@ https://ntrs.nasa.gov/search.jsp?R=19750020813 2020-03-22T19:52:32+00:00Z

General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



OLE. DOMNION UNIVERSTY RESEARCH FOUNDATION

9.
“@°

i
Y
DEPARTMENT OF PHYSICS AND GEOPHYSICAL SCIENCES
SCHOOL OF SCIENCES K
OLD DOMINION UNIVERSITY
NORFOL.LK, VIRGINIA
(NASA-CE-143264) X-FPY ENISSICN FRPOM HIGH N75-28886"
 TEMPEFATULE FLASMAS Annual Feport, 1 Jul.
. 1974 - 30 Jun. 1975 (C1ld Dominion Univ.,
- Norfolk, Va.) 47 p HC $3.7% CsCL 2C1 Unclas

G3/75 31023

X-RAY EMISSION FROM HIGH TEMPERATURE PLASMAS

H
i

By .f;if"‘f; e

e Wynford L. Harries

-Annual Report

Prepared for the

National Aeronautics and Space Administration
Langley Research Center

Hampton, Virginia

Under ’ -
NASA FResearch Grant NSG 1022 ' CoE

. & C TR P
) e

July 1975

%y

\

g



CONTENTS

Annual Report on NASA Grant NSG-1022
X-ray Emission from High Temperature Plasmas . . . . . . . . . . 1

Bibliography . ¢ ¢ ¢ ¢ o ¢ ¢ ¢ o 0o 4 06 0 0 5 0 0 08 0 0 R e NS
Appendix A

Electron Dynamics in a Plasma Focus ( 30 pages)
Appendix B

High Energy Electron Trajectories in a Plasma Focus (4 pages)

Appendix C
Measurement of Neutron Emission from a Plasma Focus (5 pages)

Appendix D
Possible Future Experiments (3 pages)

ii



Annual Report
NASA Grant NSG-1022

X-ray Emission from High Temperaturc Plasmas

by
W. L. Harries!

fhe investigation is a continuation of contract NAS1-11707-23 and
covers the Period 1 July 1974 to 30 June 1975. It was carried out using the
experimental facilities at NASA Langley Research Center.

The purpose of the work was to investigate the physical processes
occurring in Plasma Focus Devices, These devices produce dense, high
temperature plasmas and emit x rays of hundreds of KeV energy and 102-1010
neutrons per pulse., An understanding of the mechanisms involved would be
helpful in explaining solar flare phenomena, and would be of interest for
controlled thermonuclear fusion applications. The high intensity, short
duration bursts of x rays and neutrons could also possibly be used for pumping
X-ray or neutron lasers, respectively.

Two plasma focus devices exist at Langley--Focus I, on which all the
measurements were made, and Focus II. Considerable difficulty has been
experienced on Focus II, essentially in synchroﬁizing the spafk gaps, and the
period September through December 1974 was spent entirely carrying out
engineering tests on it, the details off which are not included here. Focus II
should be operational shortly. |

The specific objective of the work on Focus I was to investigate the
X-ray ehission. In brief, a model which is not complete is proposed to -

explain the x-ray behavior. The model assumes that the plasma is compressed

1 professor of Physics, 01d Dominion University, Norfolk, VA 23508.



by the magnetic field, which then pinches off the current., The magnetic
energy is then converted to electric energy and a region of high electric
field is created between the dense plasma and the anode. Electrons are
accelerated in this field to energies of up to order 100 KeV, and
Bremsstrahlung x rays are emitted both from the plasma, and from the anode
surface, Estimates of the plasma '"'temperature' are about 3 KeV, so low
energy x rays emerge from the plasma blob while the high energy component
is emitted from the anode. The concept of a dense plasma blob and a sheath
with high electric fields seems consistent with a model of neutron pro-
duction, propbsed previously by J. H. Lee, et all -- the converging beam
model. The results of the work have been written up as a paper to be
submitted to Physics of Fluids (Appendix A).

Evidently the x-ray production and neutron production should be
interrelated and further experiments were made to test the above coﬁclusions,
based both on Xx-ray and neutron measurements.

To test whether the electron trajectories were correct, 4 method was
devised to show the direction and possibly angular spread of the electron
velocity vectors (Appendix B). The experiment seems to confirm the above
model.

Measurements were also carried out to determine where in the focus the
neutrons originate, to check whether they could be produced by ions accelerated
by the same electric field as accelerated the electrons. Details of the
method are given in Appendix C.

The grant has been refunded for the period 1 July 1975 to 30 June 1976,

and a nunber of further experiments are planned and details are given in

! Lee, J. H., L. P. Shomo, M. D. Williams, and H. Hermansdorfer, Phys. Flﬁids
14, 2217 (1971).



Appendix D, These include a measurement of x-ray cmission vs. space and time,
measurement of neutrons vs, space and time using time-of-flight separation, a
recheck of neutron emission vs. angle from the axis ﬁsing.thermoluminesccnt
detectors, and possible time-of-flight ion velocity analyzer,

The work was carried out in collaboration with Dr. J. H. Lee of Vanderbilt
University, who is working under NASA Grant NGR 43-002-031, and D. R. McFarland

of NASA, and their help is gratefully acknowledged.
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ABSTRACT

The intensity of x rays from a plasma focus was measured as a
function of position of emission, time, energy and angle, with resolu-
tion in several of these variables simul tancously. The low eneryy
x rays emandted from the dense focus region, but the high-encrgy com-
ponents were mostly from the anode. Emission from the focus occurred
some 20 ns prior to that from the anode, but the latter continued for
500 ns. Spatial estimates of clectron cnergy were made; the clectrons
appeared to gain energy as they traveled from the plasma focus toward
the anode, and possessed an "average'! cnergy of about 10 keV ncar the
anode surface, The time integrated intensity was also measured versus
the angle 0 from the uxis of symmetry fer 0 <0 < w/2 and for
0 = w, or behing tne anode, in threc encrgy ranges. Considerable
anisotropy was revealed; the polar diagram of medium energy (= 20 keV)

X rays resembled a cardioid, but that for higher energy (= 100 keV)
showed a lobe into the anode, with a forward-to-back ratio of about 50,
indicating the plasma was ncar collisionless with run-away relativistic
electrons in scvercly anisotropic velocity distributions. By considering
Bremsstrahlung emission from relativistic electrons, an explanation is
suggested for the radiation patterns, and conversely the patterns are
used to invoke the electron trajectories. The electron trajectories are
consistent with the results of the spatial energy analysis. The clectric
fields required to produce such clectron trajectories arc also consistent

with the converging beam model of neutron production, proposed previously.



