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X-RAY EMISSION FROM HIGH TEMPERAfURE PLASMAS
By
Wynford L. Harries!
1. INTRODUCTION

The investigation was a continuation of contract NAS1-11707-23 which
ran 1 July 1973 tb 30 June 1974. It was then renamed NSG 1022 and this
report covers the period 1 July 1974 to 30 June 1977.

The work was an experimentai investigation carried out at NASA Langley;
Research Center using their facilities. The experiments were done on the
Focus I, Focus II ahd Staged Plasma Focus devices in collaboration with
J. H. Lee of Vanderbilt University working under NASA Grant NGR 43-002-031,
and D. R, McFarland of NASA. ‘

The purpose of the work was to investigate the physical processes
occurring in Plasma Focus devices. These devices produce dense high
temperature‘plasmas, which emit x-rays of hundreds of KeV energy and
102-1019 neutrons per pulse. The processes in the devices seem related to
solar flare phenomena, and would also be of interest for controlled thermo-
nuclear fusion applications. . The high intensity, short duration bursts of

x-rays and neutréﬁs could also be possibly used for pumping nuclear lasers.

The specifié objective was to investigate x-ray emission. The emission
was closely related to the dynamics of the electrons and in particular the
trajectories of the high energy eiectrons. Consequently a number of experi-
ments were performed on Focus I to detect the direction and angular spread
of the high energy electrons, by measuring the bremsstrahlung x-rays. The
work on Focus I is described in Section 2 and detailé of these experiments
are given in Section 2.1.1, '"Trajectories of High Energy Electrons in a

Plasma Focus."

1 professor of Physics and Geophysical Sciences, School of Sciences and
Health Professions, 01d Dominion University, Norfolk, Virginia 23508.




It became eVident‘that accelerated beams of electrons existed, that
could only have been formed by strong electric fields. These fields were
directed away from the anode and would also accelerate the ions. The picture

was found consistent with the converging;beam model of neutron production,

proposed previously by J. H. Lee. Therefore experiments were made to detect
ions moving away from the anode and also to obtain the spatial distribution
of neutron emission. The.expériments‘wére not successful, and brief details
are given in Section 2.1.2, "Detection of Ion Tfajectories," and Section 2.1.3,

"Spatial Distribution of Neutron Emission."

In addition, a separate series of experiments was carried out on Focus I
whose purpose was to observe the distribution in space and time of both visible
B light, and x-rays by streak and framing techniques. An electronic camera and
an Imacon image intensifier were used. Observations on a faster time scale
than any used hitherto might be important in determining the mechanisms of
the focus. The method has worked successfully and details are given in
x Section 2.1.4, "Space and Time Resolved Emission of Hard X-Rays from a Plasma

Focus." The work on Focus I is summarized in Section 2.1.5.

i Several runs were made on Focus II, but severe difficulties were
L experienced, mainly due to: (a) the capacitor bank voltage of up to 50 KV
(as compared to 20 KV for Focus I) caused corona and insulator breakdowns,

(b) there was lack of synchronization of the spark gaps (initially there were

20, later reduced to 4). The period Septehbér through December 1974 was
spent entirely carrying out engineering tests on the device, the details of

which are not included here. No relevant experimental data was obtained.

The period November 1976 to the present was spent on the Staged Plasma
Focus, a concept originated by J. H. Lee. The work on the Staged Focus is
described in Section 2.2. In addition to x-ray emission, the scope of thé
work was broadened to investigate the behavior of interacting plasmas. A
general discussion of the staged focus is given in Section 2.2.1. The

experimental work devolved into two parts, first the current sheet formation,

~and second the x-ray and neutron emission. Details of the former are given
in Section 2.2.2, "Formation of Current Sheets in a Staged Plasma Focus,"

and details of the latter are given in Section 2.2.3, "X-Ray and Neutron
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Emission from a Staged Plasma Focus." The results on the Staged Focus are

summarized in section 2.2.4.

The work on the Focus I machine has resulted in seven papers (refs. 1 to 4,
6 to 8) given at national and international meetings, which are shown in the
bibliography on page 74. A manuscript (ref. 5) has been submitted for
publication to Plasma PhysiCs on "Trajectories of High Energy Electronics in
a Plasma Focus," and another is in preparation on '"Space and Time Resolved
Emission of Hard X-Rays from a Plasma Focus.'" The work on the Staged Plasma
Focus has resulted in three papers (refs. 9 to 11) to be presented at the
IEEE International Conference on Plasma Science, May 23-25, 1977, and it is

intended to write up the results for publication shortly.

The collaboration of Dr. J. H. Lee working undér NASA grant NGR 43-002-031
and D. R. McFarland of NASA is gratefully acknowledged.




- 2. RESULTS AND DISCUSSION

2.1. Focus I

:f: 2.1.1. Trajectories of High Energy Electrons in a Plasma Focus

Introduction

-The mechanism by which x rays of hundred of keV and neutrons are emitted from
plasma focus devices (Mather, 1964) is not well understood. It was thought at first
that the neutrons and x rafs were emitted by thermal procesSesf(Mather, 1965;
Beckﬁer, 1966, 1967), i.¢., collisionsvgf particles in isotropié Max#ellian
distributions in the dueter@m:plésmas. The plasma densities were over 1019 ch's
:%z and the electron and ion temperatures were several kilovolts {Peacock éﬁ?aL,‘IQéS).
However, Beckner, Clothiaux; and Smith (1969) showed that the dominant x-ray emission
was due to nonthermal high-energy electrons striking the anode and suggested that
high electric fields existéd.‘vBernstein et al, (1969) showed that‘the x-Tay photon‘

i distribution did not appéar to be due to electrons in a Maxwellian distribution.

Instead, it obeyed a power law, and was proportional to E-Y, where E 1is the

photon energy and y =2 for 7 < E < 29 keV. Les, Leobbéka and Roos (1971)

showed similar behéVior”§ccurred above 100 keV except that <y was about 4,
Anisotropy in the intensity of x rays, with a reduced signallon axis, was also
reported by Jalufka and Lee (1972). Maiscnnier et al, (1975) have aléo suggested

the plasma, in a Fifippov-type device, was heated by an energetic electr§n Eeam.

31 | Neutron production was also consistent with the concept that strong electric
.fields accelerate the ions to high velocities. A mechanism for the ion acceleration

has been suggested by Bernstein (1970). The ion energy distribution was deduced

from measured anisotropies of neutron energy and fluence by Lee et al. (1971, 1972).

ety e Bigh it




However, several questions yet remained unanswered. First, what was the
polarity of the fields? Recently, Newman and Petrosian (1975) claimed the ficld
was directed toward the anode, and the electrons should be accelerated away from
it. Second, could the polarity Qf.the field change in time? Thfrd, how did beams
of accelerated particles cross the magnetic field configuration?

The purpose of this investigation is to determine the trajectories of the
high-energy electrons in the focus by observing the Bremsstrahlung x-rays emitted,
and to infer the élect;ic field codfiguration from the trajectories. Section II
describes the experimental method and results. The direction and angular spread of
electron Véiocifieé are investigated, and new measurements of anisotropy of x-ray
flux at different energies are reported. In section III measurements by other
authors of ion and neutron anisotropy are discussed and shown to be consistent

with our results.

Experimental Method and Results
A. Plasma-Focus Qevice

The piasma%facug device was a Mather type, and ié feported elsewhere (Lee et al,
1971; Jalufka et al, 1972). It consisted of coaxial cylindrical electrodes, 23 cm
long, with;grcathode”of lorcm diameter, and.an internal:anode of 5 cm diameter, both
of copper tFig. 1). They were»enclqsed in an aluminum $phere of 2 mm‘wall thickness
and 30 cm diameter. The filling gas was deuterium at about S Torr. The capacitor
bank provided 25 kJ energy at 20 kV. During the "focﬁs”,state, the plasma was

compressed into a volume & 10_2 cm”, with densities % 1019 em ®, and electron

0

‘s . ' 1
temperatures of several kilovolts. fopious neutrons, #& 10 per focus were

produced as well as intense x ray: of over 100 keV.




