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ABSTRACT

An experimental study has been conducted on a dense
1).h

plasma focus using CO2 laser scattering.and infrared brems-..i

,.strahl·ung emission along with the standard diagnostics of neu-

tron, hard and soft x-ray emissions,streak and framing photo-

graphy.  These diagnostics help demonstrate a two stage develop-

ment of the plasma:  a high density pinch stage followed by a

lower density turbulent stage.  Both stages are found to contain

local sources of strong nonthermal,infrared emission with en-

hancements upto 106 over thermal bremsstrahlung levels.  During

the pinch phase the nonthermal radiation has frequency - .2w .

During the low density stage, nonthermal radiation is observed

at a frequency manytimes higher than the average plasma fre-
.

quency and it is postulated that small current filaments (plas-

v         moids) form which have density ten times larger than the average

plasma density. (02 laser backscattering experiments

failed to give positive results, thereby indicating turbulent

levels of S(k) c 2 x 103, k- lw-1, averaged over the scattering

-1volume (-.10-lcm3).  However, large S(k=lu  ) could occur in 10-

4  3cal regions characteristicof the IR source dimensions (- 10- cm ).

1
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1.       INTRODUCTION

This work presents results of an experimental study

on a fast pulse discharge usually referred to as dense plasma
J

focus (DPF) or simply plasma focus. In this study we have

examined the free-free bremsstrahlung near the plasma fre-

quency and have looked for collective backscattering from long

wavelength fluctuations (A >> A ).  Both of these measurements

yielded information on the collective.behavior of the dis-

charge.

1.1 THE DENSE PLASMA FOCUS

The plasma focus has been studied for the past ten

years in the U.S.1 and abroad.2  Interest in.the plasma focus

has been generated by the fact that for many years it was the

7         ·  densest, high-energy, laboratory-produced plasma. Tempera-
19  3tures on the order of 1 keV and density - 10 /cm are ob-

tained with the DPF and neutron bursts - 109 to 1011 which

last - 100 nsec. can be generated in a deuterium plasma.

Although the plasma focus has been studied for some time,

a detailed theoretical understanding has not yet developed.

This is a result of the attainment of high energy density

in times comparable to equilibrations times for plasma con-

stituents and two-stage characteristic of the plasma focus,

i.e., a pinch phase followed by a lower density phase.  De-

tailed experimental work has been further complicated by the

4
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Figure 1-1:  Schematic of the plasma focus with solid inner
conductor.  After breakdown along the insulator, the current
sheet propagates in the space between inner and outer conduc-
tors. Arrows indicate current flow as the current sheet is
accelerated towards the end of the electrodes. Later in time,
at current maximum, the plasma focus is formed off the end
of the inner conductor.
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short duration (- 200 nsec.) of the plasma, its small size

-2   3.(-   5 x 1 0 cm ), high temperature and ·large variations in plasma

characteristics from shot to shot.
-

We will describe the dynamics of· the focus and discuss
some Of the results obtained from experiments in other labora-

tories to lay a foundation on which to present our work.  How-

ever, exact carry-over of data, such as density, temperatures,

etc., from one experiment to another is not possible since different

apparatus vary in operating filling pressure, bank energy,etc.

The plasma focus operates by passing a capacitive dis-

charge between coaxial cylinders in hydrogen or deuterium at

- 2 torr (fig.1.1). The current is accelerated by the Jx.8

force and propagates in the axial direction. In about 3 wsec.

'        the current sheet reaches the end of the inner cylinder at cur-

rent maximum (3.2 x 105 Amps. ). The current sheet, as it rolls
9

over the end of the center electrode, forms a quasi-cylindrical
collapse, which is accelerated towards the axis by a rapidly

increasing magnetic force (B - * Mgauss). The collapse time is

- 100 ns during which the current is approximately constant.

Therefore,Jx B g , increases: rapidly as r decreases from(1) 2- - -\r/

25 mm. to 1 mm. (the final radius).

i

The dynamic motion of the current sheet can be seen in

computer plots of the temperature profile (fig..1.,2) from a
2-dimensional single fluid code which was lent to us by H.C.

4<

Lui.