T. INTRODUCTION

The investigation of dense, high-temperature plasmas is of interest
both in astrophysics and in the controlled thermonuclear fusion program,
Such plasmas, sufficiently dense and energeric to emt neutyons und
x rays, cun be ebtained from plasma-focus devic:c:s.]““9

Measurements of the soft x radiation from a focus had previously
been reported by Peacock et al. in the range below 10 kov.}o They were
able to record the spectra from seventecen-times ionized avgon introduced
into the deuterium, and from an estimate of the styipping time required
inferred that the density of the plaswmn was about 1019 cm's. Also, by
measuring the transmission of x rays through foils of various thicknesses,
they estimated on elcctron temperaturc of about 2.5 keV in pure deuterium,
Bernstein ot al.ll have reported measurements in space, time, and energy
of x-ray emission in the 7 to 29 keV range. They found the photon energy
distribution function obeyed a power law dependence, proportional to
E;Q, whore BIJ is the photon energy and suggested that the high-cnergy
X rays arose frdm accelerated electrons. The hard X-ray spectrum
(> 100 keV) from a plasma focus has been studied by Lee et al, who
measured the spectral distribution with nuclear cmulsions.12 In this range,
the best fit for the electron energy distribution function was a power law,
f(E)"l’."Y with ¥ about 4, again suggesting that there was a nonthermal
component of clectrons in the plasma. Studies of the angular dependence
of the intensity of x rays had revealed anisotropy, with a reduced signal

<

R ' .
on axis,  which has not been explained.



and electron temperatures of several kilovolts. Copions neutrons, =10

3

The purpose of this investigation wius to make an extended study
of the Bremsstrahlung x rays from a plasma focus, and in particular to
analyze the emission versus position, time, cnergy, and angle of emission,
The previous results on angular depc::n(.lem'.:c'g are confirmed here, and
considerably extended by a different technique, In addition, we find
a different behavior for low encrgy (= 20 keV) and high cnerpy
(¢ 100 koeV) cmission.

Scetion IT describes the cxperimental method, and Section [I1 the
results. In Section IV, an explanation is offered for the experimental
behavior, and conversoely the results are invoked to yield information on
the pr.rticle dynamies in the plasma, and mechanism of x-ray cmission.
The picture that emerges scems consistent with a oreviously proposcd
mechanism of neutron production.
11, EBXPERIMENTAL METHOD

A, Plasmo-Focus Device

The plasma-focus device, reportg& elscwhcre,g’g consistyg of coaxial

with

cylindrical electrodes, 23 cm long,/a cathode of 10 em diameter, and an
internal anode of 5 cm diameter, both of copper (Fig. 1}. ‘'they are en-
closed in an aluminum sphere of 2 mm wall thickness and 30 em diameter,
The filling gas was decuterium at about 7 Torr. A 125 pFF capacitor bank,
charged to 20 kV, provides 25 kJ energy. During the "locus!t stage, the

3, with densities ﬁlOlg Cm-S’

10

plasma is compressed into a volume 1072 em

per focus are produced as well as x rays of over 100 kev.s’g



B. Methods of Measurement

The main results here are hased on measurements of x-ray intensity.
In addition, numerous diagnostics, such as image converter cameras in
hoth streak and framing modes obscrving the visible radiation were
uscd.6 For the x~-ray measurcments spatial resolution was obtained using
pin-hole techniques, time resolution using scintillators-photomultipliers,
and cnergy resolution using filters; combinations of these techniques
were usced to solve for more than onc variable simultancously. Measurements

were also made versus angle from the axis, and for different cnergy ranges,

The pinhole cameras were designed with three pinholes to provide both
spatial information and encrgy resolution versus position by using filters.
Each pinhole was 0.4 mm diameter (winimum) in a 2 em thick lead housing.
'The pinholes were placed adiacent to the outside surface of the vacuum
vessel, about 15 cm from the focus, with the image sensor 15 cm behind
them (Fig. 1}. The filters enabled both qualitative and quantitative
estimates of the x-ray cnergy and the energy (or temperature T, if a
Maxwellian distribution existed) of the eclectrons in the plasma. The
filter material choscn was lead, which has a high absorption coefficicht,
so the filters could be thin. Hence, the volume in which an x ray could
be secattered by the absorber was small, and multiple scattering reduced,

a factor that would improve the imaging of the x-ray patterns. There
was sufficient x-ray intensity so that measurements could be made through
the aluminum vacuum vessel 2 mm thick, as well as the lead filters.

It is convpnicnt to describe the filter churacteristics. The linear

absorption coefficient y  for x rays depends strongly on L, the x-ray
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energy, and Tor most waterials except at the K, L. . . absorption
cdges
o a3
u(li) = Anh (1)
whore A, is o constant for the material A, and the subseript depends
on whether E  lies above or below the K, L ., , edpes, For example,

For lead, above the K ecdpe at 89 kev, A, = 0.35 x 107 (cm'lkevs)

1

(E in keV, u in cm‘l); from 89 down to 15 keV, A, = 9,5 x 10% From

2
15 to 13.1 keV, A3 = 3,094 x 106, ¢te.,  As the contribution transmitred

M

below 15 keV is small, only Al and A2 will be used. For aluminum,

the eonstunt 7.3 x 104

was uscd over the above range. The trans-
mission function T(E) for several filters of materials, A, B ... in

: . 3
series, it e xp - (A + B X, t .. H . .

ries, is then oxp -( n XA ln X J/EY where An' Bn

are the appropriate constants denoting materials, A, B . , . of thickness
x x L] * L] L]
AT

If we assume the plasma has a Maxwellian distribution of clectron
velocities, and that the {rece-free electron emission coefficient is of

