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THE NORMAL IONIZING SHOCK AS A THETA PINCH PREIONIZER

by

A, DeSilva

ABSTRACT

The normal ionizing shock wave is considered as a po-
tential preionizer for high density ( 215 mtorr), high bias
field (3 1 kG) theta pinches. Available experimental data
compare well with the theory of Kunkel and Gross. Limita-
tions to the validity of the theory due to finite ioniza-
tion rate, and to radial plasma drift are determined.

I. INTRODUCTION

A normal ionizing shock wave is a hydromagnetic discontinuity that propa-
gates parallel to a steady bias magnetic field in a cold ijonized gas. Fig-
ure 1 shows the idealized geometry for a plane wave of infinite transverse ex-
tent. Here it is assumed the wave propagates between two plane conductors
that lie parallel to the initial magnetic field. A current flows in the
front, where the gas is ionized, and the j x B impulse due to this current
sets the plasma behind the shock in motion in a direction parallel to the
plates but transverse to Ex' The plasma is also set in motion in the direc-
tion of shock propagation. The adaptation of this shock to a cylindrical ge-
ometry is shown in Fig. 2. The vacuum vessel may be an insulator, with the
electrodes being a coaxial structure at one end, as the current flows easily
along field lines in the absence of a metal wall.



II. THEORY AND EXPERIMENT

The theory of these shocks has been treated by several authors,l'4

and
experiments comparing with the theory have been performed in several labora-
tcries.s-9 In general, the experiments support the theory of Kunkel and
Gross1 (hereafter referred to as K-G) in the few parameters that have been
measured--the parametric variation of shock speed with driving current and
bias magnetic field, fill density and gas type. The only reported measure-
ments of temperature were performed averaging over the full length of the
tube, and show temperatures in good agreement with the predicted temperature
immediately behind the shock.10 The theory also predicts axial flow behind
the shock at speeds of 40-60% of shock speed. This leads to a nonuniform
axial density, which has been observed by Cooper10 and by Brennan.6
ITI. LIMITATIONS TO THEORY

The K-G theory is written for a plane geometry, and makes several as-
sumptions that 1imit its validity. In cylindrical geometry, the current den-
sity in the front is no longer uniform, leading to variations in shock condi-
tions with radius. The shock front is, as a result, no longer plane. In ad-
dition, a je current appears in the rotating plasma behind the front., It is
this current, interacting with Bz, that provides the centripetal force re-
quired to hold the plasma against radially outward drift. However, as this
current is damped by finite resistivity, the plasma drifts radially to the
tube wall. An estimate of the magnitude of this effect is made as follows:

The 6 current is obtained by taking the radial component of the momentum
equation:

pﬁ’ixg ] (1)

je T B ) (2)



Now, from Ohm's Law

5 : (4)

The condition that the radial drift be negligible is that the time R/Vr
for the plasma to drift radially through one radius be very much greater than

the time L/V for the ijonizing shock to propagate at velocity V the length L of
the tube:

RV
L <« —
v . (5)

A second assumption of the theory is that ionization occurs in the front
instantaneously. To test this assumption, we must have a model for the ioni-
zation process. Looking at the front in its rest frame, cold gas is streaming
in at speed V on the upstream side. As the gas nears the front, it feels the
radial electric field Er' We assume that some charged particles diffuse up-
stream from the plasma behind the front, and that these electrons are then ac-
celerated by the electric field. Since they are bound to the bias magnetic
field, the electrons may only gain energy through collisions. We assume an
electron's guiding center shifts by one gyroradius in the direction of E, in
each collision, thus picking up energy.

We consider first the diffusion process. Electrons can diffuse only by
ambipolar diffusion, with diffusion coefficient 2 Di =2 V§/3 Viis
where Vi is the ion thermal velocity and Vi the ion-neutral collision
rate. This vrate is nearly constant,11 and we take Vo T 1.5 x 109 p
(Sec'l) with P the fill pressure in torr. The thermal velocity is that of



the post-shock gas, as determined from the K-G theory. Assuming a linear den-
sity profile we have

where V is the diffusion speed.
In order that the electron can move against the inflowing gas, we must set
V = U, whereupon

A =% ) (7)

A has been calculated for a variety of conditions (see Tables I-X), and it
is always small (é’l cm), for conditions of interest. (P 15 mtorr.)