B. Spatial Distribution of X Rays

Pinhole camera techniques for x rays are well known (Beckner et al, 1969). 1In

contrast to previous measurements, we have recorded x rays up to 100 keV energy,

(values higher than the voltage of the capacitor bank and in a range where:there
were no copper lines.) The pinholes were in 2-cm thick lead and were tapered to

a minimum diameter of 0.4 mm. Each camera had several pinholes and 1:1 images were
formed on an image intensifier screen (Du Pont Chronex Lightning type), 15 cm behind
the pinhole. Contact prints were recorded on Polaroid 3000 or 10,000 ASA film.

X rays of energies above 1 keV were recorded through a 250 um Beryllium

window (Fig. 1, A), those above 15 keV through the 2 mm aluminwn vacuum vessel

as shown in Figufe h, B, and those above 20, 30 and 50 keV were recorded by

using lead filters of 102, 254'and 762 um thickness respectively, observing

through the vessel. The filters were used simultaneously, and both single and
multiple shots were recorded. The results are summarized in Fig. 2a and confirm
the observations of Beckner et al (1969) that the soft x rays came from the

plasma and the hard x:rays £rom the anode surface. The new result here is that

the hardest x rays were emitted from a small region of the surface, oﬁ the axis.
Observations from C, (Fig. 1};;onfirmed‘thét x rays above 30 keV were emitted

from a radius of approxiﬁafely 1 mﬁ &iamter.

The response of the intehsifier screen-film combination was not determined,
so pinhole images of the x rays were also recorded on two 9 x 9 rasters of type
400 thermoluminescent detectors (TLD) (Cameron et al, 1968). These were small
cubes, 3 x .3 x50.75 mm, and on exposure to x rays stored Some of the energy in
metastable states. On'being heated in a commercial analyser, visible light was

emitted proportional to the intensity of the x-ray dose. Their reliability is




discussed in Section D. X rays of energy greater than 15 keV and greater than

30 keV energy were recorded from 25 focuses (Fig. 2b). The readings weTe approx-

; imately proportional to x-ray intensity and confirmed Fig. 2a except that the TLD's
i showed that x rays of over 30 keV were emitted from the plasma approximately 0.5 cm
i above the anode. Both experiments showed the high energy x rays emanated from

near the axis, consiStent with a model based on‘an accelerated electron beam. A

é beam would also explain the erosion:of the anode, which occurred on axis. The first
few shots showed a just discernible depression of approximately 1 mm radius;

after 100 focuses it was about 1 mm deep and several mm in diameter.

C. Direction of Electron Velocity Vectors
The angular spread of electron velocities was next estimated. The electron

paths were determined from the x rays emitted, by using a ''shadow" method. A

hollow anode was constructed, with an aluminum cap forming its upper surface, which

-

had a 5 mm diameter hole on axis (Fig. 3). The hole did not appear to affect the

discharges, and x rays of over 30 keV were recorded by a pinhole camera at 6 = 45°,
¥ outside the vacuum vessel. The aluminum cap was transparent to x rays of this energy

so it was possible to record emission from the upper surface of ‘the cap at A (Fig. 3b)

and from the floor of the cavity at B, on the same film. The two outlines of the hole,
‘indicated that the main body of > 30 keV electrons had traveled essentialiy*in paths
almost perpendicular to the anode surface with an angular spread of less than 10°.

However, exposure to 20 focuses revealed the whole outline of the bottom of the cavity,

suggesting lower energy electrons were traveling at large angles relative to the axis.

We next checked whether at any time there were some electrons traveling away from

B T

fi the anode. A pinhole camera monitoring region D of the vessel (Fig. 1) (for x rays
> 15 keV observed through the vessel) showed no evidence of emission when the same

film was exposed to over 20 focuses. An insulated aluminum plate was then positioned




above the anode (Fig. 4) and observed through a 250 um beryllium window., The plate
did not seem to affect the plasma parameters when its center was more than 3 cm above
the_anode, and focuses were still obtained even when it was only approximately 1 cm
from the anode. However, at this position, the neutron emission was considerably
reduced although x rays from the anode surface were still evident. The field of view
of the camera encompassed the anode ;nd;platé and recorded emission f;oﬁ the plasma
as in Fig. 2a, but none whatever was recorded from the plate at any position. X rays
down to 1 keV from its lower surface would have been recorded if they had been present.
The lack of emission suggests there were few high energy electrons streaming upwards
at any time.
D. Angular Dependence of X-ray Emission

Angular dependence was measured using type 400 thermoluminescent detectors.
There is a general impression that TLD's are unreliable for Quantitative x-ray
measurements. Wide variations in readings were found when the TLD's were
inadequately shielded from reflected X rays. ’However, lead cdntainers of 3 mm
thickness (Fig. 1, E and ﬁ) designed so that the detector saw only the plasma,
made the readings consistent; 18 detectors exposed simultaneously gave readings
within + 5%. Tests using lead filters to reduce X rays and boron filled polythylene
to reduce neutron flux, showed the signals were approximately proportional to
x ray and not neutron intensityf .

Tiie TLD readings, however, wére dependent on tﬁé energy of the x rays. The
fraction n of energy retained in the TLD was estimated by sending a collimated

x-ray signal through two detectors in series. If the incident signal flux was I,

and the signals from the first and second TLD were sy and So» respectively,

then sy =n 1, and Sy =n(l-n)I  or

ne=l-sy/s S




A rough estimate of n Vs energy E was made by using lead filters. The thickness

of the fiiter essentially determined the lower energy limit for x ray transmission,
while the upper energy limit was a rough estimate only, as the x ray distribution
function versus E was not known. A value of 0.49 + 0.05 was determined for

x rays of 15 < E < 25 keV, and a value of 0.15 + 0.06 for the range df 30 < E < 50 keV.
(Backscatter of low-energy X rays into the rear TLD did not affect these estimates

as the results were similar with a lead surface adjacent to the rear TLD, and with

the surfacevremoved 2 cm away, and shielded with aluminum, a good absorber.) The

value of n- will be used later in comparing emission of different energies.

Estimates of x-ray flux vs emission angle 6 were made by placing the TLD's
every 15° outside the vessel for 0 < 6 < m/2 (Fig. 1,E). The anode and cathode
intervened for n/2 < 8 < 7 but readings at © = 7 were obtained by placing
detectors in a cavity 15 cm below the focus (Fig. 1,G). The detectors were
protected by the cap H, 2 _mm thick.

The cap was first made of copper, the usual anode material, so it was necessary
to normalize readings at G through copper to those at E through aluminum.
Thereforé, detectors were also placed at F behind 2 mm copper. Separate runs
were also taken with ‘H of 2 mm aluminumﬁ fﬁe discharge parameters scemed to be
unaffected by changing H‘rfrom copper to:aiuminﬁm.

At each angle 6, energy anaiysis was performed by simultaneously using
lead filters of thickhesses 0, 102, 203, 256, 508 and 762 um. Three detectors
recorded:fbr each filtef, except at G where there was only one per filter

(insufficient space). Emission from over 20 focus shots was superimposed on the

TLD's for each anode material. The upper limit to the number of shots was dictated

by the amount of erosion of the cap, which was small in each instance.
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Polar diag;ams of intensity of x rays in the 15 keV range with an alﬁminum
cap were obtained (Fig. 5a). The points at 6 = 7/2 ‘are due to the anode and
cathode intercepting the x rays. The pattern coﬁfirms reduced emission at 8 = 0°
(Jalufka et al, 1972). The extra point at 6 = 7 suggests the pattern is a cardioid.
However, the pattern for aluminum with a 762 um filtef, (energies > 50 keV).(Fig. 5b)
is greatly different. The.signals were reduced two orders of magnitide, but more
important, a forward lobe (8 = 7) about 50 times greater than the sideways or

backward signal, was evident. The polar diagrams for intermediate energies were

intermediate between a cardioid and‘a narrow lobe.

