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Abstract

The breakdown of a discharge in a linear EXTRAP configuration has

been studied experimentally. In this configuration the breakdown occurs

along the zero B-field line, which is the axis of the linear octupole

Magnetic field, between the anode and cathode which constitute the ends

of the linea? device. Breakdown could be described by a modified Townsend

criterion * c. jh included additional electron losses due to the presence

of the B-J • <i transverse to the discharge.



Discharge Breakdown in the EXTRAP Configuration

I. Description of EXTRAP

The linear EXTRAP cnfiguration is basically a linear Z-pinch placed

in the low magnetic field strength region of a linear octupole vacuum

magnetic field.1"3 The octupole magnetic field is produced by four

linear current-carrying rods. The Z-pinch discharge runs along the axis

of the linear geometry between two end electrodes. A schematic diagram

of the configuration is shown in Fig.l. A Z-pinch is normally unstable

against global pinch modes such as sausage, kink and helical kink

instabilities. However, immersing the Z-pinch in the low-field region

on the octupole magnetic field results in a configuration that is stable

against these modes. For a further discussion of the EXTRAP experiment

see Reference 3.

In the present paper we discuss the start-up phase of the discharge.

The octupole magnetic field is present when the electric field, E, which

initiates breakdown, is applied between the electrodes. The physics of

the breakdown differs from a usual Townsend breakdown because B is

transverse to the electric field and is strongly inhomogeneous. The

electric field is parallel to the axis of the configuration. This axis

is also a line of zero B-field strength. Because of this zero line, the

breakdown occurs in a channel of small radius centered on the axis. The

plasma density builds up radially outward as the discharge current increases,

until an equilibrium pressure profile is established. The plasma is

ohmically heated. The development of the EXTRAP discharge is thus different

from a dynamic pinch where equilibrium is established after a radial

inward compression.

The stability of the equilibrium discharge is a function of the

shape of the equilibrium flux surfaces and the shape of the radial pressure

profile. A detailed discussion of the stability is found in Reference 4.

II. Townsend Criterion

Before discussing breakdown in EXTRAP, we briefly review the Townsend

criterion for breakdown in a low pressure gas. The two Townsend coefficients

are as follows:

(fir t} a electron impact ionizations

,m .» , secondary (ion produced) ionizations
(8eCOnd) Y " incident TSS at cathode



The coefficient a can be expressed as a = v. . /u where
loniz

Vioniz *S the i° ni z a ti° n rate and u is the axial electron drift between

the electrodes. The coefficient y is essentially the coefficient for

electron emission due to ion impact on the electrode.

In a Townsend discharge, with an electron separation d, the number

of ionizations produced in the electron avalanche by one primary electron

leaving the cathod is equal to a factor e . The criterion for breakdown is

ad
Ye = 1.

We note the ye is the number of secondary ionizations produced by

e ions incident on the cathode. Thus the criterion for breakdown is

that one primary electron produces ea ions while traversing d and in

turn these é ions then produce one secondary electron at the cathode

to carry on the discharge. The discharge is then self sustaining and not

dependent on an external source of electrons.

In an electrodeless discharge, for example a toroidal discharge with

an induced electric field, the criterion for breakdown has another form.

There is no loss of electrons at the anode and no source of secondary elec-

trons at the cathode from ion impact. The criterion for breakdown becomes a

requirement that the ionization rate must exceed the loss rate. The discharge

is self-sustaining as long a« the electron population is not diminishing.

Removing the electrodes removes the dominant electron loss mechanism;

however bending the discharge into a torus introduces the potential for

vastly increased electron losses perpendicular to tht direction of the

discharge current. With good electron containment, breakdown in a toroidal

configuration can occur at comparatively low electric fields, hovever with

poor electron containment, breakdown can be unachievable.

We now turn to a discussion of breakdown in the EXTRAP configuration.

We postulate that placing the electrodes in the EXTRAP vacuum magnetic field

affects the Townsend criterion. First, a becomes strongly spatially

dependent since electron velocities are limited to the E/B velocity which is

spatially dependent. Over a large part of the cross-section, the electrons

cannot be accelerated up to the energies where the ionization rate reaches



its maximum (about 130 eV). In addition, the E x B drift gives a

transverse velocity component to the electrons which results in

increase! losses. If these losses are large, they can become comparable

to the electron losses at the anode, and the breakdown criterion mist

then take into account these losses.

