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Abstract
A hydrogen plasma of density ~ 1016 cm“3 and electron temper-

ature ~ 200 eV has been investigated under electric fields of 100 to
500 V/cm. A pinch of pinch ratio ~ 3 was found to be hydrodynamically
stable for ~ 2 |is during which the experiment was performed. A sharp
burst of runaway electrons of total current of the order of amperes
occured and disappeared shortly after conduction began. Large low
frequency oscillations believed to be ion-acoustic oscillations appear

and give rise to very high resistivities in qualitative agreement with

recent’theories on plasma conductivity.
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1. Introduction

This experiment was performed to investigate the possibility
of obtaining strong electron runaway in a dense plasma. Runaway
electrons are simply electrons moving so fast that the external
electric field imposed on the plasma is the dominant force in deter-
mining their motion.

The idea of using a plasma for obtaining high current, space
charge neutralized particle beams was first suggested by Budker.[1]

He pointed out that not only can the plasma prevent a large space
charge from building up, but the current of the plasma will tend to
constrict itself.

Several experiments along this line have been performed.
Most of these have been toroidal discharges.[2,3,4,5] Axial magnetic
fields are used to suppress hydrodynamic instability and aid pre-
ionization. The toroidal machines operating at low pressure also have
betatron fields. The main disadvantage of these toroidal machines is
the necessity of confining the runaway electrons to orbits. This
limits the energy spread of electrons that are accelerated without
leaving the beam.

Typically about 1 ampere of runaway electrons with energies
of a few hundred keV are found. These figures are obtained by observing
X-rays from the walls of the discharge tubes. The runaway current is
always small compared to the conduction current. The X-rays appear as
a burst about a microsecond after conduction begins. There 1is no

runaway after this burst.



Measured electron densities varied from 10~ to 10~ cm ~.
Electron temperatures between 10 and 40 eV were measured. Electric
fields were about 10 V/cm.

Reasons for the cessation of runaway were either failure
to confine the electrons to legitimate orbits, or two stream
instabilities.

By using a linear geometry the difficulty of confining
particles to orbits can be eliminated. Suprunenko et al [6] conducted
an experiment in which electron runaway from a linear discharge was
investigated. The impedance of the discharging circuit was rather
high so the electric field varied rapidly in time. Hydrogen gas in
the pressure range of 0.5 to 300 |i-Hg was used. The discharge
constricted to a diameter of about 5 cm. Peak currents were 100
kiloamperes. The electron density was 5 « 10~ to 10~ cm ~. Electron
temperatures found from the intensity ratio of a He I and He 11 line
(~ 10% He was added to the HN for this measurement) were about 30 eV.
Runaway currents of 250 amperes were mentioned. The paper is not
clear on this, but we believe this is for the whole discharge, and not
just the detected runaway. Electric fields measured were about 150 to
600 V/cm. This is at the surface of the tube, however, and not along

the axis.



2. Theories of Plasma Conduction

The theory of fully ionized plasma under the influence of
an electric field has received considerable attention. All of the
theories are based upon a number of assumptions and it is usually
difficult to design an experiment consistent with them. In our
experiments we are interested in the dc conductivity, where we mean
by dc, that times are long compared to the reciprocal of natural
frequencies of the plasma, the electron and ion plasma frequencies
and gyration frequencies.

These theories may be put into two categories conveniently,
those theories that assume spatial homogeneity and consider the
effect of collisions and those that do not assume spatial homogeneity
and neglect collisions.

All of these theories are approximations to Boltzmann's

equations plus Maxwell"s equations

2.

(2.2)

where T is the electron distribution as a function of time t, position
x, and velocity v, m is the electron mass and F and M the equivalent

matters for the ions. H is the electric field, e the magnitude of an



electron charge and the subscript c on the derivatives means they

represent changes due to collisions.

2.1 Spatially Homogeneous Theories

The simplest theory, and one that has been found valid
experimentally for small electric fields, yields the well-known Te3/2
conductivity law. It is easily derived by assuming infinitely massive
ions. The first equation can then be replaced by the equation for a

Lorentz gas. Then by assuming spatial homogeneity, time independence

and a slowly drifting Maxwelliam of electrons, one obtains a resistivity

4tt m e
1 Jin (esu)
3 (kTe)3/2
2.3)
0-06 (E1 cm)
e

where Tg is expressed in electron volts, as it shall be throughout
this paper. This expression has also been derived by using an expansion
of the electron distribution in Legendre Polynomials of the cosine
of the angle between the velocity v and the electric field Eo' All
theories for small fields and computer calculations yield a similar
expression to (2.3), differing at most by factors of the order of 2.

The expression (2.3) has been found to be correct for small
electric Tfields in ohmic heating and theta pinch experiments.

The expression (2.3) may be written instead in terms of the

drift velocity of the electrons



2.4
c
kT KT
where Vo = m and EC = 2 in Nd. Xd is the
4tt ne
electron Debye length and is the number of elections in the Debye

sphere. E£ is the critical electric field first used by Dreicer 1.[7]
Physically, E” is the electric field which increases the energy of an
electron by kT~ in one mean ion-electron collision length. It is

seen from this that as the electric field becomes of the same order

as EM the drift is on the order of and the velocities involved in
the collisions are appreciably higher than ve. Since the collision
cross section drops rapidly with increasing velocity, the dynamical
friction must be appreciably lower. In Paper | Dreicer assumed a
drifting Maxwellian of electrons of arbitrary drift velocity and

found that the frictional force dropped off very rapidly as the drift
velocity approached vg. From this it appeared for fields larger than
Ec, the electrons would all accelerate rapidly along the electric field.

The critical electric field

Ec = - in Nd

ad

(2-5)

1.2 « 1012 D€y en

for ng in cm and T in eV is seen to be a reasonably small field for

most plasmas.