We turn now to the ionization process. The rate of gain of energy by an
electron in the crossed Er and BZ fields is

dw

T " ER T (8)
where T is the collision time for an electron. Since R
e _ le
= VeMe/eBZ and Ve =\|2w/me , we find
d
P o= T W, (9)

where vy Er/Bz'
For almost any conditions of interest, the appropriate collision time will
be the electron-ion time, which we take to be twice the Spitzer electron-

electron time:



v, = A (10)

39

with A 1.8 x 10 (for MKS units). We have approximated n by 11.4.
Plugging (10) into (9) and integrating we find

2 _
W= 242 m, v, nt/A . (11)

From Eq. (11) we can find the time required for an electron to gain energy
wo " 30 eV, which is about the peak of the ionization cross section. We
obtain

e (12)
with
Y = Ml/(2N2 me V) (13)
The time to an fonization event is Tp = T + (nn oV)'l, the sum of
the time to gain energy and the ionization time. We use =0.9 x 10720

m2 as an average ionization cross section,11 and V = ,IZ wo/m. The

electron density increases according to

%=% . (14)

Writing n, =n_ - n and integrating this equation, we find the solu-
tion for n{t) to be very insensitive to the initial density, with a character-
jstic time to " 85% ionization



T* =n—Y [ (15)

o

where o is the initial atom density.

The front thickness implied by this time is

(16)
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This thickness should be small compared to the tube dimensions for the theory
to be valid.

Figure 3 shows the two 1limits plotted as contours in the P—BT plane
where P is fill pressure and BT is the transverse magnetic field behind the
shock, and is thus proportional to driving currents, for three different axial
bias fields Bz' The limits shown are A* = 1 cm (Eq. 16) and L =2 m (Eq.
5). The use of 1 cm for A* follows from the observation that this is the
value of A* for which Brennan6 sees departures from the K-G theory. When
BT approaches Bz’ the condition of K-G that the plasma flow speed behind
the shock be just the slow wave speed (in the shock frame), no longer admits a
solution. This 1limit is designated by an "S" on the figures.

For smaller Bz’ the radial drift limit closes in on the ionization limit
and the "S" 1limit, until near Bz = 1 kG the acceptable region shrinks to
near zero.

Figure 4 shows the low density region for BZ =5 kG on an expanded
scale, with post-shock temperatures and shock speeds from the K-G theory also
indicated. The axial flow speed of the gas in the lab frame ranges from
40-60% of the shock speed.

Tables I-X give results for post-shock conditions from the K-G theory for
Bz = 5 kG (Tables I-IV), 3 kG (Tables V-VIII), and 1 kG (Tables IX-X); for
various fill pressures, for deuterium, calculated using the BASIC code of
Fig. 5. The column labels are: Bl = transverse magnetic field (T), U = shock
speed (cm/us), T2 = temperature (eV), V2 = axial flow speed (cm/us), W2
= transverse flow speed (cm/us), E2 = electric field (volt/mm), L1 = logarithm
of L (m) from Eq. (5), L2 = A* from Eq. (16) (cm).

6




IV. APPLICATION AS PREIONIZER

Normal 6-pinch preionization fails for high densities and high bias mag-
netic fields, which are just the conditions for which the ExB ionization proc-
ess discussed here becomes useful. For densities that are too Tow, below
around 20 mtorr, it becomes difficult to get breakdown at all in the crossed-
field process. Experiments reported in the literature have operated at fill
densities down to about 15 mtorr6 at bias fields of about 7 kG. This cor-
responds to 4% ~1 cm from K-G(6). It should be possible to go to lower pres-
sures at Tower bias.

The electrode structure used in all previous experiments has consisted of
a central electrode having diameter about 1/3 the tube diameter, with an outer
6,7 12 extend along the tube 1length.
A1l experiments have operated in nearly uniform magnetic fields.

ring electrode that may, or may not

For application as a theta pinch preionizer, it is desirable to eliminate
the central electrode. If the magnetic bias field is generated by the com-
pression coil (see Fig. 6) then field lines will naturally bend out to inter-
cept the wall. With an added cusp coil, the field lines may be packed with
any desired density at the tube ends. This makes possible the electrode
structure shown in Fig. 6, consisting of two ring electrodes separated axial-
ly. They will, of course have to be split to allow penetration of the com-
pression field. So long as the field strength at the wall is about the same
as that at the coil midplane, the ionizing shock should follow field lines.