This shows the important dynamics of the focus beginning

during the quasi-cylindrical collapse.  The time prior to

9
* Private communication, H.C. Lui, doctoral student, Plasma Physics
Laboratory, Columbia University.
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arrival of the current sheet at the end of the center elec-

trode serves only to allow the capacitor bank to build up to

maximum current.  As can be seen in Fig.2 the current sheet

has velocity in both the radial and axial directions.  This

axial velocity allows the escape of most of the particles ahead

of the sheet. The magnetic field compresses only - 15 % of the

particles initially ahead of the collapsing sheet   This fact

permits a smaller final plasma radius and hence larger magnetic

compression and energy density than one would have obtained

in a purely cylindrical collapse. We ob.tain a plasma with bulk
18 3properties estimated"to be ne-3 x 10 /cm ,  Te - 750 e V,

Ti-250 ev for a deuterium plasma of -1.5 mm. in radius and
- 1.5 cm. long.  At this time the focus is in its dense pinch

phase. The plasma volume contains - 25 J of thermal energy and

is a copious source of x-rays and neutrons.

The density and size of the dense pinch phase can best

be studied by taking shadow and interferograms. Such data has
4been obtained by Peacock on a larger focus using a 1 ns ruby

laser pulse.  His photographs show a pinch which is Rayleigh-

Taylor unstable with growth rates - 10 ns.  The pinch column

lasts for - 40 ns. and finally pinches off in an m=0 mode.

18  3Before pinching off he finds the average density is - 6x 10  /cm
19   3with peak dens ity - 4 x 10  /cm  in the most tightly pinched

regions.  After the dense pinch breaks off, a less dense plasma

18forms with density - 10 /cm. In the low density phase, the plasma

continues to emit neutrons at the same rate as in the dense

pinch stage. The density and temperature of the dense stage are
:

* See section 4.1.2
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4
well predicted (within a factor of 2)  from Potter's 2D, two

fluid.numerical code;3 however, the following low density

-           stage is not obtained and the neutron yield predicted by the

code is·too low.3,4

The neutron and x-ray emissions of the plasma focus

have interesting features not characteristic of a Maxwellian

plasma.  The·D-D neutrons emitted in the axial direction were

shown by Bernsteins et al. to have an average shift of 500 kV

in the axial direction and an anisotropy of 11% in the forward
direction.  It has been suggested that accelerated ions in the

B XE fields could account for such observations.5
-8 -Z

Simultaneous with the start of neutron emission is the

emission of hard x-rays (> 80 kev,) which have a quadrupole
distribution about the axis.6  The duration of the hard x-rays

ti is about equal to that of the dense pinch phase.  The time

integrated hard.x-ray distribution measured by van Paasen7

gives an energy distribution of hard x-rays from 60 keV. to 500

keV. which can be described by a functiion ldN=AE -2.5  forE HE
both a large (336 wf bank) and small (84 Kif bank) machine.  The

soft x-ray spectra show similar power law distributions as

-hv
opposed to e /KT as given by a Maxwellian plasma. Typically,

only 20 to 30 kV are applied to the devices but large potentials

are induced by the rapid change in inductance associated with

dLthe   p i n c h i n g   column    ·i.e.   V  -   '3-E  · Howeve r,    i t   i s not c l e a r

that these high voltages are associated with the hard x-rays.

Further interesting features of the soft x-ray spectra

c 10 kev. are seen'in time-integrated x-ray pinhole photographs....1
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8
Such photographs  show small (< 0.1 mm.) intense x-ray

sources located within the pinch column which do not emit iso-

tropically.  Filamentary shapes have dimensi.ons smaller than

the pinch column.

Our work did not attempt to reproduce all of the work

cited above, but enough data on neutrons and x-rays was taken

to make comparisons with the work of others and also to monitor

the functioning of the apparatus.

1.2 OBJECTIVES OF THIS STUDY: IR RADIATION AND SCATTERING

Our program of research was to investigate the DPF

using techniques of CO2 laser scattering and infrared brems-

strahlung. A salt prism spectrograph or narrow filters served

both to measure the bremsstrahlung and to analyze the scattered

spectra. These details are given in Chapter 2. Initial measure-

ments perpendicular to the axis showed that the cool gas which

carries the return current is very lossy. Transmission measure-

ments through the return current sheet using 10.651 radiation

from a (02 laser showed an attenuation of - 90 % on a double

pass through this gas.  This led us to make measurements along

the axis of the center electrode, thereby exposing the plasma

focus region with little intervening cool plasma (see figure 2)

and at the same time increasing the volume of focus plasma

viewed by the detector.