. s 13 . . : ot
the forwm given by Kramers, ~ then the intensity of x-ray emission from

unit volume of plasma per sec in the energy range I to [+ dE dis given by

-1/2

R AR = < 4 | 2, ey (=T /KT H
1(E)dE = const, ngn 27T, exp( E/k?e)dh {(2)

Hore n, and ng are the electron and ion densities; 2 is the
dtnmic number of the ions, E  the x-ray energy, K Boltzmann's constant
and Tc the electron temperature of the plasma. The Functfcn I(E)1(E),
the transmitted intensity per unit energy, is shown in Fig. 2({a} for

clectron temperatares of § indlo keV, with rilters of 2 mm of nluminunm
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plus 102, 229, 508, and 762 wm of lead, respectively. 7.e results are
cquivalent to u Iumd-pass filter in cnergy, with the 7 .wer encergy cdge
dependent mostly on the thickness of the filtering r.aterials, while the
high-cnergy edge depends on the energy disteibut’on function of the

electrons, ‘The peak value occurs at an cnor,y Emnx n(keV) ©
1}

{3 KTc(An Xg o+ B Xyt .)]1/4, with £ in keV, The subseript n

A 1
shows that there cun be several maxima, one for cach different An;

lll
Q

howover, the maxima may not oxist if the calculated value of nmux n
oy
lies outside the energy range in question,
The total intensity IT transmitted in the energy range Ep to

Eq for several filters in series is then

Eq
L, %Jb I(B) (1) dB (3)
p
and is the sum of such integrals over sevcréi energy ranges involving
different constants, [LEquation (3) was integrated by computer using
Simpson's rule, for six values of Tc’ namely, 3, 5, 10, 15, 20, and
25 keV, (values cncompassing the proboble plasma temperature), and for
the above filter combinations. The integrand approaches zero at low
and high energles so that the range of integration was from nine to
several hundred keV in steps of 1 keV. The resultant curves of IT
vexrsus lead thickness depended strongly on Te, and for Te = 10 keV
qualitatively agreed with the measured dependence on filter thickness.
If the ratio R of the signal through one filter thickness to
that of the signal through a different thickness is taken, R depends

strongly on ﬂh. Therefore, an estimate of Te can be made by mcasuring



Re T Fig. 2(b), the inverse funetion To versus ROis plotted for
two different Filter combinations, and it can be scen that o falety
accurate value of T, ¢an be obhtained cven i U Is only roughly known,
Similar caleulations have been made by llton et a1 M

The use of ratios is sdvantageous in four respeets: () If the

readings are measured from the sume point in the plasma, R is inde-

2N

pendent of the plasma density (sce g, (2) and (3)) as "e"iz cancels)

(h) Tt is dndependent of impurities in the plasma, important for a plasmpa
. . . 2

focus, because with impurities we would replace “e”izz with ne(nlz 1 *

2

nzz gt .} where n.,, n . are the densities of the various ions

R
of chavges Zl, 22 « + o« and the expression cancels; (¢) Taking a ratio
preecludes an absolute calibration of the sensor recording the x rays;
(d) It would give some measure of T, even if the x-~ray cmission came
from the anode, ns we would then write n.n 22 where n, and 2
e A" A A A

arce the density and atomic number of the anode (NA 5 1022, ZA = 20)
and Cho expression cancels., Thus, R would yield an estimate of Tor
or if a maxwellian distribution of electron energies did not oceur, would
indicate qualitatively a higher or lower average cnergy. In addition,
it is assumed that the response of the sensor is independent of photon
energy and is linear with x-~ray intensity.

The sensors for (time integrated) spatial resolution of x rays were
(1) x-ray intensifying screens with Polaroid filwm, (2) x-ray film, and
(3) thermoluminescent detectors.

The x-ray intensifying screens were DuPont Chronex, Lightning
type, and Yolaroid 3000 ASA Tilm was placed behind them to make a con-

tact print, The combination could record the x rays from un single
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discharge vhrough the vacuum vessel and lead filters, or a series of
digcharges could be superimposed. llowever, only qualitative cstimates
of x-ray intensity could be made becouse the response of the screen-
film combination was not absolutely calibrated

Quantitative estimates of intensity could be made using Kodak x-ray
film and a densitometer, but here, thermoluminescent detectors (TLD)
woie used muinly.ls Those are erystals of 1/8 in, x 1/8 in. x 1/32 inch
which, when irradinted with x rays, can store some of the cnerpy in meta-
stable states, Some of this cnergy can be recovered later as visible
photons whein the material is heated and measured in a commercially avail-
able unalyzor.]6 Its large dynamic range, £107), enabled the detectors
to be used for a single pulse or to integrate the effects of many pulscs.
Sceveral types of duvicetors were investipated: llarshay type 700, more
sensitivc.tc X rays than ncutrons, but too insensitive here; type 600, which
measured mainly noutrons; and type 400, whicli measured both, A comparison
of the contribution from x rays versus neutrons to the readings was made
by using filters of lecad with and without boron-filled polyethylenr, which
strongly absorbs neutrons. The results indicate that the TLD 400 output
signal is approximately proportional to the x-ray irradiation, and this
type was used for the results that follow. Also, 18 such detectors
uxposed simultancously gave §utputs within 45 percent.