The axial motion of plasma that follows the shock may be important. If
the asymmetry so induced is undesirable, it is possible to drive the shock
from both ends symmetrically.

The plasma rotation accompanying the shock may be halted by crowbarring
the drive, or by providing a set of axial shorting wires at the far end where
the field lines intersect the wall. The latter would, of course, preclude the
symmetrical drive option.

Finally it is amusing to consider the possibility of applying a controlled
"bias" rotation to the plasma. If shocks were driven with the same polarity
from both ends, and when they meet the banks are crowbarred through resis-
tances, the rotation will come down slowly, controlled by the external resis-
tance, and the pinch could be initiated at any desired rotation speed.
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Fig. 1

Geometry u?ed in the theory of Kunkel
and Gross.
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for three axial fields.

The ioniza-

tion limit is from Eq. (16), with U and

V., from theory.

The centrifuging Timit

i§ from Eq. (5), with 6 set equal to
2 m. The curve "S" is the Timit above

which the equations of K-G do not admit

solution.
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TABLE I

1OHIZ ENRG/MOLEC= 20 ATOMS-MOLEC= & ATOM MASS= &
TURE RADIUS= 0.1 METERS

EIAS FIELD= 0.9 TESLA

DENSITY= 1 MTOFR

El u T2 ve Wz Ec i Le

.01 14.9 S1.1 S.7 -11.8 .4 4.6 av. 6
0. 02 21.4 04,1 .2 -18.4 a83.% .0 28.¢2
i) c6.4 196,00 19,3 -19.9% 102.¢& S.1 28.3
.04 3. &nv.o 12.1 =-g2.2 119.2 S.3 22.2
0. ns 4.4 @a5r.e 13.8 -&5.5 124.3 2.4 c3.1
0.06 37.82 Z06.3 15.3 -&F.2 148.2 5.4 28. 0
n.ov .9 35%.2 1.2 -3n.0 1&81.8 9.5 27.9
a.0s $3.9 403,82 13.3 -31.9 174.8& S.6 27 .7
B, 0% 45.7  450.3 1%.3 ~-82.&8 l&&.e S.6 cr.d
n.10 4%.4 4330 21.2 =35.5 198.35 5.6 27.4
0.11 S28.0 S544.9 2.7 =37.1 z210.3 S.7 a2r.¢c
.12 54.5 9S9l.& 4.1 -x8.6 E21.9 5.7 er.n
n.13 SE.F B633.3 25.6 -40.0 2323 5.7 e6. 2
.14 9.3 £3S.0 2r.1 -41.4 244.7 S.8 26.5
.19 1.6 F3E.0 228.9 -92.6 @2TE.l 5.8 cE. 3
0. 1s €3.2 T79.4 30.1 —-42.3 267.4 S.2 ce. 2
0.17 €6.1 3287.3 1.6 -49.0 2re.8 5.9 ci.l
.13 3.4 873.9 233.2 -46.1 29n.2 2.9 £9.9
0.1 vh.e 928.32 34.8 -47.1 Z01.8 5.9 29.7
n.2u 2.8 97S.? 3.4 -48.1 313.4 S.9 25.86