III. Observations of Breakdown in EXTRAP

We now turn to a discussion of the observed breakdown in the linear

EXTRAP experiment. The range of parameters for this experiment were

as follows:

d • 0.2 m

p * 0.02 i 0.2 Torr

I - 0 i 30 kA (rod current)

The rod-current Iy created the vacuum octupole magnetic field which

had a field strength spatial dependence near the axis given by

B = B (r/S ) 3

o o

B » n i /2TTSo o v o

where S (one-half the separation distance between the rods) was 2 cm

in the experiment being discussed, (see Fig.l.)

Two variations of this linear experiment have been tested. In the

earliest model, the vacuum vessel was a glass tube with a radius of 2 cm.

This tube was inside the current-carrying rods. In a later version of the

experiment, the vacuum vessel was a stainless steel cylinder with a

radius of 7,5 cm so that the vacuum vessel wall was well outside the rods.



For the case with the glass tube, all the B-ficld lines intersected

the glass tube so electrons were quickly lost from the system. However,

for the case with the vacuum wall outside the rods, the field lines

were closed without intersecting the wall, and the system had better

single particle containment.

The breakdown voltages, when the vacuum magnetic field was present,

for the case with the glass tube vacuum vessel were typically 5 to 10

times higher than for the case with the vacuum vessel outside the rods.

The difficulty in achieving breakdown with the glass-tube vacuum vessel

is attributed to the poor electron containment of the system.

We now turn to a more detailed discussion of the observations of

breakdown in the device with good single-election containment due

to the vacuum vessel wall position being well outside the current-carrying

rods. In Fig.2 we show a curve of the breakdown voltage V, as a function

of vacuum field strength, B , for a case with a filling pressure of

0.05 Torr. At this pressure, the breakdown voltage without a magnetic

field ranged from 200 to 1000 V depending on electrode condition and

impurity level in the gas.

We see that introducing B inhibited breakdown. For example, with

B * 0.1 T, which corresponded to I = 1 0 kA, V, was about 4 kV.

However, V, decreased with increasing B and at B s 0.3 1 the
D O O

value approached that observed with no vacuum field.

In order to gain further information on the breakdown process,

we show in Fig.3 a curve of breakdown voltage versus filling pressure
for a constant B * 0.3 Tesla. For comparison, we show a typicalo
Paschen curve of breakdown voltage verses pressure for a hydrogen discharge

without a transverse magnetic field. The experimental curve followed

the Paschen curve in that Vfe decreased with increasing p. However

the values of Vfe were higher when the transverse magnetic field was

present, but the difference between the values decreased with

increasing p. Since V, decreased with increasing p, we conclude

that the breakdown process was dominated by electrons with energies

above about 130 eV which is the energy where v. is maximum.
xoniz



In addition to studies of V, versus various parameters, the

nature of the breakdown was examined optically by use of a fast image

converter camera with an exposure time of 10 seconds. Photographs

of the discharge were taken at early times after breakdown. Sufficient

light was produced by the discharge to be seen in photographs (with

the equipment used) when "he discharge current was about 2 x 10 A.

The observed current channel was along the axis of the linear system

coincident with the zero-line. The diameter of the channel, as inferred

from the photographs, was typically less tnan about 0.5 cm. The current
4 2

density at the earliest times of observation was then typically 10 A/cm .

This density is well out of the Townsend regime. However, the observations

of the very thin current channel indicate that breakdown was occurring in

a limited region near the zero B-field line.

IV. Model for Breakdown in EXTRAP

A model for breakdown in EXTRAP must be consistent with the following

observations:

1) Breakdown occurs in a small channel near the axis.

2) The character of the breakdown is consistent with the low

pressure aide of the Paschen curve where

Vh u

— > 130 eV.
dv ,

loniz

3) Single electron containment is important and improves with

increased B if the B-field lines do not intersect the wall.

The fact that breakdown.occurred in a small channel near the axis can

be explained by examining the E/B velocity as a function of radius.

In Fig.4 we show E/B versus r for the case with E - V./d « 5 x 10 V/m

and p • 0.1 Torr. We also show X " E/(Bv. . ) for electron impact
loniz,

ionization at that radius for the given E/B velocity. We see that

inside a radius of about 2 mm, B does not limit the electron energy

for an electron starting with zero energy. The E/B velocity corresponds

to an energy exceeding 1 keV but the applied voltage was 1 kV, Therefore,

inside r * 2 mm, the discharge breakdown is the same as in a Townsend



discharge with the exception that electron losses are somewhat increased

due to the transverse component of the velocity because of the

B field.