The obvious defect to applying these results to real plasmas
was the assumption of a Maxwellian distribution. This was corrected
in a subsequent paper by Dreicer 11 [8] where he assumed a distribution
that was only approximately Maxwellian and obtained rates of runaway
for E « . To do this he looked at particle orbits in velocity space
under the influence of the electric field and dynamical friction due
to ions. From this he found a surface in velocity space outside of
which all particles were dominated by the field, and ran away. He then
assumed that all particles at this surface (actually at an approximation
to this surface) ran away immediately. He then computed the rate that
electrons diffuse out to this surface.

This theory gave rates of runaway which were reasonable, but
also predicted complete runaway which was not found experimentally.

Electron runaway was investigated by Kruskal and Bernstein
[9] in a more rigorous manner, but still assuming a spatially homo-
geneous Lorentz gas. They divided velocity space into three regions,
a region where the electrons are moving slowly so electron-ion colli-
sions dominate the electric field, a fast region where the field
dominates the collisions, and a middle connection region where the
collisions and the field are both important. They then solved the
problem by expansions and matching solutions at the boundaries of the
regions.

This theory yields a runaway current as a function of time,

but again predicts complete runaway.



2.2 Spatially Inhomogeneous Theories

It appears that for electric fields appreciably larger than
E~, collisions are no longer important. In this case there will be
fast drift velocities which will lead to growing plasma waves. If we
think of the plasma in the rest frame of the electrons with the ions
drifting through them with velocity u, we can find the drag due to
plasma oscillations as follows.

It is well known that the drag force on a charged particle

passing through a plasma gives an energy loss of
- -1
~ 1m6  (kk-u) (2.6)

where e is the charge and u is the velocity of the particle. £ is the
dielectric constant. For a particle of charge e and a velocity some—*,
what bigger than the electron thermal velocity, this equation gives a

drag force due to electron plasma oscillations of

where is again Dreicer”s critical electric field. For particles

moving more slowly than v , electron oscillations do not cause a drag,
e feT \%

but if they are moving faster than the ion-acoustic velocity =



Since Te » T] this is of the same order as e EC fi; P - It is seen
from this that plasma oscillations can cause a drag that also requires
the electric field to be much greater than for complete runaway.

A more rigourous method of looking at the effect of plasma
oscillations is to use the quasi-linear theory (cf. Drummond and Pines
[10]). Field and Fried [I1] investigated a plasma using this theory
and found that ion acoustic oscillations vastly effected the electroén
distribution.

They made two different sets of calculations. Collisions
were neglected in both. In one they assumed Maxwellian distributions
of both ions and electrons with separate temperatures parallel and
perpendicular to the electric field and a drift velocity relative to
each other. They then averaged the drag force over all particles due
to oscillations and used the difference between this and the electric
field force to determine the rate of change of drift velocity. The
results were a fast rising current for about 103 electron plasma
oscillation periods and then a sudden drop to a current such that the
drift velocity equalled the ion-acoustic velocity.

Their second calculation was less restrictive. The essential
difference between it and the first calculation was that the electron
distribution was not Maxwellian parallel to the electric field. The
mean velocity again rose linearly for a short time and began suddenly

to drop. It did not fall to some constant value, however.



2.3 The Present Experiment

The present experiment was designed to match the conditions
of these theories as closely as possible. A linear geometry and constant
electric field was used. There are, however, still major differences
from the assumptions of the theories of plasma in an electric field.
The differences are the presence of a magnetic field and the rapid
variation of the electron density with time. There is also a spatial
variation of the density of course. The effect of either a super-
imposed magnetic field or the unavoidable self magnetic field may be
quite large as the theory of Field and Fried indicates that plasma
oscillations with k vectors at angles to the electric field and
therefore the magnetic field may be very important. However, other
factors prohibit an accurate quantitative comparison to their theory
so this additional difference between their theory and our experiment
is not important. Qualitative comparisons will, however, be made.

The rapidly varying density is difficult to avoid due to
pinching and ionization. After ionization is near 100% the density
does not vary much and the critical electric field is still above EC
Since there are neutrals in the discharge tube the critical electric
field should take this into account. Since the total electron mean

free path is

where Xe1 is the electron-ion mean free path and Xeo is the electron

neutral mean free path, then the critical electric field is
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where

P _e_ - _ 4n -

ci Xei el in D D D
1.2 < jo‘12 o 2.7

e

T
A° e
ACO o “e\'e

where N, is the H-atom density, éé(Te) is the H-electron collision cross
section for electrons of energy Te. Teqe(Te) has a maximum value of
about 110 eV cm around ~ 100 eV. Since nG = 6.6 * 10" p(l-a)

for p in G4 - Hg and o the fraction of ionization

Ep = () p

co

If we assume Te ~ 200 eV as it is later seen to be

(2.8)

Thus for g-~ 1 the ions dominate and for <y « 1 the neutrals dominate,
but the critical electric field is always roughly ~ p V/cm for p in

microns if 200 eV. Actually at low pressure pinching raises the
electron density to such a degree that ch is greater than that shown.

However, it is found later that the electric field is still above EC
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3. Induction Machine Design

The design of the machine stems from considerations of
strong electric field, large total voltage, and fast diffusion of the
field into the plasma.

To maintain large total voltage while keeping condensor
bank voltage down to a reasonable value dictated a transformer type
of arrangement. We designed the machine following the suggestion of
Kerst [12] as a coaxial transformer with the discharge down the axis
so that inductance could be held down. The radius of the discharge
tube was kept small so that the secondary current and thus back emf®s

would be small, and electric fields large.

3.1 Transformer Design
While the machine is, in fact, one secondary enclosing four
primaries, it has an equivalent circuit of one secondary and one

primary as shown in Fig. 3.1.

Figure 3.1. Machine Equivalent Circuit.
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This circuit obeys the equations:

V + L 3.1
P P G-H
d2v dl dl
Vv MC " ~ = - —
s LS Et ot Vp LE at (3.2)
dt
where o = V_may be written:
p P
t
V. = Vg cos ilt - Q"M J 1(tl) cos Q(t-t") dtl (3.3)

1
where 02 = L C-and Vo is voltage on the condensor when the switch is

closed at t = 0. Therefore:

dl M2 t
v aV cos Qt - L, T -—- J- j1(t?) cos O(t-t") dt* . (3.4)
E dt °
L zC
p
The third term will usually be small in our case, as will be seen
later. The resistance of the actual machine is neglected since we
are only interested in the first quarter cycle.
Consideration of equation (3.2) points to the fact that
strong electric field and high voltage tend to contradict each other.