The response of the TLD type 400 detectors in differcnt cnergy ranges
Qns measured by placing two of them in series so that th second TLD could
sense only the x-ray flux transmitted through the first. 1f the doses on
the first and second TLD were S1 and 32, then the fraction of the x-ray

energy retained and measured in each TLD is given by n =1 - §,./5..
Y 2/°1
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Values of n were found to be 0,49 4 0,05 for 2 mm aluminum alone,
decreasing to 0,15 & 0,06 for 2 mm aluminun plus lewd filters thicker
than 200 yn.  Assuming Tc = 5 keV, the absorbers could be regarded as
band-pass filters, rmging from 15-25 keV halfwidth for the aluminum
to 50-75 keV for aluminum plus 762 ym of lead (Fig. 2); hence, n was
constant for energics above about 30 keV, and possibly higher at lower
energies. To see if backscattering of lower cnergy x vays into the rear
TLD affected the values of n, the results were checked both with a lead
surface behind and adjacent tb the rear TLD, and also with the lead
surface removed about 2 cm away and shielded with aluminum, a good
absorber. The readings were approximately cqual, indicating backscatter
was unimportant.,
III. [EXPERIMENTAL RESULTS

Triple-pinhole canmera pictures of a tynical discharge observed throupgh
the vacuum vessel at 0 = 80° (Fig. 1) are shéwn in Fig. 4(n) with the
middle and upper pictures taken through filters of 102 and 254 um of lead.
The spatinl resolution is adequate, and x-ray emission is visihle from the
plasma about 2 cm above the anode, from a region about 1 wmm wide at the
top extending downward in a cone with the intensity greater ncar the anode
surface, and concentrated at the center. The aluminum vessel alonc trans-
mitted x rays >15 keV, while the 102 and 254 ym filters transmitted
x rays »20 and 30 keV, respectively. By comparing the rvatio of the
intensities point by point, we found that the filters reduced the emission
from the plasma focﬁs to a preater extent than that from the anode surface,
suggesting that the eJecffOn cnergy was greater at the snode surface than

in the dense focus region. Furthermore, we note that the emission from
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the plasnn is increasing between the focus and the anode supfuce, where
the density may be decrcasing., This suggests that the clectrons increase
their enorgy as they approach the anode,

First, an esvimate of a space-averaged clectron temperature was
made by recording the x rays on TLD's, to obtain the intensity ratio R
for the filter combinations A and B of Fig., 2(b). 'The¢ measured curves
of x-ray intensity from the whole plasmn versus lead thickness are in
good ..greement with Eq. (3) for (Te = 10 keV. llowaver, for such high
electron energics, electron velocity distributions other than Maxwellian
may give a similar curve, For cxample, a power-law distribution
I(B) = const E‘4 also shows similar behavier. Therefore, it cannot he
determined whether or not the signals were due to a "nonthermal'!
component of electrons.l2 The x rays from 65 focuses were superimposed
on TLD's at 0 = 80° and values of R were 37 and 8 for filter com-
binations A and B, indicating values of Te. of 9 and 11 keV,
respectively, assuming n is independent of L. If a correction for
n is made, '[‘0 becomes 16 keV from curve A and & keV from curve B.

As the plasma may have regions of different "temperatures,’ two
9 » 9 rasters of TLD's were placed behind pinholes to obtain spatial
resolution, The rasters were placed at 0 = 80° and exposcd to 25
focuses, one observing thriough the vacuum vessel wall and the other
through a filter of 254 um of lead in addition. Simultaneously, the
plasma x rays were photographed on Polaroid film through similar fil-

ters, The results arc compared in Fig. 3(c) and (d) where the rasters



1]

have been slightly enlarged with respeet to the £ilm imape, and pood
correspondence is observed, Where a blank is shown, the TLD veads
zero, The highest reading in the lower raster corresponds to the

same point as the highest reading in the upper. Numerical estimates

of local T, can be made from point-by-point ratios of the TLD rcad-
“ings. ‘These reveal the variations of T, in two dimonsions, The
values of T, mnear the anode were about 9 keV, dropping off to about
half this valuc 0.5 cm hovizontally away from the axis. The vertical
dependence of Tc was not clear; one run of about 25 focuses indicated
that ’[‘c dropped to about 5 keV at o distance of about 3 mm above the
anode, but the run in Fig. 3, for a similar number of focuses, sugpgests
Tc was still about 10 keV for a distance of 6 mm above the anode. Tt
was not possihie tn determing T, at tho focus region about 2 cm above
the anode, as the readings of the upper raster in Fig. 3(c) were too
small., Resulis from rasters at 0 = 15° also indicated that the hori-
zontal spread of highest temperature ncgion was within about 0.5 cm of
the vertical axis.

The values of about 10 keV from the anode region are higher than
the values of 3 to 5 keV gencrally quoted for a plasma focus. The esti-
mate from the anode surface may be too high due to penetration of the
electrons deep into the cavity of the copper cap before releasing x rays,
which would have to traverse some thickness of copper before striking
the TLD's at @ = 80°. To account for this effect, Te Versus R curves
have been recalculated with an extra 100 pm of coppdr placed in front of
both sets of filter combinations A and B, as shown by thc curves A'

and B' (Fig. 2(b)). Readings of 'I‘c measured with the extra copper
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are lower for the same R. The error is negligible if combinntion B
is used and R < 10, Also, the value of n was the same for both
filters in combination B, and, henece, the values of around ¢ KeV near
the anode surface scem reasonable. Exawination of Fig., 3 sugpests most
X rays originate on or near the anode, and wonld give the main contribu-
tion to "space-averages" valuen of Ty

Since pinhole camera pictures only provided time-integrated infor-
mation, a method was devised which cowbined the gpace resolution of o
pinhole camera with the time resolution of a photomultiplier-oscilloscope
system. ‘o monitor intensity variations versus time at different positions
on the x-ray imape, two light guides made of polished aluminum tubes were
placed behind the intensifying screen (Pig. 1, camera L) and aligned on
the middle of the three images. Commercially available fiberglass light
pipes were not suitable because they become fluorescent from the x rays
and neutrons unless adequately shielded., In Fig., 4, P and o denote
image points corresponding to the plasma focus and the clectrode,
respectively, nnd the light signals were dirccted to two photomultipliers,
whose outputs were displayed on an oscilloscope in Fig. 4(c}. It can be
seen that x-ray emission from the plasma focus occurs ahout 20 ns ahead
of emission from the clectrode. Emission from the electrode continues
for more than 500 ns, and well into and during vaporization of the copper
electrode material. JFor a 50 keV clectron, the time nceded to reagh the
electrode surface from the focus position 1.5 cm above, is only a frac-
tion of au nunosccondf This discrepancy may be important for understnnd-

ing the mechanism for plasma-focus formation, and will be discussed later.



