.1pAz’ (8)
2 A Az

The diffusion-limited solution (Ax * R, R tube radius) ceases to apply if pR 2 10 torr-
cm. For ambipolar drift, Ax = 0.1 pR?, and the ambipolar diffusion term falls even more
rapidly as the pressure rises: max {F/G} = (E/p)pc/(O.lpR)z.

These estimates can be used with the balance equation, the boundary conditions, and the
expression for the current density, which consists only of the drift component for the elec-
tron current jy along the axis, on the assumption of a quasihomogeneous solution such that
djg/dx « j/L (L is the scale of the transition region) to get a treatment with separable
variables:
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ljlz]'OC:en“eE7 2n3jxrdr=[,

]
E’/p|x=0 = (E/p)(]* n|r=R = 0

(I is the total discharge current). We divide the balance equation by D and substitute n =

Z(x) x Y(r) into (9) to get
Y(r)=J(r |/%Vx[lnfj>- (10)

4

As in Schottky's theory [12}, we assume that the boundary condition nfp=g =
to the condition for the first zero in the zero-order Bessel function (Y(R)
this gives a solution along the axis

__ (RN _Elp 1
dx——-(n} pTd[InHeP ] (11)

s equivalent

0 i
= 0); from (10),

We integrate (11) with upper limit defined by emergence from the positive column and use (3)
to get

(E/P>pc

d;p:(_fi)‘iln ! ,
(E/p),

2.4 2 i, (E/p)

(12)

O Sy 1

The lower integration limit (x = 0 in the cathode region) is determined by the applicability
bound for this model. As (E/p), we took 0.03 V/cm-torr, below which one cannot neglect re-
combination in the bulk and the diffusion component in the electron current. Finally, as

we know that for helium with pR 2 10 torr-cm we have (E/p)PC % 1 V/em torr {10}, we have the
scale of the transition region as

: 4-10° )
L= pR-0.087 In - & 0.12pR2. (13)

We use the analytic form pgp = pep(E/p) in the range E/p = 0.01-1 V/cm-torr with the
{11]} data in the form

B
uepzA—{—m, (]4)

in which A = 8:10° cm®-torr/V-sec, B = 1.9-10° cm/sec, and C = 2.5-10"2 V/cm-torr to get the
field distribution in the Faraday dark space. We substitute (14) into (12) and invert the
dependence for E/p to get (Fig. 1, dashed line)

A 1 a z Adl-1 ~ o
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Experiment [4] in our pressure range is represented by the solid line in Fig. 1, with
the scale of the Faraday dark space given by pL = a(pR)2, a = 0.14 (torr*cm)”!. The propor-
tionality observed between L and pR? [compare (13)] is governed by the dependence of F on
p and R, with G independent of those parameters [see (9)]. It is not surprising that there
is an anomalously large dark space only in helium [4] because already for Ne and particu-
larly for the heavier gases, the lower pressure bound for the model increases in proportion
to T/(E/p), as (11) shows, from 10 torr for helium (R = 2 cm, nominal boundary for model
L  2.5R) to more than 50 torr, where bulk recombination becomes considerable for the inert
gases beginning with Ne.
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MHD DECELERATION AND HEAT TRANSFER FOR A SPHERE IN A
SUPERSONIC FLOW OF PARTIALLY IONIZED GAS

V. V. Gubin and V. A. Shuvalov UDC 533.95:538.4:537.523

The inherent magnetic field has a substantial effect on the structure of the perturbed
zone at the surface of a body in a supersonic low-density plasma [1]. The inherent field of
the body may be due to a set of currents or to permanent magnets. The perturbations caused
by that field affect the functional and dynamic characteristics in the interaction with the
flow. An approximate numerical analysis [2, 3] and experiment [4, 5] indicate effective MHD
retardation in such a flow. It is desirable to examine MHD control of heat transfer and the
aerodynamic characteristics.

Measurements are reported here on the MHD retardation and heat transfer as affected by
the direction of the inherent field of the body H with respect to the incident velocity vec-
tor U_,. MHD control is possible for the aerodynamic performance and convective heat trans-
fer for a sphere if the field is rotated with respect to the velocity vector.

1. The experiments were performed with a plasma gas-dynamic system in partially ionized
nitrogen generated by a gas-discharge accelerator, in which the ionization was provided by
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