This can be seen as follows: the inductance of a coaxial transformer is

L = Hn b/a  (m]ih)
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where | 1is the length in cm and b/a is the ratio of inner to outer
conductor radii, jfh b/a varies slowly for il 1 so that L = const, i
for all practical purposes. Therefore let us assume M = M"JE where M"
is a constant. Then, since LP - M is more or less determined b¥ the
condensor bank, ignitrons and coaxial cable

MR
(LP— M) + M je

where i0 = ~P_., , and

for 1S: 0 . Therefore, VS is greatest for | large compared to i0 and
E is large for | small compared to | . Before deciding upon a value

of X, the variation of LEj with J should be checked.

L. =1L 1 - _f- _ -
E S L L Ls fL (Ls -+ Mjfco 5T

+1

Lg - M also has a component proportional to j& as the discharge tube
is down the axis of the machine, but this is small compared to M"X
and need not be considered. L£ also increases with I. A value of
H ~ &Q is a reasonable compromise for all of these parameters. Since
Lp~ M ~ 300 mjih for the components we used, and 2 jfn b/a is about
8 mp.li/cm for a reasonable sized machine, | = 16 inches ~ 40 cm was

used. Ceramic tubes were easily available in this length.
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In the design actually used for the transformers there were
four primaries. Each of these consisted of a toroidal section four
inches long with a 30-inch outside and I;;-inch inside diameter
(Fig. 3.2). The current (actually a negative current) flowed from
the condensor, through an ignitron switch mounted in a case on top of
the condensor, through low inductance coaxial cable (0.006 nph/ft) to
the primary of the transformer. Here it flowed down a braided copper
strap (A in Fig. 3.2) to the center of the transformer, axially along
the center (B), out along the primary end place (C), along the 5/8-
Ifich steel supporting rods (D), and back to the coaxial cable outer
conductor.

The mutual inductance for these dimensions for the one
primary model (that is four times that of one of the actual primaries)
can be calculated to be about 300 m|ih, including a contribution from
the 5/8-inch support rods. This is close to the measured value as

will be seen later.

3.2 Discharge Tube Design
The discharge tube must be small enough that back emf"s
do not lower the voltage too much. Assuming cylindrical symmetry,

we have
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BE, _dBe
Sr St
V(rQ) - V(o)

;0 d p 1(r)
2t dt J r dr -5)

where z, r, and $ directions are as shown in Fig. 3.3, I(r) is the

total current through a disc of radius r centered on and normal to the

axis and V(r) is the integral of the electric field down a line

parallel to and a distance r from the axis. Assuming the discharge

is pinched so that the current density is large inside some radius ro/K

and small outside r0/K, then

r

dr ~ 1_ jJnK
\i r o]

where Ig = I(ro). K is the pinch ratio and is greater than 1. Then

lis .
V@ro) - V() ink +W  hi

Assuming the pinch ratio is of the order of 3, as it is later seen to

be the first term is small compared to Ig. The second term 1is

correspondingly small averaged over times of interest, since



Figure 3.3. Discharge Coordinate System.
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[
Po 0 L rt+At£ dr =M T A ¢nit

2tt at J K 21T 0 At
N% I o . T,

2n At XnK

XnK

for At ~ £3

Therefore as long as k is not too large, back emf"s inside
the tube will not be important in comparison to Le io. We must
therefore merely be sure that the secondary current is not too large.

For non-turbulent plasma, the current would only be limited
by the speed of light for E » . However, the plasma will be very
turbulent indeed, as it would otherwise be drifting faster than the
ion-acoustic velocity, and this turbulence will lower the conductivity.

If the electrons are drifting with the ion-acoustic velocity,

then for hydrogen and complete ionitation we have

~ N
1 6 ATe Q

2
where A is the tube cross section in cm , T 1is the electron temperature

in eV, and p is the initial gas pressure in p,-Hg. Then, since
lo ~ ~ kg where ™ is the machine ringing frequency in radians per

second, we want

Le Q Ly~ ®V,

2-1
or 1 0 = 4*10 amperes
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using LE ~ ! lih, Q ~ 10& sec_l- Then
4*104 w2
A ~ 6*10* 100 ~ 6 cm
for p = 100 i, T = 100 eV.

A 1-inch inside diameter tube was decided upon giving an
inside diameter of 5 cm2. With these tubes the electric field was
several hundred volts per cm for pressures of 200 jj, for times of
interest.

The tubes used were 96% alumina ceramic tubes 16 inches long,
1-inch inside diameter and 1%-inch outside diameter. The electrodes
were machined from stainless steel. The anode had a %-inch hole in
the center through which diagnostic devices could be inserted, or
in which a stainless plug with a small orifice in the center could be
placed. This orifice was to allow runaway electrons to escape. The
side of the anode away from the discharge was connected via a large
manifold to the diffusion pump. The cathode had a 3/8-inch hole in
the center which connected the tube with the pre-ionization chamber.

The tube was surrounded by two layers of 0.002-inch shim
brass insulated from each other by a thin sheet of mylar. The shim
brass sheets had small spiral slits about 1 mm wide to allow the BZ
field to pass through. This was wrapped with more thin mylar upon
which the coil was wound. This coil consisted of one layer of #24
wire wound close spaced. The return current for this coil was carried
by the outer of the two layers of shim brass. The coil was then

covered with epoxy and several layers of polyethylene insulation.
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The effect of the shim brass was three-fold. It was of such
a thickness as to have a decay time of about 5 milliseconds, much
longer than all times of interest. It therefore shielded the tube
from stray primary fields, tended to maintain the discharge in the
center of the tube, thereby increasing the stability of the pinch and

helped maintain a uniform BZ field.

3.3 The Condensor Bank

The condensor bank consisted of twelve 2.5 (if fast discharge
capacitors. Each of these fired through separate ignitrons to one of
the three primary straps in each primary, in the manner that was
shown in Fig. 3.2. All of these circuits could have been paralleled,
but they fired reliably and reproducibly without it, so the extra
complication was unnecessary.