Most of the measurements above vore mode approximately on er off
axls, bhut as anisotropy had been reported prcviously,g measurements werc
made versus angle 0 from the axis. ‘The TLh's,with an area of about 9 mm2
and placed 15 cm from the focus, could define an angular position within
about 1°, Measurements for 0 < ¢ < %/2 yere made with the detectors
placed roughly cvery 15° outside the aluminum sphere, such as D in
Fig. 1. (The anode surface was 2.5 cm below the center of the sphere.)
For u/2 < 0 < w the anode and cathode shielded the detectors from radia-
tion emanating from near the snode surface, Readings for intermediatc
angles between 7/2 and « were not attempted, but readings for 0 = v
were obtained by placing detectors inside a hole in the anode at B,

To normalize the vreadings inside the anode at B with those
outside the vessel at D, it was necessary to interposc the same
material, TFirst a copper cap was placed to act as the uppor surface
of the anode at H and detectors placed inside the vessel at A,

behind a similar copper shield. Simultancously, the rcadings at

0% were taken with plate C of copper, and also thfough the aluminum
vessel at © = 75°, In a farther experiment, the plates at I and C
were made of aluminum, and readings taken simultaneously at B, C, and

D. The plates were all 2 mm thick, similar to the vacuum wall, and the
distances of the detectors from the focus were approximately 15 cn.

There werc no great differences in plasma-focus formation, whether copper
or aluminum were used as the cap of fhc clectrode,

The detectors were thermally insulated inside lead holders and
shielded from the plasma and any vaporized metals. Comparison of measure-
ments made inside the vessel, and outside where therc was adequate cooling,
indicated that the detectors lost very little of their response duc to.

heating. -



In addition to measuring X-ray omission versus o, cnergy
resolution was obtained using filters,  The filters were the shield or
vacuum vessel and, in addition, lead sheets of thickness 102, 203, 201,
508, and 762 pm, respectively, Lach measurement was recorded on threc
TLs except at B, where there was only one detector per filter due
to lack of space,

The x-ray cmissions from about 65 focuses were superimposed on
the detectors and the readings recorded as intensity versus filter thick-
ness for different 68, After normalizing the values, polar diagrams of
x-ray intensity were drawn (Fig. 5(a) and (b)). All three rcadings for
each 0 are shown and the cireles are for aluminum at A, |l and € in
Fig. 1. ‘The pattern in Fig. 5(a) taken through 2 mm of aluminum confirms
previous rcsultsg for 0 < 6 < /2 showing reduced intensity for 6 = 0,
and assuming the curve is druwn correctly to the extra point at & = »
resembles a cardioid, The pattern in Fig, 5{b) taken through 2 mm of
aluminum plus 76? um of lead, is greatly diffcrent-—a forward (o = 180°,

‘the :
the direction of flectron-velocity vector) lobe about 50 times greater than
the backward or sideways signal is cvident. The polar diagrams for inter-
medinte filters were intermediate between a cardioid and a parrow lobe.

Similar polar diagrams were obtained with copper at A, H, and C
in Fig. 1, llowever, with no lead filter, the diagrnm.shows a slipghtly
' Fnrwnrd oriented lobe as indicated with the two triangles in Fig. 5(a)
which are normalized to the signal at 0 = 45°. With the 762 um filtcr,

a pronounced Jobe was observed with a forward-back ratio of from 20 to

40, similar to Fig. 5().



For the emission measurcd through 2 mi of aluwminum alone,

x rays of us low as 15 keV are transmitted while only those over 50 keV
should be observed through an additional lead filter of 762 um., With
copper, which has a higher absorption cocfficient, x rays of -30 keV
would be detectable with no lead filter and =00 keV with a 762 um lead
filter. ‘fhercfore, Pig. 5(a) corresponds to "medium!" energies, »15 KeV
for aluminum, and 30 keV for copper, while Fig., 5(b) corresponds to
energices over 50 keV and of order 100 keV, indicating electrons ol this

energy existed in the plasma.

IV, DISCUSSION
Some numerical estimates of the mayneto-plasma paranmeters are

. considered next. In the dense focus, values of plasma density n, of

9 = "t *
order 16*¥ em ’ and tewperatures T, and I of several keV are

generally accepted. The magnetic compression should make ’I‘i greater
than Te and the ions should heat the electrons., However, an estimate

of the ion-clectron equipartition time yields a value larger than, but not
greatly different from, the containment time of about 50 ns, and hence

1} should not be greatly different from Tc' Assuming 1} =z Te = 3 keV,
then the electron self-collision time should be of order 1 ns and the

ion self-collision time about 60 ns, so both electrons and ions should
approach Maxwellian distributions. For these values of temperature, the

plasma pressure D at the instant of greatest compression should be

maX
1
of order § x 10 0 dynes/cmz.
Both outside and inside the plasma, strong magnetic fields exist

. . : . O . x
just prior to the focus, as the current is of order 100 A, The azi-

. muthal magnetic field B(r) surrcunding the current sheet compresses



1o

the plasma to a radius r, ® 8.2 emyomwd just prior to the focus
B P o 100 TIEL AR fuy gt l' 1 . 4 . g gt e ¥ r .. 1”
(r,) # pauss corresponding to a magnetic pressure Pyoz &+ 10

—2 ~ "t ] E [3 [}
dynes em © % | There was an appreciable toroidal magnetic ficld

,mux'
within the plaswa, and, for example, assuming constant current density,
(which may not be true), B(r) « r for »r < Xy and zero on axis, ‘The
magnetic field inside the plasma would be compressed with the plasma,
as the resistance of the plasma at maximum compression was of order

7

3% 10" pem  (about 1/5 that of copper), so the magnetic field and

plasma were frozen together. Apain, the diffusion time T, of the map=-
uetic field over a distunce r, at Tc = 3 KeV was 4 x ]()"4 see,

much greater than the plasma containment time =+ = 10'7 se, also
suggesting the plasma and magnetic field moved together,

However, even before or after the focus formation, particles
should be able to escape along axis as  B(0) » 0. There would be fow
particle collisions as the coulomb cross scetions of deuterium iops ot
Té = 3 keV arce of order 10"19 cm2 and the electron~ion mean-~free paths
would be of order 1 cm, comparable or largﬁr than the plasma dimensions.
The loss of particles along axis will be of importance later in explain-
ing the duration of x-ray omission from the snode.