Similar results were obtained with coﬁper. The 2 mm thick copper transmitted
energies > 30 keV, and fhe.two triangles (Fig. S5a) normalized to th¢ §ignal at 45°
suggest a slightly forward ériented lobe. X rays > 50 keV showed“a.proﬁouhced lobe
with a forward to back rétjo of about 40 to 1. The pronounced anisotropy of the
high energy x rays will bq discussed in Section III.

E. Total X-ray Energy Emitted

'The total x-ray energy per f0¢us was estimated usiﬁg TLD's which had been
calibrated using a stﬁnd&rd X-Tay §§qrce. The:estimate was in order of magnitude
only, as the energy dependence of the e@iSsion from the plasma and ‘the calibration
source were different. The relative re;pohse~t5 the TLD's to the 0.662 MeV x rays
from the Cs 137 source was about 1/10 the fééponse td x rays of 10 toilOO keV
(Cameron et al, 1968). Theiaverage dose per focus on TLD's placed 15 cm away outside
the vessel at 6 = 45°, was.approxima;ely‘4 mR. . Assuming 1% transmission (averaged
over eﬁergy) through 2imﬁ aluminum, the total eﬁergy per focus for xvfays >15 keV

o

was of order 10 mJ. The dose on a TLD measuring x rays > 50 keV at 8 = 45" was

50 times smaller than the dose at © = w. The total energy per focus for x rays

oo

10
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> 50 keV was estimated to be A& 1 mJ, after taking account of the anisotropy.

i F. Time of Emission of X Rays

& ~ The purpose of this experiment was to see if the x rays from the plasma and i
from the anode surface were emitted at different times. A pinhole camera formed ik

an image on an intensifying screen, and two light pipes were placed against the ‘ i

image, observing the dense focus region, -and the anode surface region respectively.

BT e

.‘.“,

The 1light signals were monitored with two separate photomultipliers and displayed

. on an oscilloscope. ’ - i
i . - = i
L The. light pipes used were polished aluminum tubes, as the commercially

o

. i . : 4

:% available fiberglass type became fluorescent from the x rays and neutrons.

H :

iﬁ The intensifying screen had a rise time of a few ns, and a decay time of several

b ‘ ~

i ms. The x rays from the focus region were observed to occur 20 ns before those

! :

!

§ from the anode surface region. The latter signal continued to increase" in

CES .

& : L L

g amplitude for several hundred nanoseconds, indicating that x-ray emission persisted

CE| :

;? beyond the apparent focus lifetime of 200 ns. This long emission time was in

F

agreement with the scintillation detector signal.

i

Discussion

In the dense focus, values of Ne = 1019 cm-s, and Te and Ti of several ?

keV are generally accepted. Assuming Ti and Te = 3 keV, the electron and ion
self collision times are estimated as 1 and 60 ns respectively. The duration of

soft x-ray emission from the focused plasma, which for our purposes we shall regard

as a containment time Tes is about 200 ns, so the electron vélocity distribution

should be Maxwellian in fﬁe focus. Here the Debye length is estimated as 10'S cm,

- much less than the plasma dimension, so the focused plasma probably maintains

11

8




& electrical neutrality. Indeed low-energy x rays corresponding to an electron

temperature of a few keV are observed as in Fig. 2(a).

? The rasters of Fig. 2(b) which were placed on the image plane of a pinhole camera

were used to obtain the spatial distribution of the ratios of doses through two 1

different filters. The ratios can yield Te if a Maxwellian distribution is

established by using the method of Elton and Andérson (1967). Unfortunately,

the doses through the thicker filter corresponding to the dense focus region about 3

2 cm above the surface were too small to be measured, even after exposures to

25 focuses. Estimates of 5 to 10 keV electron temperature were obtained for the

S

region about 0.5 cm above the anode, but it is doubtful that a Maxwellian distri-

bution is applicable there. - The ratios, however, give some measure of an average

cnergy ftor the electrons. The ratios decrease on approaching the anode surface

implying a higher average energy there than in the plasma. The region of highest
‘energy is on axis on the gnodersurfacé,” Very qualitative estimates of point by
point intensity ratios taken from the intensifier screen-polaroid film combination

confirm this result.

P T S A

The observation of x rays of energies > 50 keV from the anode surface on

axis; (Fig. 2 and Fig. 3b) implies electrons are traveling in a beam toward the

anode. Therefore, strong electric fields exist between the dense focus and the

i anode, sufficient to accelerate electrons to energies of order 100 keV over a

distance of order 1 cm. Fields of such magnitude would have caused all electrons

over 200 eV to run away if e = 10!% en3 (particle-particle collisions only are

taken into account).

We consider next the effect of tﬁé magnétic field Be(r) created by the

current through the plasma on the electron trajectories. The total current is about

1 MA at the instant of focus formation and should create an azimuthal magnetic

12




field of 100 T around the;current column of radius T, = 1 mm. Inside the current

G AT A CESURLL L

column Be(r) =T; T < ro; (assuming constant current density, Which may not be
trué); During compression, the plasma and field are '"frozen'" together (the diffusion
; £ time through a distance r, at T, =3keV is 4x 1074 sec, much greater than

‘ ?? Tc). However, on axis, Be(O) = 0 so a beam of particles can travel on or near

the axis from the focus to the anode without deflection by the field.

i | The polar diagrams CFig. 5)'confirm the high energy x rays are caused byv

| electrons wifh an anisotropic velocity distribution.' The emission of Bremsstrahlung

from a directed beam of electrons is well kn0wn, and the intensity 1 (¢) per

electron per unit solid angle per sec. is (see, for example, Leighton, 1959):

0 aa?sin?
I (&) = ,2‘13 n_9 :
16 7~ €4C (1 - 28 cos ¢)

(2)

S Ei bt et % B ARSI 1

Here q 1is the charge of the electron, a magnitude of the acceleration, o

the dielectric constant of free space, B = v/c, v the electron velocity, c the

velocity of light, and ¢ the angle of emission relative to the forward direction

RIS e o R AR TS

iy

of the electron. The radiation patterns for different electron energies (Fig. 6a)
| show that as B8 increases, the radiation is predominantly forward. Then the intensity
at & =7 - ¢ would be the sumn of patterns similar to Fig. 6a from electrons whose

velocity vectors lie in a cone at any angle up to o Telative to the axis of symmetry

(Fig. 6(b)); The intensity versus 6 for 20 keV'would be a cardioid, (?ig. 5(a)).
and fbf 100 keV would resemble a forward lobe, (Fig. S5(b)). The pattern for cdpper
(k¢ 30 keV)-would be‘ihtermediate, as observed.

Aithpugh the emiésionfisfthick target Bremsstrahlung, the afgument is still
COnsistent.asrthe high-energy Bremssfrahlung is mostly due td first deflections.

Comparison of Figs. 5(b) and 6(a) suggest values of B & 0.5 indicating électrons'

13
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of energy approaching 100 keV, consistent with the transmission data obtained with

lead filters. ' L o g

Very rough estimates of the total energy in the runaway current can be made.