DEHSITY= 2 MTORR

El U T Ve wz Ee

-
—
-
n

0,11 0.2 c4.1 2.9 ~&.5 43.2 4.0 13.0
0.0 14.9 SB.35 5.7 -11.7 S%.9 4.3 13.7
.03 12.3 76.5 7.2 =14.¢2 v3.e 4.5 13.9
.04 21.5 102,40 2.5 =-18.3 S4.9 4.5 13.9
0. 0S z24.2 1er.0 g7 -1zl 95.5 4.7 13.9
0,05 ck.5  151.7 10.8 =-1%.8 105.3 4.3 12,9
n.97e 22.3 178.0 11.9 -21.3 114.7 4.3 13.%
.03 36.2 z2an.0 12.3 -g2.7 1g3.& 4.9 1z.8
.09 32.9% E&G.8 14,0 ~22.9 13&8.3 S.u 12.7
0.10 4.8 247.4 15,0 -gS.1 140.7 5.0 13.6
.11 3.7 E7u.S 15.0 =-25.%2 149.0 S.1 13.5
n,1z2 IF.4 294.1 17.0 -g7.2 157V.28 S.1 3.4
0.13 40.1 217.5 12.1 -2&.4 1e5.2 5.1 13.4
.14 41.% 1%.1 -23.3 172.3 S.2 13.3
0,15 43. 5 0.2 -30.2 121.3 S.2 13.2
0.14 4%5.1 &1.2 -=31.1 129,32 .2 1z.1
N.17 5.7 2.3 -31.2 13%7.4 S.e 13,10
.13 43,2 3.4 -32.6 EnS.4 S.3 12.9
.19 3.3 50,8 24,6 -28.94 213.8 S.2 12.2
n.an S51.4 435,010 5.7 -34.1 ¢g&z1.8 2.3 12.¢



‘TABLE II

DENSITY= 4 MTORR

333 U T2 ve uz E2 L1 L2

f.ot 6.3 1.8 2.6 -£.4 32,3 3.2 5.8
n.02 10.3 23.8 4.0 -8.5 432.8 3.4 6.5
n.03 1z.2 8.7 S.0 -10.2 Se.7 3.9 6.7
G. 0 15.0 4%.5 R £0.2 4.0 £.2
0. 0% 16,3 &2.0 6,8 -=13.0 &3.2 4.1 5.8
0.0& 12. & 4.3 7.6 -14.1 73.1 4.2 6.5
.07 = =4 8&.4 8.3 -15.2 g1.7 4.3 6.8
0. 08 21.7 3.4 .1 -16.1 27.9 4.3 6. %
0.2 23.1 110.3 9.8 =17.9 4.0 4.4 5.8
U, 10 24.5 12za.1 16,5 =17.9 tok.o 4.4 6.7
n.11 25.3 123.8 11.3 -18.7 110&.8 4.4 &.7
n.12 av. 0 145.4 1.0 -19.4 111.95 4.5 5.7
0.13 253.3 15°7.1 1g.7 -en.1 11v.8 4.5 (93
0,14 2%.8 168.7 12,8 -20.3% 1z2.9 4.5 E.5
.15 3n.6 180.4 14,2 -21.4 12&.S5 3.6 £.6
.15 21.8 19z.3 15.0 -ege.0 134.2 4.6 6.5
9.17¢ 32.9 au4.2 15.7 =-22.56 13%.% 4.6 £.3
a.1¢ 4.0 218.3 12,5 -23.2 145.6 4.7 6.4
N.19 35.1 &21].6 17.3 -22.7 181.3 4.7 €.4
g.en 36.3 241.¢ 1.2 -24.2 157.1 4.7 6.3

DENZITY= € MTORR

E1 U Te we we EZ2 L1 Le

.01 4.3 4.3 1.7 -S5.0 2%. 4 2.3 2.3
a, a2 €. 9 10.6 2.7 ~£.4 32.95 2.9 c. 9
3. 03 8.7 17.0 Z.4 7.5 32.6 3.2 21
0. 94 16.3 23.3 4.1 -8.5 44.2 3.3 3.2
.05 11.7 29.5 4.7 ~9.4 4%.2 3.4 2.3
0.06 12.9 3%5.6 5.3 -10.2 Sd4.19 3.5 2.3
.07 14.1 41.7 5.2 -11.9 S3.5 26 3.3
0,03 15.1 47.7 6.4 -11.8& €2.2 3.7 3.3
0. 03 1€.1 S3.6 6.9 -lz.¢2 &7.¢2 2.7 3.2
0.10 17.1 59.4 7.4 -12.8 7.3 3.2 3.3
.11 1.8 €G.3 7. -13.3 FS.4 3.5 3.3
n.12 i8.9 1.1 .4 -13.9 9.4 3.9 3.3
0.13 13.3 6.9 3.9 -14.4 32.4 3.3 3.3
.14 =3 (g 82.7 9.5 -14.23 &r. 4 3.9 3.2
0,19 21.% 23.3 10,00 -15.3 3.4 4.1t 2.2
.15 2z2.2 4.4 10.% -1S.7 °5.4 4.0 3.2
0.17 22.1 100.4 11.1 ~1g.1 Q9.3 4.0 3.2
n.12 22.3 10s.4 11.6 -18.5 103.3 4.0 3.2
n.19 4.7 112.5 12.& =-1£.8 107.4 4.1 3.2
n.ao 23.9 11z.% tg.g -tv7.e 111.G 4.1 3.1