The capacitor bank and firing circuit is shown in Fig. 3.4,
and the waveform for the first quarter cycle in Fig. 3.5. Fig. 3.6

shows the thyratron circuit used to fire the trigger ignitron.

3.4 Pre-ionization

Due to the machine configuration pre-ionization was difficult.
Radio-frequency breakdown was impractical due to capacitive loading to
the B” coils and shielding. It was difficult to attach a dc electrode
in the center and would not work well at low pressures. The method
that was adopted was to pulse a discharge at the cathode end of the
machine and let the plasma diffuse through a hole in the cathode down

the longitudinal magnetic field.



- HV.

All ignitrons G.E. , GL-7703

All capacitors Westinghouse ,
2.5/¢f fast discharge.

Figure 3.4. Condensor Bank.



Figure 3.5. Voltage Wave Form First

Figure 3.6.

Quarter Cycle.

+ 4 kV

Condensor Bank Trigger Circuit.
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To get a uniform plasma in the tube the pre-ionizing discharge
was pulsed as the longitudinal magnetic Tfield began to build up, and
the discharge decayed well before the longitudinal field had reached
its peak. Then, when the longitudinal field was near its peak, and
approximately constant, the plasma spread and decayed by ambipolar
diffusion until the condensor bank fired. Therefore, to have a
reasonably uniform plasma down the length of the tube, it was necessary

that the diffusion constants normal and parallel to the field obey the
relation

P:L 2a

« -

D1 1

where a is the radius of the tube and & is the length. Assuming

Te - T1
dii =
2D 2D1
D+ = Z Tt 2.2
58 Q_2¢2 § %

eB i - _
where Qe = e and T is the mean electron-neutral collision time. Then

2 {M\ - - «

m> 2 2, J
Q. t
2 2 /W\ 4

1

Qe \m) 2a 03
Since t = where n_ is the density of neutrals, < _is the
Ve N2.Ve 0 e

elastic collision cross section, ve is the mean thermal electron
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velocity, T~ ~ < 10 sec assuming nQ / 10 cm, a~ 10 cm and
ve ~ 2 * 107 cm/sec. For B in&gauss % ~ * 107B sec ~. Thus
(QeT™)~ ~ B~ » 10®, or B » 32 gauss.

The pre-ionization chamber was a coaxial discharge with a
magnetic field provided by the same condensor which fired the discharge.
It would work down to pressures of about one micron. Plasma from this
chamber passed through a 3/8-inch hole in the cathode and down the BZ
field to the other end of the tube. The pre-ionization chamber and
firing circuit are shown in Fig. 3.7. The magnet field from the coil
around the chamber lowered the minimum operating pressure by increasing
the path length of the electrons. The 2K resistor was found to give
the lowest possible firing pressure. The system was found to work
better with the coil in series with the discharge than parallel to it.
The pre-ignition voltage was small compared to 10 kV so that the
current decayed with the e-folding time of 10 jj,sec.

A Langmuir probe at the anode and therefore at the furthest
point from the pre-ionization chamber indicated an electron density
of 10 to 10 ~ cm N at the peak in Bz’ which was when the condensor

bank was fired.

3.5 lonization

The fact that there was a plasma in the tube when the
condensor bank fired did not necessarily mean that the tube would
ionize further. For pressures such that the neutral density was above

some critical density nf ~ > where is the ionization cross section



Figure 3.7

110V
60 ~

Preignition Chamber and Circuit.
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and assuming an electron temperature of about 60 eV, it is easily
shown that the density e-folding time is about 2/p p,sec, when the gas
is weakly ionized. Assuming the density must go from 1011cm"3 to
i,16 -3 ) B o ) ) . )

iU cm this gives an ionization time of about 10/p jisec. Since a

%-p,sec delay was all that could be tolerated, p had to be greater

than about 20 j. Actually, the delay was \ p,sec at about 30 p,.

3.6 Longitudinal Magnetic Field

The longitudinal magnetic field was produced by discharging
a 10 p,f capacitor charged to 1400 volts through the coil around the
discharge tube. While lower fields could have been used, the best
results were obtained at the highest possible field. The discharging
circuit is shown in Fig. 3.8.

The coil around the tube was wound at 18 turns per cm, or
23 gauss per amp for a coil in free space. However, the transformer
around the coil changes the field. The situation is essentially that
seen in Fig. 3.9. The total flux through the machine will be constant

(zero) over times of interest. Therefore,

2 ? 9
t BO(bA - a)=8B, a

and

SO

2\
21 =

N(0.31) 7.1 gauss/amp
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Figure 3.8. Longitudinal Magnetic Field Circuit.

Figure 3.9.

Longitudinal Field Coil.
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The peak value of I, where the condensor bank was fired, was 75 amps,

giving a of 530 gauss.

3.7 Vacuum System

Since high currents were to be drawn from metal electrodes,
impurity level was high and a high vacuum was of little use. No
particular efforts were made beyond eliminating all leaks, for this
reason. The schematic of the system is shown in Fig. 3.10.

A 4-inch, metal, water cooled, oil diffusion pump was used.
It was connected via a manifold to the system at the anode end of the
machine. The pressure at machine, as measured by the Bayard-Alpert
gauge in Fig. 3.10 was below 10“6 Torr when no gas was being let into
the system. When hydrogen was being admitted the pressure on the
manifold side of the anode was below 10 Torr for a pressure of 0.2
Torr (200 |i-Hg) in the discharge tube. The walls of the tube emitted
large amounts of gas when the machine was Tfirst fired after being let
up to air. This disappeared after a few firings.

Since this was a flowing system working well below the gas
supply pressure, the pressure had to be controlled continuously.
This was accomplished with a Phillips-Granville controlled variable
leak arranged to keep the ion current of a Westinghouse 7903 high
pressure ion gauge constant. The electron current was regulated by an
automatic filament supply. Regulation was within a few percent.