Our measurements show the total energy in x rays above 50 keV is of order 1 mJ. The
runaway current is estimated assuming it consists of a monenergetic beam of electroms,
all of energy E = 50 keV. The efficiency of energy conversion from such a beam

into x rays is roughly

n | o @ = 107" EZ (3)

where Z is the atomic number of the target (Patou, 1970). Then « is 1.5 x 10'3

i and hence the -electron beam energy is of order 1J.

A beam of 50 keV electrons lasting for 100 ns and of 1J total energy corres-

onds to an average current of 200 A,
P
A theoretical estimate of the runaway current in a focus has been made by

Hohl and Gary (1974). 'Théy assume that the beam has much higher current density

than the surrounding plasma, and‘créatés the magnetic field in its neighborhbod.
Then all particles within a gyroradius T of the axis (rL is calculated from

b - the field at the edge of the beam) contribute to the runaway current Irun:

1= 2w(mKT)1/2/poe (4)

where m is the mass, e the charge, T thé femperature of the particle, and
u, the permeabilityiof free space. For ele&trons with kTe = 3 keV, Irun = 600A
agreeing in order with our values. Thekthegry yields a beam radius of 1 Hm.

Thé ex@ériﬁents (hard x-ray emission, (Fig. Z{ai, and the erosion) indicate a
beam diameteirsf approximately 1 mm at the anode sﬁrface. ‘However, there could
have been épreading of the beam between the focﬁsrregion and the surface of the

~anode.

i
r
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Estimates of beam currents in a focus device are reported by Maissonier et al

(1975) which are several orders of magnitude higher than ours. However, the experi-

ments were performed in a Filippov type device with a 40 kV, 74 kJ capacitdr bank.
Any comparison with their results is difficult because of very different
parameters. | N

The plasma sheath is probably formed just after maximum compression
because the plasma x rays appear slightly before the x rays from the anode.
This ﬁicture is consistent with computer simulations. of Hohl et al, (1974).

The electric field should also accelerate ions away froﬁvthe anocde.
Evidence of erosioﬁ was clearly visible on the inner sufface of the vacudm

(v}

vessel at 6 = 0 . Recently Gullickson (1975) has shown that the flux of

. . . o
energetic ions from a Mather device showed a very sharp peak at 6 = 0.
The production of neutrons is also consistent with a beam of ions accelerated

to energies of order 100 keV, and converging on the dense plasma. This mechanism

has been proposed previously by one of us (Lee et al, 1971) as the converging

- beam model to explain the observed anisotropy of the neutron flux of the plasma

focus.

Coﬁclusions

Spatial resolution of the x~?ay‘emission”frbm a plasma fo;uéiconfirﬁs that
thé low-energy x rays are emitted from the plasﬁa and the high-energy‘(> SO'ker
X raYs are emitted from the anode,gurface.‘ In ;ddition, new evidenée iérpresented
that thé'highesﬁmeﬁérgy p'e rayé ébme from aismall région (diaméter N i mm) on axis

as shown by an intensifier screen-polaroid sensor, by TLD rasters, and from

~anode erosion.

15




The low-energy emission is consistent with a thermal plasma of a few keV energy.

|

The‘high-energy emission is coﬁsistent with an accelerated beam of electrons with
energies of ordér 100 keV, The electron beam reaches the anode 20 ns after the
dense plasma formation.

The existence of a directed beam of this energy implies a sheath region of very
high fields between the dense focus and the anode. The presence of the sheath is
assumed in this paper, and the mechanism by whic¢h it is created is not discussed,

The direction of the electron beam is essentially perpendicular to the anode,
as shown by the 'shadow" experiment. There does not seem to be any streaming away
from”the anode at any time as shown by lack of emission from the"underside of the
plate. The electrons gain energy on approaching the anode as shown by both the
TLD raster ahd.the'intensifier screen-polaroid film experiments.

The plasma éondifions are consistent with a ”runaway".electron beam. The
magnetic field configuration would have allowed the passage of the beam from the
focus to the anode, only near the axis, as observed.

The energy and cﬁgrent in the beém are roughly estimated from the x-ray
emission. ' The resglts aré very approximate:but show the beam energy for electrons.
over 50 keV is of order 1J ahdgghe current of order 200 A. A"theorefiéal estimate

yields 600 A - agreeing in order. Polar diagrams of x-ray intensity show that

low-energy emission is approxlmately 1sotrop1c However, there is mafkéd'anisotropy in
X rays of energies over 50 keV which show a lobe in the dlrectlon of the anode with

a forward-to-back ratio of 50 to 1. - The lobe'i§'consistent with a relativistic beam

of electrons of energies of order 100 keV dJrected toward the! anode.

The above results show that the electrlc ‘1e1ds are directed away from fhe

anode - a conclusion which contradicts the‘postulate of Newman and,Petrosian (1975).

16




A field directed away from the anode would be consistent with the anistropy of

ion flux, measured by Gullickson (1975), and also consistent with the converging

beam model of neutron production (Lee et al., 1971).
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luminescent detectors, E, were placed outside the vessel at
different 6, and also inside the vacuum system, behind a copper
shield at F, and in the hollow anode at G. The anode cap H was
interchangeable.
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electron trajectories are almost perpendicular to the anode surface.

Arrangement for detecting high energy electrons traveling away
from the anode. The aluminum plate was supported by an insulator
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different 6, and also inside the vacuum system, behind a copper
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f to > 15 keV, A\ copper cap corresponding to > 30 keV, (b) x-rays > 50 keV, aluminum cap.
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2.1.2. Detection of Ion Trajectories

The purpose of this experiment was to detect ions moving away from

the anode, and if possible estimate their velocities.

Several methods were tried but all were unsuccessful. First, an aluminum
plate insulated from the vessel was placed on axis and connected by cable to
a 50 Q resistor across the input of an oscilloscope. The ion flux should
generate a positive voltage signal on the pléte. Unfortunately,; the signal
was buried in noise, although double shielding was used. A Teflon cylinder
15 cm long was then placed between the vessel and the plate, to remove the
plate from the region of strong electrical noise, but any signal was still
undetectable, even using differential amplifier methods. i |

Next, several Rogowski coils were constructed that should have detected
any ion current traveling éo~the plate through the Teflon cylinder. The
coils were conneéted to différential amplifiers and made symmetri¢a1 so that
the noise picked up would cancel. The system was double shieldeq, but the
signals could still not be detected. In addition, a balanced, ferrite core
transformer feéding a differential amplifier was constructed with a flat

response up to 20 Mc; but this also failed to detect any signal.

The failure to detect any signal may possibly be caused by the space

charge of the ions being cancelled out by electrons, dragged with them.




2.1.3. Spatial Distribution of Neutron Emission

An attempt was made to determine the spatial distribution of neutrons
by using a collimator similar in cross section to the one shown in figure 1
» of section 2.1.4. It was made of boron filled polyethylene,‘and had a two-
dimensional array of 1 mm diameter holes spaced 2.54 mm apart.} The collimator
was 15 cm thick and observed neutrons from the focus through the 2 mm
» aluminum vacuum vessel. A 254 um lead shield reduced the x-ray flux. The
neutrons were detected by two methods: (a) by rods of NE102 scintillator
placed in the holes and in contact with 3000ASA film, and (b) by using a
4 x 24 raéter of‘Type 600 thermoluminescent detéctors which should detect

neutrons. After a run of 50 focuses no definite pattern was evident on the

film. The scintillator rods were then removed and the TLD's positioned.
Previous estimates showed that about 500 focuses should give reasonable
! signals, and a total of 532 were superimposed over a period of weeks.