Outside a radius of about 3 mm, the primary electrons starting from

rest cause essentially no ionization since their energy is limited by the

E/B velocity to values such that A is large. However, these electrons can

be contained and eventually, after scattering collisions, their orbits

can pass near the B = 0 region where they can be accelerated up to

ionizing potentials.

We now propose a simple criterion for breakdown in the EXTRAP

configuration which is an extension of the criterion for Townsend

breakdown. Recall the Townsend criterion yexp(ad) B 1, where

v.
K
(u/d)

v.
, lonizad =

We assume that adding the transverse B field results in an additional

loss medianism with a loss rate vD which must be subtracted from
a

the ionization rate. The breakdown criterion becomes

Y exp
v. . - v_
loniz B

(u/d)

If we look at Fig.3 and take the Paschen curve as the starting

point, we can see the effect of the added electron losses. First, take

a case with a constant V, . When B is added, v o becomes significant and
D o

breakdown is inhibited. To return to a breakdown situation, v • must
loniz

be increased and/or u decreased. This is the case when p is increased,

so breakdown occurs at a higher p when V, is held constant. We now

look at the case where p is held constant and breakdown is facilitated

by changing V, when the B-field is present. Again v • could be

increased and/or u decreased to achieve breakdown. This occurs when

V. is decreased. However, decreasing V, decreases y and breakdown



is not achieved this route. Instead V, must be increased thus increasing y.

This decreases v. and increases u, which is not the desired effect,
lonz

but these changes are more than offset by the increased y and breakdown

is achieved.

This procedure where the Paschen curve is compared to the experimentally

observed curve with a transverse B field can be carried out more quantitatively
in order to estimate the magnitude of vD as compared to v. . . We examine

o loniz

breakdown at a constant V, but different pressures. First assume the

breakdown criterion for the two cases (Paschen case versus the case with a

B-field) is given by

- v. . - v_
loniz B

u/d
Paschen B-field

In addition, assume that for the same V, we have

Paschen
( >

B-field

and

Paschen

r v. . -•
loniz

L p J «_«B-field

This leads to a simple expression for v given by
B

B-field

, p(Paschen)
i •" — — ' — ' — • —

p(B-field) .

where p(B-field) and p(Paschen) are the respective pressures where breakdown

occurs for a given V, , In general, p(B"field) is more than a factor of two

larger than p(Paschen). This implies that v is of the order of v. , with

the B-field present and furthermore that the electron loss rate to the anode

is less than the loss rate v .



An appropriate scaling of v with B-field strength can be proposec

based on the dependence of V.. with B seen in Fig.2; apparently v
n o u

is inversely proportional to B to some power. On the other hand the
scaling of v with p is more difficult to establish. From Fig.3is
we can conclude that v> /(u,d) increases with increasing p. However

this can be partly or entirely due to the fact that u decreases with

increasing p, so we can not draw conclusions concerning the scaling

of Vg with p.

V. Implications for a Toroidal Device

Since vn is greater than the electron loss to the anode, we can
a

speculate that breakdown in a toroidal device without electrodes will

have approximately the same character as breakdown in the linear device

with electrodes if v is not increased by the toroidicity. This is
o

a question that deserves further consideration.
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Figure Captains

Fig.l. Schematic diagram of the linear EXTRAP device. The radial

positions of the glass vacuum wall in the early device

and the stainless steel vacuum wall in the later device

are shown.

Fig.2. Observed breakdown voltage V, versus octupole B-field

strength for a fixed pressure and electrode separation.

Fig.3. Observed breakdown voltage versus pressure for

a fixed B = 0.3 T and d * 0.2 m. A Pa*chen curve is
o

also shown for comparison.

Fig.4. E/B velocity as a function of r for a case with

V, • 10 V, B - 0.3 T and p = 0.1 Torr. The ionization

mean free path X is also shown calculated versus r using

the E/B velocity at r.
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Fig. 2
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Fig. 3
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The breakdown of a discharge in a linear EXTRAP configuration has

been studied experimentally. In this configuration the breakdown occurs

along the zero B-field line, which is the axis of the linear octupole

magnetic field, between the anode and cathode which constitute the ends

of the linear device. Breakdown could be described by a modified Townsend

criterion which included additional electron losses due to the presence

of the B-field transverse to the discharge.
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