The high pressure ion-gauge calibration was checked against
a Pirani gauge. The agreement was very good throughout the range

of interest.



Discharge tube

ivalve
—_— To diffusion
O Pironi gauge pump

Power supply Power supply
High pressure ion gauge Bayard-Alpert ion gauge

Ammeter /¢fi Ammeter

Variable Granville - Phillips
leak Variable leak controller

Figure 3.10. Vacuum System.
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The hydrogen supply was a one liter static bottle which was
filled to about 100 Torr from a high pressure hydrogen tank. Again

there was no reason to try for purity.

3.8 Oscilloscope Connections

The cables taking the signals to the oscilloscope were all
RG-8U coaxial cable. The impedance was 50 ohms and was matched
whenever it was necessary. All cables were grounded to a brass plate
near the oscilloscope. Ground currents through the oscilloscope were
avoided this was as they were found to cause appreciable deflections.

Noise from the machine was understandably large, but only
showed up on the oscilloscope at large gains, with the exception of
certain experiments where ground loops were necessary.

The oscilloscope was triggered by a small loop in one of
the primaries of the machine.

The conduction current was measured by a Rogowski belt and
integrator. The signal went to the oscilloscope through one of the
coaxial cables, and the cable was matched at the oscilloscope end.

A simple RC integrator was placed at the input of the oscilloscope.
The relation between the conduction current and the oscilloscope

voltage is

where 1| is the current, t is the integration time constant, M is the
mutual inductance to the conductor through the Rogowski belt, and V
is the output voltage. The frequency response is limited at both

high and low frequencies by
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UK « «
X @ (lh

where
0J.t =1
&

and
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in which L is the self inductance of the Rogowski belt and RO is the
coaxial cable impedance. L is approximately NM where N is the number
of turns of wire on the belt.

For the Rogowski belt we used 0% < 0.1 usee ” depending on
the integrator used, and ur~ 210 Jisec *. Since a1 > 1 (isec 1 was of
interest the low frequency condition was always met, and there was a
large range into high frequencies.

M = 17.6 m]j,h for our Rogowski belt gave values of t/M on the

order of 1 kiloampere per volt for the integrators we used.

3.9 Machine Parameters

The values of Lp, Ls’ and M were measured. Lp was obtained
from the ringing frequency for 1s: 0 and the known value of C. The
ratio of secondary to primary voltage then gave M. LS could be and
was obtained by measuring the ringing frequency for VS = 0 (a brass
pipe the size of the inside of the tube was used as a short) but this
involves taking the difference between similar measured quantities
and was not very accurate. A more accurate method was used to measure
the secondary current for VS = 0. This value of LS was used and

differed from the other by about 12%.
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Figure 3.11 shows the equivalent circuit, the measured values
of the parameters, and the equations of the machine.

The actual circuit is shown in Fig. 3.12. In this circuit
the difference between ﬂ'Lp and Q_M is made up of the inductance of
the condensors, ignitrons, and coaxial cables for three units in

parallel.

3.10 Experimental Arrangement

Figure 3.13 shows a block diagram of the experiment. The
upper trace of the oscilloscope (U) went to the particular experiment
being done. This will be discussed in connection with the data.

The delay generators shown are Telectronics type 200AA"s.

These were adjusted to give the sequence of events seen in the figure.
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w tW W1s C = 1.875 fjif
Vg =-MCOV -Lug Lp- 0.56 yiih

=av, -k, L$= 0.30 fj.h
V§ =aV cos fit - Loig M = 0.51 /xh

2
~ ﬁef, J cos dtl
= 0.36 /ih
=0.52V cos 0.981 - 0.36i .
a = U
I's (t) cos 0.98 (t-t] dtl LP
' =0.52
for volts ,amperes and jis or 0= —L
kilovolts , kiloamperes , and fis. V 1Ae
= 0.98¢¢s-1

Xd " ~Vc where Vc is the condenser
bank voltage.

Figure 3.11. Machine Equivalent Circuit
and Parameters.



All condensors 2.5/¢f.

Figure 3.12. Machine Actual Circuit.



Figure 3.13.

Block Diagram of Experiment.
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4. Measurements

The application of diagnostic techniques met with a variety
of difficulties. To begin with, the plasma was quite inaccessible,
being in the center of the transformer. In addition, temperatures,
densities, and frequencies were high and the repetition rate was low.

All experiments were recorded on 3000 speed Polaroid film
from a Tektronics type 511 dual beam oscilloscope. Since the condensor
bank time constant was 12 < 2.5 jj,f < 0.3 megohms = 9 seconds, it was
necessary to wait at least 45 seconds between successive experiments
while the condensor bank voltage built up.

In each of the experiments the oscilloscope was triggered
from a pickup loop in one of the primaries. The scope triggered very
early in the rise time. The lower oscilloscope trace was always the
conduction current, taken from the Rogowski belt, so that results

could be compared and reproducibility checked.

4.1 Runaway Electrons

The approximate energy of the runaway electrons was obtained
by looking at the absorption of bremstrahlung from a tungsten target
by thin aluminum sheets. The electrons passed through a 0.030-inch
hole in the center of the anode to a tungsten target about 6 inches
away. The experimental setup is shown in Fig. 4.1. The scintillator
received many X-rays on each pulse, so the photomultiplier current was
high (-~ 1 milliamp) and background noise posed no problem. A typical

oscilloscope trace is shown in Fig. 4.2.



Aluminum X-ray
absorbing foils

scintillator Nal(T1)

Figure 4.1. Runaway Electron Energy
Experimental Arrangement.
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Figure 4.2.

Scintillator Response for No Absorber
and 0.008 inch Al Absorber.

38



39

Figure 4.3 shows a plot of pulse height versus absorber
thickness. This was obtained from the oscilloscope trace from the
scintillator with various numbers of 0.001-inch thick aluminum absorbers
between the target and the scintillator. The scatter shown is typical.
These plots all indicated energies in the 10 keV range. This is
roughly equal to the voltage down the tube.

The slightly later peak in the scintillator current (Fig. 4.2)
for thick absorber was always found. Since the runaway current is
decreasing rapidly at this time, it implies that the average runaway
electron energy is higher at this later time. This may be due to
fewer collisions with neutrals.