However, no firm conclusions could be drawn from the experiment.
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2.1.4. Space and Time Resolved Emission of

Hard X-Rays from a Plasma Focus

The problem of'recording x;ray emission from a Plasma Focus devices
versus space and time is difficult because the time scale is of order 100 ns.
One method is to convert the x-ray image into a visible one, and use electronic
cameras. Berﬁstein and Hai (1970) used such a techniique but in order to
enhance the bremsstrahlung emission from the focus, they introduced 8 percent
of a high Z gas--argon. The results indiéated that the regions of emission
of visible light, and soft x-ray radiation, were more or less coincident, and
that soft x-raYs were emitted from the dense focus region and from near the
anode surface almost simultaneously. This would be in accord with a general
belief that x-ray pinhole cameras record emission from the focused plasma

during the 100 ns focus duration.

Recently Rager (1975) has obtained framing pictures with an x-ray

image intensifier (microchannel electron multiplier) gated at 10 ns, and

- showed well-defined images of the soft x-ray emitting regions. However,

due to the characteristics of the detector, the hard x-ray ranges were not

observed.

. It is the purpose of this note to report the behavior df X-ray emission
from focused plasmas using an image converter camera in the streak and
framing modes. The above results have been extended by using a very high
gain image intensifier which enabled much weaker hard x-ray emission

(>20 KeV) to be recorded. Thus, the use of an admixture of higher atomic
number into the deuterium was avoided, and the role of the‘vapor from the
anode surface could now be discerned. In addition the time behavior of

x-rays of different energies was also recorded for comparison.

The plasma-focus device used was a Mather type and has been described
elsewhere (Lee et al., 1971; Jalufka et al., 1972). - It consisted of a

~cathode of 10 cm diameter and an anode of 5 cm in diameter, both 23 cm long.

They were enclosed in an aluminum sphere of 2 mm wall thickness and 30 cm
ydiametér (fig. 1). The filling gas was deuterium at about 5 torr. The

capacitor bank provided 25-kJ energy at 20 kV.
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A lead collimatdr with a single vertical line of holes 1 mm diameter
and 2.54 mm apart was placed opposite window A (fig; 1). The:.collimator was
15 cm long and placed adjacent to'the window, which in turn was 15 cm from

the focus; thus, a resolution approaching 1 mm was obtainable.

Both visible light and X-rays were recorded with the same collimator
for Cdmparison. For visible 1ight, window A was quartz and the image plane
B, ground glass. Crossed polaroid filters were used to reduce the visible
intensity. For x-rays, window A Was beryllium, 250 um thick which passed
x-rays >1 KeV. Detector B then converted the x-ray energy into visible
light. B

The material first usedlfor the converter was NE102 plastic scintillator
because itévrise and decay times were‘alfew nanoseconds.  Various thick-
nesses‘wére'tried, and eventually thin rods 7.5 cm long wére fitted into holes.
but even they failed to give sufficient light intensity. The NE102 wés
therefore abahdoned, and instead a DuPont Chronex Image Intensifying Screen
was used. It had a rise time of a few ﬁs and a decay time of about a

microsecond. Fortunately, its sensitivity was sufficient so that lead

filters could be used for energy analysis.

The electronic image converter camera was a TRW 500, and further
sensitivity was obtained by placing an Imacon image infensifier with a
variable gain of up to 1000 in series withlit; thus, a system gain of
500,000 was possible in principle. ‘The output was recorded on Polaroid
film of 10,000 ASA. In practice, gains of less than the maximum were used
as otherwise the film became fogged. The camera and intensifier were about

2 m from the plasma focus and were completely enclosed in a grounded shield.

All signal cables were double shielded.

The streak pictures were compared With osci11oscope traces of x-ray
and neutron emission monitored with a scintillator-photo-multiplier

combination (fig. 2). The upper trace (a) shows medium energy x-rays of

~>15 KeV, recorded on a 2 mm slab of NE102 observing through the aluminum

vessel. It can be seen that the emission continued for several hundreds of
nanoseconds. The lower trace shows x-rays of >120 KeV and neutrons,

recorded through 2 mm of lead'on a 7.5 cm thick slab of NE102. The slab was
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3 m away from the focus; thus, the neutrons were separated from the x-rays by
160 ns time of flight. The duration of the signals implies the focus was over

in about 100 ns.

Figure 2(b) is a (low gain) streak photo of visible light on the same time
scale. The actual focus is the plume on the left. After the focus was over,
the region of visible light emission seemed to move away from the anode surface

at a velocity of about 1 cm per us. Figure 2(c¢) shows a streak picture of x-rays

>1 KeV. It proved impossible to record x-rays emitted during the focus but again

the emission started near the anode surface and the region of emission moved away

from thq anode in time. The dark band was due to the camera. Figure 2(d) is a
streak photo of x-rays recorded through a filter of 100 um of lead in addition to

the beryllium window. These x-rays were >25 KeV, an energy higher than the

capacitor bank. The emission from near the anode surface was consistent with

time integrated pinhole pictures of x-rays >25 KeV.:

The next experiment recorded the intensity of x-rays of different energies

(without space resolﬁtion)'bn the same film as a streak photograph. X-rays of

>1 KeV coming through the beryllium window alone were recorded on an x-ray
intensifying screen observed by a lighf pipe (fig. 3(a)). A lucite cone acting
as a scintillator, placé& outside the vacuum vessel and attached to a light

pipe recorded x-rays >20 KeV. A similar cone observing through an additional
750 uym of lead recorded x-rays >50 KeV. The ends of the light pipes were placed
on the same plane as the~collimatbr intensifying screen and their signals
recorded on the streak phdtograph, In figure 3(b), the upper trace is a streak
picture of x=rays >1 KeV similar in:figure 2(c), and the three lower traces re-

cord intensity versus time for different energies. The sensitivities of the

‘three detectors were diffgreht}so it is difficult to compare the intensities of

one trace with another. However, their temporal behaviors can be obtained: the

biow energy x-rays were emitted for a much longer period of time than the medium

and hard x-rays, and the times of maximum intensity for the latter occurred

several hundred ns after the focus was over.

Figure 4 shows a streak photograph of x-rays >l KeV on.a scale of 750 ns
with a resolution ofvabbut 10 ns. The signals corresponding to x-rays of

different energies are also shown.- The dark bands were again due to the

camera.  For this particular shot there seems to be a time when the regioﬁ of

high emission was moving away from the anode surface at a velocity of order
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10° m/s. Also shown is a time-integrated pinhole picture of x-rays >1 KeV
taken through the window on the opposite side of the vessel. The streak
camera observed only the central region of the pinhole image, andlthe vertical
scales of the pinhole and streak pictures are the same. The,sfreék cameré
results suggest that the pinhole image was formed frdm ﬁhe anode surface
upwards. Thus the image of the plasma above the aﬂode surface may have

been recorded several hundreds of nanoseconds after the focus occurred.

Pinhole images of the x-rays were also recorded in the framing mode.
The‘lead collimator in figure 1 was replaced by a lead pinhole camera with
a pinholeiof 0.5 mm diémeter, and the same image intensifier screen was used.

The timing of the frames relative to the focus is shown;inifigure 5(a) where

the top trace records the medium energy x-rays versus time, and the lower trace

the x-rays >120 KeV and neutrons as previously. Figure 5(b) shows framing
imageé of 20 ns dura%ion taken 500 ns apart. The two vertical bands are
due to the camera. The framing pictures are typical and confirm that the
x-rays recorded from the region above the electrode appeared well after the

focus was over.

The x-rays recorded‘here-éppéared to be mainly from copper vapor
evaporated from the anode surface. The depression in the anode on axis after
some tens of discharges supported this view. The small diameter of the
depression (= 1 mm) strongly implied it was caused by a beam of electrons on
axis. Again, pinhole pictures of x-rays >50 KeV had showed emission
from the anode surface near the axis, suggesting a localized beam (Harries
et al., 1977). The volume of copper vaporized per discharge was estimated
at 3 x 10-° cm3 so the average copper density would be roughly 1017 per cc

(assuming a volume of order 10 cc) or of order the density of deuterium.