TABLE III
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TABLE 1V

1ONIZ ENRG- MOLEC= 30 ATOMS/MOLEC= 2 ATOM 1MASS= 2
TUEBE RADINS= 0.1 METERS

BIAS FIELD= 0.9 TESLH

DEN3ITY= 54 MTORR

Bl U T2 ve we £z L1 LE
0. 01 0.7 0.1 0.3 -3.9 1%.6  =1.8 0.1
0. 02 1.4 0.4 0.6 -4.0 20.1 -1.5 0.1
g. 63 2.qa 0.2 0.3 -3.1 0.3 f.1 6.2
0. 04 2.6 1.3 1.1 -3,2  21.9 0.5 0.2
0. 0S 3.1 1.5 1.3 -4.5 22.9 0.8 0.2
0. 0S 2.8 2.5 1.5  ~4.€ 24.0 1.0 5.3
0. N7 4.0 2.8 1.7 -4.3 a25.2 1.¢ n.3
0n.03 3.4 3.8 1.9  =S.0 %é.4 1.3 n.z
0. 09 4.2 4.5 2.1 -5.1 E7.6 1.4 7.3
n.10 S.2 S.1 2.3 -9.3 28.=8 1.5 0.3
.11 5.5 5.8 2.9  -5.4  30.0 1.4 0.3
.12 5.9 6.4 2.7 -5.& 3t.e 1.7 .z
0.13 6.2 7.1 2.9 -5.7 32.4 1.7 0.3
n.14 ] 7.8 3.1 -5.2  33.7 1.8 0.3
0.1S 6.8 .5 3.2 ~5.0 34,9 1.8 0.3
n.1¢ 7.1 7.1 Z.9 -2.1 36.2 1.9 i
0.17 7.4 9.8 3.7  -&.3  37.S 1.9 0.2
n.13 7.7 10,5 2.9 ~é.4 3.8 2.n 0.2
n.1% 8.0 11.2 4.1 -&6.5 4001 2.0 0.3
n.2a 8.3 11.9 4.2 -5.6  41.4 2.0 8.3
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.03 20.4  Q0.A e.2 -15.4 453 3.4  E7.6
.04 3.8 120.0 3.7 -17.7 Sv.0 3.5 EF.S
0.05  25.7 142.3% 11,2 -19.6  €4.% 4.7 &v.z
.06  29.5 177.2 2.7 -21.9  T1.3® 4,7 27.1
n.07  32.0 295.2 14,1 -2z.0 78.8& 4.8 2¢.9
n.u8  34.5 &33.2 15.6 -24.4 &5.% 4,2 26.6
0.0% 6.8 261.3 17.1  -25.7 2.4 4.9 26,3
0.10 3901 23,3 18,8 -&s.% 99,2 4.2 2&.0
0. 11 41.4 313.9% 20,2 -27.9 10s.1 S.0  25.7
0,12 43.%  393.9 21,8 -35.9 1130 S.0 25,5
.12 945.2 35001 23.5 -29.8% 120.1 5.1 Zs.2
.14 4z.0 4130 25,3 -20.6  127.3 S.1 24,9
n.15 S0.2 337.9  27.2 -31.3 134.2 S.1 23.5
0,16  SZ.7 485.F 2%,2 -31.% 142.S S.2 24.4
.17  S5.1 S26.4  31.3 -32.4 1S0.5 S.2  24.2
.18  S7.7 ST1.6 33.6 -3z.4 155.9 S.3 24.0
0,19 50,4 K226 FA.0 -33.1 1EF.T S.2  23.2
U.20 43,4 B31.6 38,8 -33.2 177.0 S.4 23.6
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