The following picture is suggested for the X-ray emission., In
+he focus the Debye length was of order 10"5 cm (number of particles in u
Bebye sphore of order indJ,and along axis it would not be expected that

strong e¢lectrice fields could exist that would accelerate the electrons,

Thus, low-cperpy x ravs would be emitted from the foeus corresponding to

an electron temperature of o few MV oas shown in Fipe 3.
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Tt would seem unbikely that the havd x-ravs would be due to
clectrons in the high encerpy tail of o thermal distribution of o few
keV. Measurenents showd the hard x vays emapated Crom the region hetveen
the focus and the anode, and the ohservation of x rays of over 50 heV
suggests voltage differences of this amount oceur, which if applied
over distances of order 1 em, imply ficlds of ovder 5 x 104 V/en,
Then applying the criterion of Drcicer,17 even with n, = 10]9cm"3,
nll electrons over 200 eV should run away. But assuming the ¢lectrons
are spread out {from o columu of about 1 nmm diameter to one of several
em dimmeter and,in addition,are swept into the anode by strong ficlds,
the reduction in density from that at the focus should be several orders
of magnitude, and there is even less likelihwod of collision. Further,
such eleetric fields would make the electron velocity distribution in
the region botween the dense focus and the anode severely anisotropic,
and the electrons relativistic,

In summary, we would expect a dense plasma in the focus, as
well as a less dense sheath which had an appreciable fraction of its
clectrons relativistic and near-collisionless with a scvercly anisotropic

velocity distribution. The dense plasma could feed electrons near the

axis dinto the sheath,

The anisotropy of the Brcmsstfahlung intensity indicates ordered
motion of the electrons, and it is assumed that they travel from the high
density Tegion in approximately straight lines, consistent with a
neollisionless" plasma, and gain energy in procceding to the anode.  The
pinhole pictures (Fig. 3(a) amd (¢)) show that the region of cmission,
which indicates the trajectories of the high-cnergy clectrons, is a cone.
Figuré S(ﬁ) fnkcn from 9 = 0° suppests that fhe hiphest enewgy electrons

are on axis.
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The emisnion of Breasstralidmas tros g divected o of clection:.
in well hnovnamd the intensity o0 [0 faen one oleet ran per ounit solild
anple per unit time is piven hy

3 9 [

hnd e,
o

W () & fL_,i,ﬂf}gi_n (1)
10 lut‘ (1 - pewse)”

Here q is the charge of the eleetron, a  the value of the veetor accelera-
tion, £, the dicleetrie constant of free space, ¢ the veloeity of light |
and ¢ the angle of emission relative to the forward direction of the
cleetron. Relativistic effects arce ineluded and ¢ is the usual v/e,
The radiation patterns are shown In Fig, 6(a) for different eleetron
energies, and as  # >0 there is no radiation forward or backward; but as
B increases, the radiated power is directed predominantly in the forwnrd

direction,

Then the measurcd intensity at any given 0 = % -~ ¢ would
be the sum of patterns similur to Fig. 6 from electrons in a cone
whose velocity vectors were at any angle up to e relative to the axis
nf symmetry of the apparatus (Fig. 6). The intensity pattern vs 0 at
energies 520 keV would then resemble a cardioid as in Fig. S(a), and at
energies =100 keV w0u15055mb1§ forward lobe as in Fig. 5(b). The pattern
for copper (*30 keV) would be intermediate, as observed. 1t should be
remenbered that the measured intensity depends not only on  Ili(¢) rela-
tive to a given diroction, but also the number of electrons in the corres-
ponding direction, and their epergies, which we did not measure.

The fact that part of the emission came from the solid target
is ennsistent with thoe arpuweast.  Although the elcctrons might.auffcr_
large angle deflections in the solid, the emission of high-encrgy

Bremsstrablung was mostly due to first deflections  and thick target



Bremsstrahlung spectra were expeeted,  Conparison of Figa, 5(h) and
6(a) suggests values of ¢ = 0.5 or clectrons of enevgy =100 Lhev,
consistent with the transmission data of the lead filters,

After compresslion, stresk camera pictures show that the plasma
blob proceeds upwards, away from the anode, with a veloeity of several
times 107 em/s, ‘The sheath was Tormed just after maximum compression
because Fig. 4 shows that the plusmi X rays appear slightly before the
x rays from the anode. As the plasma moves upwards, it takes a Tow
hundred nanoseconds before it expands sufficiently so that its density
falls to a much lower value, During this period, the plasma could feed
clectrons near the axis into the sheats region, and if the eleetrie
fields were not dissipated, this may explain why X rays continued {rom
the anode for hundreds of nanoseconds (Fig. 4), ‘This picture Is consist-
ent with computer simulations of [lohl ct al.,lg-nnd also with a suggestion
for the mechanism of neutron preduction in a Tocus; namely, a converging
beam model, proposcd previously by one of thc authors of Ref. 8, The
same rlectric fiolds would accelerate the jons upwards and cause them to
converge on the densc plasma bleb, 'The majority of neutrons would be
due to accelerated ions from the sheath colliding with those in the dense
plasma target. ‘The ions in the sheath should gain energies approaching
100 keV, the cnergy of the x rays, as ‘they would have few collisions in
the sheath., The emission of neutrons, however, depends on the plasma
density in the focus and would only occur while the plusmi remains
compressed. Hence, neutron emission should discontinue after the plasma
expands, but clvctrons'might 51111 be feeding into the sheath to pive

x-ray emission from tho anode.
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CORNCLUS TONS

Measurcnents of the intepsity of x-ray eniszion from e plasp
focus show that low-cnerpy (220 LeV) o x rays come fron the plasua- o
region, but that the higher vnergy conponsntn {2100 LeV) come Trow the
anade,  The enission s anisotropie, the loweencrgy polar diagran resct
bling a cardioid, while the high-cnergy emission 1s a lobe into the anude,
with a Torvard-to-back ratio of sbout 50, Consideration of the plasm
parimeters shows that even in the dense focus, the plasma should be near
collisionlenys near the asts, with collisions cven less lTikely in the
region between the foeus and the mode surface.  llere, a sheath with
strong cleetric fields could exist, and the electrons would be accelvrated.
By considering the radiation patterns of relativistic electrons a qualitie-
tive pieture is obtained, which cxpliains the measured polar diagrams,
assuming the clectrons that produce the x rays have velocity vectors lying
rouphly in a cone between the point of foeus and the anade, Both the shape
of the radiation patterns and the tronsmission data through filters imply
electron energics of up to 100 keV, The average electron envrﬁy 15,
however, lower and probably about 3 keV st the focus, and about 10 kev

on the anode surface. The picture is consistent with the converging beam

model of neutron production, proposed previously.
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Fig, 1.