 The emission coefficient for bremsstrahlung is‘proportibnal to

néniZeff where n, is the electron density, n; the den51ty.of copper

ﬁ%ggﬁ, énd Zeff the ion charge and >>1 for-copper.

Thebvelocity of the edge of the emission region‘of‘lO“ to 10° m/s

corresponds to éopper atoms at energies of >10 KeV. Such high velocities

could only have been obtained from an intense electron beanm.
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The first question that arises is why do the time-integrated pinhole
pictures show a cone with its vertex at the plasma focus? The emission
depends critically on the average electron energy, and we believe this was
greatest within a narrow beam on axis, which accounts for the narrow tip of
the emission region. Between the'tip'and anode surface the electrons from
the beam were diverging sideways, especially by Coulomb collisions with

copper ions (cross section uzgff), resulting in the conical shape.

The second question is why is there a time lag of hundreds of ns
before x-ray emission occurred from the region above the electrode? The

time lag was the travel time of the copper vapor, but the electron beam must
have been maintained for this period.

The third question is, how can. the electric field driving the beam
exist for this duration? The electric field here was due to annihilation

of magnetic energy from the azimuthal field surrounding the focus. Flux

annihilation did not cease with the formation of the focus; the dense hot

plasma tended to exclude the magnetic field at the point. Also, measurements
showed that the plasma current dropped to only about one third of its value
during the focus. The remaining magnetic field then diffused into the

plasma, but the diffusion time was estimated to be several 100 ns (we

xk

assume a diffusion distance = 1 mm and T, =3 KeV , although the concept

of temperature cannot be applied to an electron beam).

In conclusion the recorded bremsstrahlung emission was that from a
metallic plasma of copper released from the anode surface by bombardment
from an intense electron beam. The intensity of emission was determined by
the density of copper as well as the density of energy of the electron beam.
The main emission recorded,occurredbseveral 100 ns after the focus was over,
which implies that the electric fields driving the beam existed for this
duration. The fields were created by annihilation of magnetic flux, and a
rough estimate of the diffusion time of the magnetic flux into the dense

plasma suggests that the flux continued to be annihilated for a time much
longer than the focus duration.
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Lastly, time-integrated pinhole pictures of soft x-rays should be
treated with caution, as they need not necessarily represent conditions
during the formation of the plasma focus.

This work was supported by NASA grants NSG 1022 and NGR 43-002-031.
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2.1.5. Summary of the Work on Focus I

Trajectories of High Energy Electrons in a Plasma Focus

The intensity of x-rays from a plasma focus was measured versus position,
time, energy, and angle of emission. The low energy x-rays emanated ﬁrom the
plasma, but the high energy components came from a small region of the anode
shrface, on axis. Emission from the focus occurred some 20 ns prior to
that from the anode, but the latter continued for 500 ns. X-ray "'shadow"
techniques showed that the high energy electrons traveled in a beam almost
perpendicular to the anode surface. Spatial plots of x-ray intensity at
different energies showed that the electrons gained énergy as they apbroached
the anode. No counter streaming of high energy electrons away from the anode
was evident. Polar diagrams of medium-energy (= 20.KeV) x-rays resembled a
cardioid, but high energy (= 100 KeV) . x-rays were emitted in a narrow lobe
toward the anode, with a‘forward—t6~back rétio of about 50; both results
were consistant with bremsstrahlung emission frdm a beam of relativistic
electrons. The relativistic beam current was estimafed at several 100 A.

The electric fields required to produce such electron trajectories are also
consistant with the obséfved anisotropy of ion emission in a focus, and with

the converging beam model of neutron production, proposed previously.

Space ‘and ‘Time Resolved Emission of X-Rays from a Plasma Focus

The x-ray emission from the on-axis region of a plasma focus was
observed through a.lead.collimator (spatiai resolution =~ 1 mm), and recorded

on an image intensifier screen. An electronic streak camera combined with an

image intensifier (system gain up to 500,000) gave -time resolution of about

10 ns. Although x-rays from the focus could not be detected, x-rays (>1 KeV)
appeared thereafter near the anode surface, and the edge of the emission

region moved away at roughly lQ“irm's‘l until it was 2 cm away. Framing pictures
of the pinhole image on the screen confirmed these results. Hard x-rays

(>20 KeV) behaved similarly but were detected only to about 1 cm from the
surface. The x-rays were from copper vapor released by a beam of electrons

on axis, and emission occurred where both the beam energy and the copper

density were high. The recorded emission from the focus region occurred

T
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hundreds of nanoseconds after the focus was over. This suggests that magnetic
' flux annihilation continued for this duration to sustain the electric field

|
| driving the electron beam.
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2.2. The Staged Plasma Focus

. The staged plasma focus was conceived by Dr. J. H. Lee (ref. 5), and
the work reported in this section was done in collaboration with him and
D. R. McFarland. The device has been in operation since August 1976. A
general description is given in section 2.2.1 followed by the results of
the experiments in the next two sections. The results are summarized in

section 2.2.4.
~2.2.1. A Staged Plasma Focus--General Discussion

The dense plasma focus (ref. 1) and the noncylindrical Z»pinch (ref.
2) apparatus have demonstrated that copious nuclear fusions can take place in
plasmas at near fusion reactor conditions. However, previous attempts to
couple two plasma focuses have been unsuccessful for both types of apparatus
(refs. 3, 4). Hence, the development of a large-scale reactor by combining

a number of such devices has hitherto not seemed feasible.

The cross sections of the two types of plasma focus, namely (a) the
Mather geometry, and (b) the noncylindrical Z-pinoh or Fillippov geometry are
shown in figure 1. These devices are widely used and have been energized
with up to 1 MJ capacitor banks, and attained 1012 nuclear fusions per pulse
in deuterium. The center line in the figure indicates the axis of the
rotatlonal symmetry of the deV1ces The letters C and SW stand for the
capacitor bank and the current switches, respectively. Earlier attempts of
combining two plasma focuses (fig. 1(c) and (d)) showed a current sheet was

formed in only one of the two guns, as indicated by the dotted curves, even

- though both guns were fired simultaneously. Thus, simultaneous formation of

two plasma foci in the combined devices has never been observed.

Two new geometries, a hypocycloidal pinch and a staged plasma focus were
conceived by J. H. Lee to'overcome the above difficulties (fig. 2). The
hypocyc 101dal pinch apparatus consists of three disk electrodes with a hole

in thelr centers. The productlon of a palr of plasma foci and their

“foubsequent 1nteract10n in the center hole has been confirmed by observation

;Fiw1th fa<t photography, X-ray plnhole photography and neutron detectlon
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The radial stability lasting S us, and near complete absorption of CO, laser

energy, have been reported elsewhere (ref. 5).

The staged plasma focus consists of a pair of coaxial guns coupled

muzzle to muzzle with a conducting disk placed between the outer electrodes

(fig. 2(a)). This geometry superficially resembles the two-gun combination }
shown in figure 1, but, as will be shown, the current sheet dynamics in the §

final collapse phase is very different.

Mather had suggested in 1965 that the precursor radiation produced a E
predischarge in the opposite gun which interfered with the final plasma
collapse (ref. EIT— In the staged plasma focus, as well as in a hypocycloidal
pinch, the disk placed in the midplane prevents any interaction of ;
precursor radiations with the current sheets in the opposite gun both during
their formation and the run-down phase. In addition, theimidplane disk
in the staged focus together with the ends of the center electrodes provides !
a hypocéycloidal-pinch geometry where the current sheets collapse toward the |
axis to give a pair of plasma foci. Note the center lines when comparing i
the two geéometries. The dotted curves indicate the current sheets, which

are shown three dimensidnally in figure 3.