Figure 4.4 is a plot of the pulse height versus condensor
bank voltage for a constant pressure and abosrber thickness. Each
point is the average of a few firings.

The runaway current of the electrons was measured by a
collector on the manifold side of the anode, Fig. 4.5. It was designed
in such a way as to avoid secondary currents and photo currents.
Applying a stopping voltage on the collector had no noticeable effect
for stopping voltages less than 1 kV. Moving the collector to one side
also had little effect. This implies that the beam is spread at
several degrees from the tube axis. Figure 4.6 is an oscilloscope
trace of the runaway current and conduction current for a particular
set of parameters. The oscillations in the latter part of the runaway
current are due to a necessary ground loop causing some of the conduc-

tion current trace to appear.



(Arbitrary units)

Scintillator response

Figure 4.3.

Pulse Height versus X-ray Absorber Thickness
for a Typical Electron Energy Experiment.






Figure 4.5.
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matched

Runaway Current Experimental Arrangement.



Figure 4.6. Typical Runaway Current Oscilloscope Trace.
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The currents measured were in the milliampere range and
when divided by the area of the orifice through which they passed
amounted to the order of amps per cr&@2. This is down by 104 from the
conduction current densities. However, the probe measurements which
will be mentioned later indicated that there were pulses of high energy
electrons with currents of kiloamperes per cm2 during runaway. The
discrepancy can be explained by the fact that the collector only
collects electrons moving at small angles to the axis of the tube.

The fast electrons may be deflected through small angles by collisions
and the beam will be spread additionally by passing through the sheath
which must bulge into the orifice in the anode, thus becoming a lens
for charged particles. Since the electron temperature does not vary
much in this experiment (as will be shown later) and the orifice does
not change, the voltage across the lens (sheath) and the curvature are
approximately constant. We will therefore assume the total runaway
current 1is proportional to the collector current.

Figure 4.7 shows a plot of the peak runaway current versus
pressure for several condensor bank voltages. Several interesting
things are found. One is that the current at low pressure does not
depend strongly upon condensor bank voltage. This, in conjunction with
Fig. 4.4 indicates that the runaway energy is peaked at around
Vc = 13.5 kV. Another unexpected result is that the peak runaway
current drops off more rapidly with pressure at 14 and 16 kV than at
lower condensor bank voltages. A possible explanation for these two

facts might be that the density is higher at the high condensor bank



(Arbitrary units)

runaway current

Peak

There is a one decade shift in current between
curves for different condensor bank voltages.
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voltage due to higher pinch ratios and, at higher pressures, due to
more complete ionization.

It will be shown in a later section that the electric field
is greater than the critical electric field due to ions and neutrals
for the complete range of parameters investigated here. In spite of
this, runaway always disappeared in a few tenths of a microsecond

after the conduction current became large.

4.2 Current Profiles and Electric Field

Because of the high electric fields and high current densities
rapid ionization and density changes occur in the plasma. Our require-
ment of a thick sheath so that the electric field along the axis is
high also means that the field diffuses rapidly, and that a rapidly
moving pinch may occur. This pinch cannot be considered with the snow-
plow model, however, due to the thick sheath. Instead, as the gas is
ionized the ions and electrons are moved toward the center. The high
resistance due to collisions with neutrals permits the plasma and
magnetic field lines to move with respect to each other.

A probe for measuring the magnetic field in the O-direction
was built and placed in one of the discharge tubes. It was manipulated
from the cathode end (through which it passed) and could be moved to
different radii (Fig. 4.8). Due to the method of changing the
position of the probe, the cosine of the angle between the normal to
the coil and B_ had to be taken into account. In addition, because

0

of the way the probe was constructed, it was not possible to prevent



Discharge tube

Cathode

Copper braid shielding

Figure 4.8. Magnetic Probe Experimental Arrangement.
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the probe from seeing a small component of the changes in B . By
putting the probe at two different positions with the same radius
this effect could be cancelled. It was also possible to get B as a
function of the time this way, but it was so error-prone, due to the
fact that it involved taking the difference between two similar
oscilloscope traces, that it was not done.

The smallest probe we were able to build was made of 4 mm
pyrex tube with a 1.5 mm coil inside. This probe was not much smaller
than typical pinch radii and therefore undoubtably disturbed the
plasma when it was near the axis of the tube. It also would not have
been very useful to move the probe in small increments compared to
4 mm. We therefore used the probe to get the conduction current inside
of r = 0.3 cm (1(0.3)) and inside of r = 0.6 cm (1(0.6)). We found no
reason for considering larger r as most of the current was inside of
r = 0.6 cm for times of interest as shown by comparison of 1(0.6) and
Iq, the current measured by the Rogowski belt. A few firings were
tried at larger radii to confirm this.

The currents displayed on the oscilloscope were quite repro-
ducible except for oscillations of about 10% of the trace. The oscil-
lations appeared a few tenths of a microsecond after the current began
to rise. These oscillations were averaged to get I(r). The source
of these oscillations will be discussed later.

Equation (3.5) gives the integral of the electric field down
the axis of the tube. Writing this as an average of the electric field

down the tube
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iIE(o)-V(ro)=V(o).V(ro) ~ i ] ° M d,

Since V(rQ) - Vg and Ig = 1 combining this with Eq. (3.4) yield!
18E(0) = ¢V cosQt cosO(t-t") dt"
V1o
1 -
- ikl
o dt | dr

The third term on the right is due to the effect of the secondary

current changing the primary voltage. By assuming 1 behaves as seen
0

in the following sketch

it is easily shown that this term is less than

2 are [Q(t-t0)]2
ar
p dt . 2

or about

0.2 [n(t-to)]2
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times the second term. We will only be interested in Q(t—to) Evo'7
so this term is down by a factor of 10 from the second term and will

be neglected.

The fourth term on the right may be written as

LO %t OF)

uol
where Lq - 7 = 0.008 pjh and F is a function only of the shape of the

current distribution.