!‘::i:ﬂ. 2!

l4g. 3.

Fig., 4.

Fig. 6.

FIGURE CAPTTONS

Experimental arrangenent on the plasma focus device,

(o} TCBY 'T(EY vs B, Continuns lines, Tc = 10 keV dotted
Vines, T, = 5 keV. ‘The filters correspond to 2 mn of Al plus
the following lcad thicknesses in ym (1) 0, (2) 102, (3) 229,
(4) 508, (5) 702,

(b} Tc vs R. R is the ratio of the signuls through filters of

2 m Al and 2 win AL+ 256 i Pb, -curve A, 2 mm AL + 254 um Ph
and 2 mwm Al + 762 um Pb, -curve B, ‘The curves A', B' correspond
to an extra J00wm Cu between the source and filters,

Pinhole pictures of x rays taken through 2 mu Al (lower),

2 mm Al -+ 102 um Pb (middle}, and 2 mm A} + 254 pm Ph (upper),

(a) Single discharge ¢ = 80°
(b) 25 discharges superimposed 0 = GF
{c) 25 discharges superimposed 0 = 80°

(d) TLD rasters corrvesponding to upper and lewer plctures in {c¢).
Time and space resolved Xx-rdy measurenents
{n) Oscilloscope trace showing x rays and neutron cmission
(1) The light pipes were alipned on tho middle image
(¢} X ray signals from P and e respectively
Poiar diagrams for (a) medium energy x rays: @ through aluminum
{= 20 keV) A through copper (= 30 keV)
(h) High encrgy x rays through Al (5 100 keV)
(a} Radiation pattern Ffor a single electron

(DY Flectron trajocloric,
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APPENDIX B
HIGH ENERGY ELECTRON TRAJECTORIES IN A PLASMA FOCUS

One conscquence of the proposed model in Appendix A is that the
clectrons producing the high energy x rays should have trajectories which
are essentially straight lines lying in a cone (Appendix A, Figure 6).
Therefore an experiment was performed to show whether the fast electrons in a
focus traveled downwards, and if possible to check whether they traveled as a
collimated beam or had angular spread.

The method consisted of detecting the electrons by the X rays they
émitted (Figure 1). A hollow anode with a hole of about 4-mm diameter was
constructed of aluminum, a material relatively transparent to x rays. Triple
pinhole cameras were placed at C and D some 15 cm from the focus, to record
the x rays. The diameter of the pinholes was 0.4 mm minimum to give adequate
resolution, and a DuPont Chronex, Lightning type x-ray detector screen was
placed about 15 cm behind them., The screen emitted visible radiation when
struck by the x rays and Polaroid ASA 10 000 speed film was placed behind it
to give contact prints.

If the fast electrons traveled downwards, then x-Tay emission would
delineate the hole on the upper surface at A and if they continued downwards
the outiine of the hole should appear at B, as x rays from the bottom of the
cavity. Both cameras observed region A through the 2~mm aluminum vacuum
vessel and observed B through the upper surface of the anode as well — an
additional 2 mm (or less because of erosion)} of aluminum, In Figure 2(a)
the radiation from six focuses was superimposed, and the lower picture, with
no lead filter, shows low energy x rays of around 20 KeV emitted from a large
area of the upper anode surface. The middle picture recorded through 250 um,

and the upper picture through 500 um of lead, thus recording x rays of
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greater than about 30 and 50 KeV, respectively, The higher energy x rays are
emitted from the center of the anode. These pictures are in agreement with
Appendix A, Figure 3(c) and show that the presence of the hole in the anede,
and material of aluminum rathex than copper, did not alter the characteristics
of the focus., Emission from region B is not apparent however.

Filters of 250 um of lead were then placed over all the pinholes, to record
x rays of about 30 KeV and over. Th; results of superimposing the x rays from
eight focuées on camera C at an angle of about 50° to the vertical axis are
shown in Figure 2(b). In the three pictures, identical except for a small
difference in angle of viewing: the hole is evident from the ring of x rays
from surface A, and its image at B can be seen at the correct position below
it. Similar results were obtained for camera D. The size of the hole has
beep enlarged by the subsequent discharges.

The geometry suggests that a more or less collimated beam of fast
electrons entered the cavity, and that the angular spread is small. On the
other hand, some other data pictures showed slight radiation from the outer
edges of the flat surface B, suggesting that whereas the bulk of the electrons
were collimated, nevertheless there were a few in the cavity traveling at

large angles to the axis. Essentially however, the model proposed in Appendix

A seems confirmed.

B2



Fig. 1. - Experimental arrangement,
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APPENDIX C
MEASURGMENT OF NEUTRON EMISSION FROM A PLASMA FOCUS

1, Introduction _

The mechanism of x-ray emission proposed in Appondix A suggests that
electric fields exist in the shaath region between the dense plasma and the
anode. Such fields should accelerate ions to encergics of order 100 KeV and
these relatively few ions might be responsible for the main neutron production.
This picture is in accord with the converging beam model for neutrons, pro-
posed already.

The purpose of this experiment was to determine where the neutrons

originated in space, and hence possibly infer the fast ion trajectories.