The simultaneous production of a pair of plasma foci is realized by the '
self-stabilizing mechanism of the hypocycloidal-pinch geometry, presented
elsewhere (ref. 5). Thus, the staged plasma focus may be considered as an
alternate embodiment of the hypocycloidal pinch and is, therefore, fundamentally

different from the two open-ended gun assemblies.

The advantages claimed for the hypocycloidal pinch are also applicable
to the staged plasma focus: (1) large plasma volume, (2) longer stability,
(3) easy access for additional heating, and (4) a possibility of constructing

a multiple array for high-power operation.

Further advantages of the staged plasma focus compared with the hypocy-
cloidal pinch are: (1) The impedence of the guns can be matched easily with
a given energy storagé system by altering of the length of the cylindrical

electrodes (the hypocycloidal pinch apparatus necessitates an extremely

fast power system due to its fixed low inductance). Impedance matching is

important for maximizing the efficiency of the system, the momentum of the
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current sheets, and for proper timing of the current sheet collapse.
(2) Uniform breakdown over the insulator between the electrodes can be easily
realized as the insulator in the staged plasma focus is relatively small

compared with that of the hypocycloidal pinch. ;

A further advantage of the staged plasma focus and the hypocycloidal

- i pinch geometry is that a quiescent plasma at near nuclear fusion conditions

(T; = 1KeV, n; = 1019 cm=3) is produced by the interaction of a pair of
the plasma foci. The confinement geometry of the plasma is similar to the
Cusp mirror machine except that the role of the current and the magnetic
field arevinterchanged. The magnetic configuration is a minimum B type

geometry (fig. 3), and therefore should be stable. The plasma could be

further heated or compressed by other schemes, such as magnetic ‘compression,

linear implosion (ref. 6), electron or ion beam heating.

The prototype staged plasma focus was constructed and details are given

in section 2.2.2. Its operation was the same as for the dense plasma focus.

Besides the routine monitoring of electromagnetic signals, the diagnostics é
;g employed were (1) fast image converter photography in both streak and
‘ framing modes, (2) x-ray pinhole photography, (3) x-ray and neutron flux

detectors, and (4) neutron fluence measurement with a calibrated silver

activation counter.

The purpose of the experiments was to (a) examine the behavior of the

current sheet formation and (b) to establish whether the two foci formed

i
i
it

simultaneously and independently.

Item (a) is dealt with in more detail in section 2.2.2 and item (b)

in section 2.2.3,

i
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List of Figpres

Figure 1. Dense plasma focus and noncylindrical Z-pinch.

Figure 2. Staged plasma focus and hypocycloidal pinch.

’ Figure 3. Cutaway views of the staged plasma-focus apparatus and the hypocy-
i cloidal pinch. -
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2.2.2. Formation of Current Sheets in a Staged Plasma Focus

Introduction

The purpose of these experiments was to investigate the formation and
behavior of the current sheets in the staged plasma focus, especially to see
if the two guns fired simultaneously. The parameters that were varied were

type of gas, neutral gas pressure, and the polarity of the electrodes.

AEEaratus

Figure 1 shows a diagram of the apparatus. The two guns were similar
and consisted of an inner electrode 5 cm in diameter surrounded by an outer
electrode of 10 cm in diameter and 23 cm 1ong, which extended 2.3 cm beyond
the inner electrode. ' The outer electrode was a cage of copper wires 2 mm in
diameéer and 8 mm apért. The wires were connected together by two‘fings
midway and at the en@s.: The cage structure‘was used to reduce mass loading
on the current sheets, and also to provide VieQing accessibility. The vacuum

vessel consisted of transparent plexiglass.

The metallic disk insefﬁed at théimidplane was 2.5 cm thick. The
disk shielded the annular spaces between the electrodes of the guns from
each other, as the hole in the disk had a smaller diameter than the inner
electrode. Therefore, radiation from one sheet was prevented from interacting
with the other. ‘

The jitter in the breakdown of the two guns was avoided by using a common
trigatron switch. The switch éongisted of a pair of electrodes separated by
air at an initial pressuie of two atmospheres. ' Switching was achieved by
reducing the préssure to one atmosphere, as the breakdown voltage
followed the high pressure branch of a Paschen curve. Each gun was connected

to the switch with 12 cables, which ensured simultaneous,breakdown,

The capacitor bank used was 17 kJ at 20 kv, and the inner electrodes

could be made either positive or negative.

‘The gases used were deuterium at pressures ranging from 0.1 to 20 torr

and helium from 1 to 16 torr.
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Diagnostics

The main diagnostics used in‘these experiments were an image converter
camera used in the streak and framlng modes, and a number of collimators
observing visible llght from the plasma. The collimators enabled the arrival
times of the current sheets at various points to be determined. Several narrow
pipes at the midplane observed a‘regioh approximately 0.5 cm diameter and two
wider pipes on either side observed the individual sheets. The latter, which
had variable aperture, could observe an area approximately 2 cm diameter
sufficient to cover the focus even if it were misplaced from the axis. Light

pipes led from the collimators to photomultipliers.

Results

‘Figure 2 shows a streak phoéograph of the current sheets. This shot
is for deuterium at 4 torr with the center electrodes negative. The streak
duration was 6 us, and: the lumlnous fronts were recorded for 5 us. The
arrival of the sheets at mldplane was detected by a midplane collimator and
shown on the upper trace of the 1Qwer photograph. The field of view of the
camera included the'regidn AB, and the two rings (used as distance marks)
and the disk are evident. It can be seen that the two sheets arrived at A
and B simultaneously and proceeded with equal and opposite constant
Velocities' Although the disk obscures the midregion, the focus is shown by
a halo from overexposure at the p01nt in time just after the two sheets
reached the ends of the electrodes. The streak of light below is from a
collimator in the disk. The velocity of the sheets is 3.6 x 10% ms~i. A
rough estimate can also be hade of the velocities with whigh the inter-

acting plasmas approached each other, and turns out to be about 3 x 10% ms-1.

An example of a framing picture of the two sheets taken at a neutral
pressure of 0.6 torr of deuterium with the center electrode negative is shown
in figure 3. The exposures were 20 ns taken 500 ns apart. The luminous
sheets appear to be about 2 cm thick, and have equal and opposite constant

velocities of 7 x 10% ms~!,

The velocities of the current sheets were obtained from both streak and

' framlno plctures taken at different gas pressures for deuterium and hellum
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Figure 4 shows sheet velocity V versus filling pressure p for deuterium, with

the center electrode positive. The dependence follows.
Vep ; n=20.25%0.05

for the range 0.5 < p < 6 torr. The results were similar when the center
electrode was negative, and in the same'pressure range the velocities were
roughly the same. The straight line on fiéure 4 shows a slope of -0.25. For
press@res below 0.5 torr the velocities tended to become independeht of

P and;at pressures greater than 6 torr were below the straight line. Measure-
ments on helium for 1.5 < p < 10 torr showed the sheets behaved similarly

to those in deuterium.

Recently Karpov, Smirnov and Suvorov (ref. 1) published a theoretical
treatment of the axial motion of a current shell in a dense plasma focus,
and showed that after a brief period of acceleration, the velocity of the

current sheets should be constant, and the velocity should obey
Va [poly + 1)170:25

where pg 1is the density:ofstheVunperturbed gas and 'y the ratio of

specific heats. Thus out experimental results agree in the depéndence

on pg orp the fiiling gas pressure. The theory predicts that the velocities
in helium should be a few percent lower than those in deuterium because of

the difference in vy , whereas ours were about 20 percent higher. We are

unable to explain this discrepancy.