F i fr°e I M dr
1n Jg r
As mentioned earlier this has a value of approximately In K for any
reasonable pinch distribution of pinch ratio K. For example, for a

Bennett distribution

constant

NG

F = =
2 gn GF KD = AnKE

In this machine In K is roughly one. For that reason the

expression we use for the electric field is

jJEE(0) = aV cosfit - (L_ + L |
JE0) = aVv cosfit - (L. + L ) I

“.1)

0.52 VO cos 0.98t - 0.44 Io

with V0 in volts, t in microseconds, and Io in amperes,



51

Since the current is not appreciable for times less than t

we will measure time from that point. Equation (4.1) may then be

written

J&E(0) = 0.52 V_ cosQ(t_ + t) - 0.44 i (4.2)

where VC = condensor bank voltage, and T is the time after to as seen

in the following drawing.

The conduction current I0 often has oscillations of period of about
0.2 (s (cf. Fig. 4.6) as opposed to the 6 (s period of the machine.
Because of their high frequency they would have an appreciable effect
when put into Eq. (4.2). However, the skin effect would average these
out for the field along the axis. For this reason, a smooth line was

drawn through these in obtaining the electric field.
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Figures 4.9 and 4.10 show graphs of the conduction current
and electric field versus time for a low and a high pressure. The
condensor bank voltage is 8 kV for both figures. It is seen that at
high pressure almost all of the current is inside of r = 0.6 cm,
whereas at low pressure this is not true, except for very early times.
As condensor bank voltage was raised, the time at which 1 and 1(0.6)
parted became earlier.

This behavior can be understood as follows. The resistivity

due to collisions with neutrals is

~ 1 . 1n-4nh 2 1
o ~ 2 T ~ 1

for 200 eV electrons. Electron-ion collisions have been neglected
here as being unimportant as can be seen from Eq. (2.3). The time
for electrons to diffuse across fTield lines (or field lines to diffuse

through the electrons) is then

2
i a n
t=~- ~ 02"« .
i = 0.2 " [u, sec]
0] 0
n
Therefore, at small ionization fraction B , the electrons can move

0

toward the center without increasing the magnetic pressure due to B .
At high pressures (above about 100 |j,-Hg) the ionization

never approaches 100% in the first quarter cycle.



(wa/n)



Figure 4.10. Conduction Current and Electric Field
at a High Initial Gas Pressure.
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At low pressure the ionization is appreciable soon after
the conduction current begins to rise. Near the axis of the tube the

resistance will be lower since pinching will increase the ratio of

n ton_ .
e o
The resistivity due to electron-ion collisions is
n. =—”" ~ 2 «10°5 n cm
~e
for = 200 eV. The resistivity due to electron neutral collisions is

7107,% '}8_3%/: - om.

e
Probe measurements to be mentioned later indicate that n°/ne ~ 10_1
for p = 29 |j,- The resistivity of the discharge due to collisions
should therefore be of the order of 10 ~ 0 cm. From the current
inside r = 0.3 cm and the electric field shown in Fig. 4.9, the
resistivity is about 10_2 Q cm.

Figure 4.11 shows the electric field averaged over
0 < t < - JiIs plotted versus pressure for = 8 and 16 kV. The
electric field rises for high pressures because ionization is small
enough to allow electron-neutral collisions to be important.

In Fig. 4.12 the peak conduction current is plotted versus
condensor bank voltage for low pressures. The dotted lines indicate
the conduction current obtained from complete ionization and a drift
velocity equal to the ion-acoustic velocity for Tg = 200 eV. This

seems to give the proper order of magnitude for the current. The gas



0 < 1 < — |is versus Pressure.

p =481i

30
20 .
p=29fi
0
4812
Dotted lines are the conduction
o that would result from complete
29 y. ionization and an ion-acoustic
drift. Tp =200 eV
10
10 12 14 16
Condenser bank voltage (kV)

Figure 4.12. Peak Conduction Current Versus
Condensor Bank Voltage.
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is probably not wholly ionized at low condensor bank voltage or high
pressure so the current would be lower. This agreement is only order
of magnitude, of course, as the temperature may differ by factors of

two from 200 eV as will be seen later.

4.3 Electron Temperature and Density

The measurement of the electron temperature and density was
difficult. The density could have been found by the width of hydrogen
lines, but unfortunately the lines were too broad for the closest
spaced Fabry-Perot etalon available to us, and too narrow for our
monochrometer. The densities were too high for microwave measurement.
Bremstrahlung was very strong and could have yielded the electron
temperature, but unfolding the transmission characteristics of the
optical system was prohibitive.

The Langmuir probe (Chen, [13]) was found to give satis-
factory results. The probe was placed just inside the tube at the
anode end so there would not be large voltage differences to contend
with. The probe and associated circuitry are shown in Fig. 4.13.

The probe was made of platinum to lower the likelihood of
arcs and large secondary emission currents. A probe of 0.010 inch
diameter was tried, but it was destroyed by arcing. The 0.030-inch
probe used was pitted from sputtering, but did not change appreciably
in size from use. From this, and from the reasonable results we

decided that arcing did not take place.



Figure 4.13.

Langmuir Probe Experimental Arrangement.
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The circuitry for the probe was mounted directly at the end
of the system. Stray series resistance was checked and found to be
much less than the 0.1 Q current measuring resistance. In deriving
the data the voltage drops across the resistor and condensor were
taken into account»

Because of the high densities the ion saturation current
was too high to be measurable. For this reason the data had to be
taken from a small portion of the probe characteristic. The current

to the probe may be written

ip =il.(e p/Te - 1) (4.3)

where is the voltage measured from the floating voltage and 1~ is

the ion saturation current given by

N
I. == neA ) Te\
1 2 e m.