2. Experimental Method

Unfortunately, pinhole techniques cannot be applied to ncutrons, so
therefore a boron filled polyethylene collimator was used. This was placed
outside the vacuum vessel (Figure 1) and was 6" long and 6" diamecter and had
holes of 40 mils diameter spaced 1/8" apart, in a two-dimensional array. An
interposed lead shield, some 250 pm thick, helped reduce the effect of X rays.
The neutrons were recorded on a sensor at B and two kinds of sensors were
tried,

The first type consisted of plastic scintillators of NE 102 in the form
of thin rods, 3" long and 40 mils diameter, placed inside the collimator
holes at CD. The scintillators should produce visible light when struck by
neutrons, and the ends D were photographed. The light intensity was too low
for a camera u..ag 10 000 ASA film with an f 1.9 lens focused on B, and
theréfore a contact print was tried at B, using available 3000 ASA film. A
run of 50 focuses did produce a very faint image, but with not too conclusive

results,
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The second type of scensor used was a raster of type 600 thermoluminescent
dotectors (TLD). These were crystals of 1/8 x 1/3 %x 1/32 inches, and a
24 % 4 array covered an area 3 inches by 1/2 inch adsquate for surveying
the focus. Their size coincided with the spacing of the collimator
holes., Rasters of type 400 TLD's had been used already to record x-ray
emission (Appendix A, Figure 3) and type 600 should record ncutrons.

'A. Separating the x rays from the neutrons. In principle, lead

filters should reduce the x rays and allow neutrons through, but we found
that lead also reduced the neutron signal. Thus, the question arose what
would be the optimum thickness‘of lead to record neutrons éccurately, and
second, what fraction of the signal on the TLD 600's was due to x rays

- rather than neutrons,

’ TLD's were subjected to the emission of 31 focuses, and the responses
recorded as a function of thickness of filters of both lead (0, 100, 200, 300,
500 and 750 um; and boron-filled polyethylene (0, 5, 10, 15 cm) and combinations
of these materials. Both type 400 which should measure mainly x rays, and the
type 600, which should measure mainly neutrons were used. Figure 2(a) shows
the response vs. thickness of lead, with and without § ¢m of polyethylene.

Each point was recorded on three TLD's and the readings show good consistency.
The polyethylene reduces the signal by a factor of about two for all the
readings on the TLD 400's, which would be consistent with them recording
mainly x rays. The figure shows that for the type 600, 300 um of lead
reduced the signal by about 100. Above this thickness, the polyethylene
reduced the signal by a further factor of 10 or more, suggesting that

the contribution here was mostly neutrons. Hence lead of about 300 pm was

used with the TLD 600's and we believe they recorded neutrons rather than

X rays, with probably about 90° of the signal due to neutrons.



B. Experimental Results. With these conditions, two runs were made but

the recorded signals were small and hardly above the noise level, even when
as many as 60 focuses were superimposed. Both results suggested the neutrons
are produced near the dense focus or on the side away from the anode. The

exporiment is being repeated with a greater number of focuses superimposed.

c3
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Fig. 1. - Method of detecting neutrons.
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Fig. 2. - Response of TLD 400, and TLD 600, to x rays and neutrons from
31 focuses vs thickness of lead filters,© without, @ with
additional 2" of boron-filled polyethylene.
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APPENDIX D

POSSIBLE FUTURE EXPERIMENTS

1. Emission of X rays vs. Space and Time

To obtain space {one dimensional) and fast t’.e response of x-ray
emission, a lead collimator with a line of holes which can hold NE 102
scintillator rods has been constructed. Preliminary attempts were made to
record the light output on an STL streak camera. The light output was too
‘low for an STL 500 camera using its normal lenses. Possibilities are to use
- the faster type Imacon camera, which is 100 times more sensitive, or as a

last resort, place the scintillators against its photo cathode.

2. Measurements of Neutrons and Hard X-rays vs. Space and Time using Time-of-

Flight Separation

A time-of-flight detector has been used successfully on Focus I for some
‘time. The szasor is a 6" slab of NE 102 covered with 1/8"% lead, and the light
output is detected by a photomultiplier vs. time. Hard x rays and neutrons are
both recorded but the path of 3 m causes a time difference of 150 ns -- adequate
to separate the signals., The ease of using photomultipliers with their high
sensitivity suggests a combination of the time-of-flight technique and
collimators to provide spatial discrimination in addition.

An arrangement for measuring neutrons vs, time and space is shown in
Figure 1. The polyethylene collimator, 15 cm long, is clamped adjacent to the
vacuum vessel and one hole is chosen which accepts radiation from a small
region of the focus. A lead shield C and a 15-cm slab of polyethylene D
eliminates radiation from the other holes. (The use of the array of holes
in the collimator may bé preferable to using a moveable single hole as
relative positioning is exact.)

The first question is the reduction of signal because of collimation.

The photo cathode of the photomultiplier is 4.4-cm diameter and at a distance

- m
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of 3 m, while the collimator hole is 100 um diameter, and distance AC is 30 cm.
The ratio of the solid angle subtended by the hole to that subtended by the
photocathode is § x 1072 and as 10 V signals are common at present,a single
hole should give signals of order 0.5 v, well above noise level.

The second question is the resolution in space at the focus, which is
satisfactory, as a circle of order 3-mm diameter is delineated, Thirdly, the
radiation through the hole diverges, but at 3 m it spreads to a circle 4 cm in
diameter, and can all be collected by the photo cathode. However, the photo
cathode should be carefully aligned to be on axis for any particular h¢le,

To obtain spatial resolution, different holes would be exposed shot to
shot, but because of shot to shot variations, a second similar detector should
be used observing the whole plasma, and used for normalization. The method

requires fewest changes from the present experimental set-up.

3, Time of Flight Ion Velocity Analyzers

If the fast ions travel away from the anode, they might be detected
outside the vacuum vessel in a time-of-flight analyzer. Preliminary estimates
suggest a path leﬁgth of 3m -- feasible on Focus II. The device would consist
of a long tube differentially pumped with a Rogowski ccil sensing the entrance
of the ions, and a Faraday cup collecting them at the other end. The signals

vs. time would permit an estimate of the ion velocity distribution.

4., Measurements of Neutron Flux vs. Angle

The TLD's can define angle of collection to within about 1°. Previous
measurements with photomultipliers can be easily confirmed, as well as
measurements made behind the anode (similar to the x-ray measurements in
Appendix A ) using.TLD 600's shielded with a lead filter, to detect neutron

flux vs. angle,

D2
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