A Tough measure of the similarity in behavior of the two guns could be

obtained by comparing the visible light signals from the two focus regions.

Light signals from two collimators observing areas 2 cm square‘are
shown in figure 5. The duration of the light signals was over 10 us but the
sheets from both guns arrived almost simultaneously. The instant of focus
formation was obtained from a recording of x-ray emission versus time on
another oscilloscope. Light emission was recorded 100 ns priér to the focus

as the sheets collapsed. The overall shape of the signals implies that the
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two guns' behaved more or less similarly, although considerable shot to shot
variations were evident. Focus formation and the emission of x-rays and

neutrons from the two focused plasmas will be discussed in section 2.2.3.

Conclusions

In conclusion we have found that it is boésible to operate the two guns
of a staged focus with sufficient simultaneity that the two focuses occur
within the same time span. The current sheets were formed independantly,
and the luminous regions were a few cm thick. Their velocities were from
2.5 to 8 x 10% ms=! and depended on pressure as expected from theory. The
successful formation of simultaneous current sheets in the two guns opens
the possibility for developing a higher powered device by utilizing the

interaction of focused plasmas.
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2.2.3. X-Ray and Neutron Emission from a Staged Plasma Focus

Introduction

' The purpose of these experiments was to investigate the x-ray and
neutron emission from the staged plasma focus and in particular to see
if the two guns operated simultaneously. Both time and space resolution

were obtained. The central electrodes were positive for these experiments.

v Experimental Results

We first recorded the hard x-ray and neutron emission as functions of time
by using NE102 scintillators observed by photomultipliers. Two such detectors
were used, one 3 m from the apparatus, and the other 8 m away; thus time of
flight separation of the x-rays and neutrons was possible. Each of the
detectors recorded the emission from both guns, and two separate runs are i
shown in figure 1. Separation of the x-ray and neutron signals due to :
their time-of-flight difference is evident. The x-ray emission occurs over
;o a period of 100 ns as can be seen from both detectors. The neutrons are
clearly separated from the x-rays and took about 160 ns and 360 ns respectively
to arrive at the two detectors. The emission time of the neutrons is also
: of the order of 100 ns. We note that the x-ray and neutron signals consist
of a single peak for the upper picture. Most of the time the behavior recorded
was as shown here although on some occasions x-ray and neutron signals with
double peaks were seen on both detectors as shown in the lower picture. For
the majority of shots with single peaks the two guns must have formed focuses
simultaneousiy, or else only one gun formed a focus. Therefore further
experiments were performed to provide spatial resolution between the two

guns.

Figure 2 shows an experiment which proves that x-rays were emitted from
both guns simultaneously. A 5 cm thick block of lead was placed as shown so

that the 3 m detector could only observe the right gun, and the 8 m detector

only the left. Preliminary experiments had shown that the lead could cut

AL T s s

off the x-ray signals, but not necessarily the neutrons. Therefore we shall

be concerned here only with the x-ray signals. Two shots are recorded.
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The first shot on the first and third trace gave little x-ray emission from
either gun, but adequate neutrons. The second shot gave strong signals on
both detectors indicating that x-ray emission occurred from both guns. The

x-ray signals were recorded almost simultaneously on the two detectors.

Our next experiment was aimed at obtaining spatial resolution of the
x-ray emission using pinhole techniques. The arrangement is shown in
figure 3. Two pinhole cameras A and B observed the separate guns. The
pinholes were 0.4 mm diameter, in steel, backed by lead. The plexiglass
wall of the vacuum chamber was removed in this region, and the vacuum was
maintained by a 250 um beryllium window which transmitted x-rays of energies
greater than about 1 KeV. '"No-screen" x-ray4film was used. The results
shown below indicate that the x-ray emission was mostly from the surface of
the electrodes, similar to the operation of the guns operating singly.

Clearly x-ray emission occurred from both guns.

Another pinhole camera C included both anodes in its field of view.
As it was observing through the plexiglass wall of the vacuum vessel, the
pinhole was considerably larger than before, approximately 3 mm in diameter,
and the resolution poor. Nevertheless, single shots made two distinct
images, sdch as shown, indicating that x-rays were emitted from both guns.
Another check was made by placing a strip of film in an envelope on the
outward side of the disk structure, which showed that x-rays came from both
sides. On some occasions these diagnostics showed that x-ray emission
came from one or other of the guns only, but in the majority of cases emission

was recorded from.both guns.

Next, a collimator was constructed to provide spatial resolution for
neutron detection, as shown in figure 4. A 1 cm hole was made in a block of
boron-filled polyethylene, 1 m thick. The near side of the block was 1 m
from the plasma, so a spatial resolution of about 2 cm was possible. The
detector was similar to the ones used already and was 2 m from the focus;

thus time of flight separation of x-ray and neutron signals was just possible.

The collimator was then aligned on each gun in turn, while the 8 m

. detector observed both guns simultaneously. The two pictures show the

collimator observing the left and right guns respectively for two separate




shots, on the upper traces. The neutron signal can be'separated,in‘time, and
its peak occurs 50 ns after the peak of the x-rays. The lower trace is the
signal to the 8 m detéctor. The x-rays are recorded 50 ns later than on

the 8 m detector as expected,‘becauée they had to travel an extra 6 m (20 ns),
and the signal from the photoﬁuftiplier had to traverse an extra 20 feet of
cable. Other shots recorded neutréns from the 8. m detector but not from the
collimator suggesting only one focus had been'fbrﬁed. The resﬁits here

prove that both guns were capable of‘fofming focuses and emitting neutrons.

Lastly, the total neutron yield per pulse was estimated by using a silver
activation analysis method. The results showed that the total yield of
neutrons from the apparatus was aboutllo8 per pﬁlse.' The yiéid from both
guns was approximately equal as shown by comparing the neutron signals on the

3 m detector observing the separate guns through the collimator.

Conclusions

In conclusion we have shown that the x-rays from the staged plasma focus

were emitted from each gun individually. Although the focuses sometimes
occurred at different times for a fraction of the shots, for the majority the
x-ray emission from the two guns ocburred almost simulténéously, and within
much less than 100 ns, the duration of the focuses. Neutron production also
occurred simultaneoqsly from both guns, and the total neutron yield from the

apparatus was around 108 per shot (20 KV, 17 kJ capacitor;bank)}

The importance of being able to produce two plasma focuses simultaneously
lies in the fact that it opens the way to studying the interaction of
focused plasmas. In addition, new configurations involving more than one

current sheet may now be possible.
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2.2.4. Summary of Work on the Staged Plasma Focus

In brief, the results can be summarized as follows:

(1) The current sheets formed simultaneously in each of the two guns;

and their run-down speeds were equal within the error of the measurement.

(2) The simultaneous formation of two plasma focuses over the center
electrodes was confirmed by x-ray pinhole photographs and the pulse shape

of x-ray and neutron signals.

(3) Visual inspection of the electrodes and the midplane disk after
a few tens of runs also showed the erosion of the surface$ of both the center
electrodes, dué to bombardment of electron beams from theﬂfocused plasma
and uniform polishing of the center-hole wall by particles from the plasma

foci.

The significance of these results lies in the fact that it opens the
possibility of operating dense plasma-focus type devices in multiple arrays

at power’levels beyond the scaling law for a single gun. There are already

some indications that the neutron yield from the 1 MJ plasma focus (ref. 1) was

reported:short by an order of magnitude from the expected value. A pessi-
mistic view has been expressed for the scaling law beyond 10 MJ based on
MHD calculations (ref. 2), and engineering problems may dictate an even lower

energy level.

In conclusion, a staged plasma focus as a variation of the hypocycloidal
pinch was designed, and preliminary investigation was made with a prototype.
The current sheet dynamics and production of a pair of plasma foci were

observed as expected.
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