(4.4)

0.77 < 10"13 An T " amps
e e

3 2
for the electron density ng in cm™ , the area of the probe A in cm

and the electron temperature T~ in eV. Equation (4.3) is valid as
long as iP is below the electron saturation current, as it is in our
case. The magnetic Tfield is not important since the ion gyration
radius is large compared to probe. The frequency response of the
probe is limited by the ion plasma frequency which is so large (of the

order of 1 kMc) in our case as to pose no problem.
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For our probe A = 4 * 10""2 cmz. Assuming n -~ 10- cm
and ~ 102 ev,, I 1is on the order of 103 amps. This is too high
to be easily measured and might destroy the probe. If Eq. (4.3) is
approximated by
i - V + - —§% V 2 vV « T (4.5)

P 1e P 2 12 P pl e

both I and T may be obtained from a small portion of the i ,V
e P P

characteristic. Equation (4.3) is derived by assuming a Maxwellian
electron velocity distribution and an ion current independent of
probe voltage. The assumption of constant ion current should be
reasonable, but if the plasma is not near complete ionization, the
high energy tail of the electron distribution may be effected by
ionization. The values n® and T" we obtain should be the same as would
be obtained by double probe measurements.

Figure 4.14 shows conduction current and probe current
traces for three different probe voltages. The voltages shown are
not corrected for voltage drops across the resistor and condensor in
the probe circuit. The first part of the probe trace is grossly
effected by runaway and cannot be used for obtaining ne and TeO

Figure 4.15 is an example of the probe characteristic for
one set of parameters. Figures 4.16 and 4.17 show the measured
electron density and temperature at t =\ |js versus pressure for V =
8 and 10 kV. The temperature is accurate to about 50%. The density

is accurate to about 25% relative to other measurements, but only to

about 50/0 absolutely due to uncertainty in the value of the probe area.



Figure 4.14.

Langmuir Probe Current for Several
Probe Voltages. Voltages shown are
not corrected for circuit impedances.
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Figure 4.15. Typical Probe Characteristic.



Figure 4.16.

Electron Density versus Initial Gas Pressure
as Measured by the Langmuir Probe. Solid line

represents

initial H atom density.
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(eV)

Figure 4.17.

Electron Temperature versus Initial
Pressure as Measured by the Langmuir

Probe.

Gas
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The solid line represents the initial numbers of H atoms per cm , nQ.
Since the magnetic probe data indicates a pinched discharge for all
cases, the electron density should be a factor of about K2 above o

for complete ionization,, For pressures below 90 [i-Hg this 1is seen

to be the case (as the magnetic probe indicates K ~ 3) but at higher
pressures it is not. The magnetic probe data also indicated different
behavior at low and high pressure, as can be seen by comparing Figs. 3.9
and 4.10. The current near the axis, 1(0,3), always leveled off to

a constant value soon after t = o for low pressure.

We believe that the discharge is nearly completely ionized
below p = 90 p, ~ Hg, but not above. The lack of complete ionization
may have disturbed the electron distribution enough that the probe
measurements are inaccurate at the higher pressures.

Probe measurements were not made at higher condensor bank

voltages for technical reasons.

4.4 Plasma Oscillations

We made a considerable effort to obtain the spectrum of the
plasma oscillation, but failed to get quantitative results for various
technical reasons. We did, however, find that strong low frequency
oscillations (~ 50 Me) did arise shortly after conduction became large,
and continued to be present throughout times of interest. Figure 4.18
shows the 30 Me oscillation amplitude taken from the Langmuir probe.
By putting an X-band cavity directly at the Langmuir probe output, it

4
was found that high frequency oscillations (-~ 10 Me) occured just as



(30 Me)

current

Figure 4.18. 30 Me Oscillation Amplitude versus Time
for Vc = 10 kv, p = 48 |j,Ho-
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the runaway began to disappear, and then decayed away as the runaway
did. This decay was much longer than the Q of the cavity would have

given.



5. Conclusion

A dense, hot plasma was generated, and was quite reproduc-
ible considering the very fast time scale on which the experiment was
performed. The magnetic probe measurements indicated that a con-
stricted discharge of about 1/3 of the tube radius built up and was
reasonably stable for times of interest. Current densities were very
high (~ 40 kA/cm2) and at low pressures agreed in order of magnitude
with the ion-acoustic drift found in the simple moment theory calcu-
lations of Field and Fried.[11] It should be pointed out, however,
that at lower pressures than we used, Suprunenko et al [6] found much
higher current densities than ion-acoustic drift would indicate. We
still believe that ion-acoustic oscillations limit our current, since
strong low frequency oscillations are found, and since the measured
resistivities are 3 orders of magnitude above the collisional values.

The electron densities measured were quite reasonable, and
while the temperatures were several times those found in other experi-
ments of this sort, this could be explained by the much higher current
densities (~ 40 kA/cm2 compared to ~ 5 kA/cm2 in the case of Suprunenko
et al, for instance). We believe these temperatures must be approxi-
mately correct. Recent turbulent heating experiments have yielded
similarly high resistivities and electron temperatures. Our measure-

ments indicate critical electric fields of about 100 V/cm.

Fanchenko et a l,[ 14] Demidov et al .f15]
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Fairly strong electron runaway was found for a very short
time. The Faraday runaway pickup indicated a total runaway of the
order of 1 amp for velocities within two degrees of the machine axis.
Appreciable currents were found at larger angle. While the runaway
disappears as the density builds up, the electric field remains
greater than the critical electric field so we do not believe the
high density causes the cessation of runaway. High frequency oscil-
lations (~ 1010 Hz) disappear as the runaway disappears, whereas low
frequency oscillations (- 107 - 108 Hz) continue through times of
interest. The electron plasma frequency (~ 1012 Hz) was too high to
examine. We do not know therefore, whether electron plasma oscilla-
tions are involved in the continued stoppage of runaway electrons.

To the best of our knowledge, it has not been shown theoretically
whether the electron distribution divides into two streams, or whether
it merely spreads out greatly in the direction of the electric field
under the influence of an electric field and collisions, but no
spacial inhomogeneity. If ion-acoustic waves alone prevent additional
runaway, the fast electrons would have to interact with the slow ion-
acoustic waves moving at almost 90° to their path. This would mean

a large deflection rather than a large deceleration. Large effects
due to k vectors at large angles to the electric field were predicted

by Field and Fried.

The electron velocity component along the waves k vector must equal

the phase velocity for strong interaction.
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