Infrared bremsstrahlung provides several types of use-

ful information. For frequencies greater than 3w the radiation
Pe
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is from coulomb scattering of electrons on ions involving

small momentum change and is thus determined by the bulk of

the particles rather than by a non-Maxwellian tail on the

distribution function.  (On the other hand, such energetic par-

ticles have a large influence in the x-ray bremsstrahlung.)

As I (w) 8 u) CC n  Te- 2 8 1, the radiation gives an approximate

time history of ne (t) due to the weak dependence on Te.  As one

continues to measure bremsstrahlung at lower frequencies near

2w and ,„ enhanced bremsstrahlung may be observable through
Pe , -pe'

the radiation of plasma waves generated by fast electrons. 9,10

Such enhancements are believed responsible for type 11 and 111

11
solar radio bursts.

Laser backscattering near the plasma frequency can be

used for several types of measurements.  If dense regions with

n   > 10 /cm exist in the plasma column, then these regions19  3
e

become totally reflecting regions for 10.6w radiation, as

the incident frequency is now equal to the plasma frequency.  The

density of the plasma focus has often been stated5 to be as high

as 10 /cm . If a region of the size of the plasma column having20   3

n  > 1019/cm3 is accessible to the laser beam, then such a region

backscatters 200 times the minimum detectable signal and should

be observable even with sizable refractive loss. The time

evolution of signals reflected from the critical surface would

be interesting for studying the time evolution of the dense pinch.

For plasma with w. < U) . one can do collective back-
Inc Pe.

scattering from highly excited modes with a long wave length laser.



9

Radiation from a (02 laser (10.6&1) has Ikl -1/20 lk'of a ruby laser
and therefore can be scattered from fluctuations with characteris-

tic lengths much greater than the Debye length (collective modes)

without resorting to small angle scattering. In fact, these

scattering experiments detect collective modes in 1800 back scat-

ter. Due to the combination of low laser power, bremsstrahlung

radiation and low sensitivity of infrared detectors, we were re-

stricted to scattering from fluctuations greatly enhanced over

thermal level; however, this is precisely what we are interested

in studying for the following reasons:

One might expect to scatter from enhanced electron

fluctuation during the dense pinch phase due to excitation from

nonthermal particles.  As we have wi 4 w back scattered rad ia-
pe'

tion from electron plasma fluctuations corresponds to a wave length

8K 5 A w 5.3#.   The wave vector condition k-k i  - 'k<   3ki,-S          -            -

where k is the plasma fluctuation wave vector and s  and i refer

to the incident and scattered waves, implies

3 k. 3(i)      3V
k-  , i-  pe/c  =  th << 1ED     '<D     Kp/V       c

th

12Hence, the scattering is collective. The form factor S(k,w)

which gives the departure from Thompson scattering due to spectra

of the density fluctuation must be S(k,w) - 104 to override

13
bremsstrahlung. Such enhancements are common for turbulent plasma.

As the p ksma pinches off, it has been proposed that
14

turbulent heating takes place.  Since the neutron production remains

high after pinch-off and the density has dropped by a factor of

10, some heating must take place. One should note that while the
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plasma contains - 25 J of thermal energy, the adjacent 2 mm.

contains 250J of magnetic energy. On expanding, the plasma

occupies this volume and resistive dissipation of this field

could provide a heating source. One mechanism suggested by

Maissoner· is the decay of vortices created by macroscopic tur-

bulence generated by the pinching-off of the plasma.  Such

eddies then decay down to the scale  of the ion cyclotron radius

r  .  to/r .r characteristic of high B turbulence.  These
Cl Cl ce

eddies are sufficiently small (size - skin depth) to dissipate

the magnetic energy.  Turbulence having this scale size should

scatter the incident beam strongly since r.- 40 11 for a 250 eV.CI

deuteron, and r - 2u for a 750 eV electron in a &  Meggaussce

field, while the wave vector condition requires a scattering

length of 1 - 5K.
14Another suggested possibility is that microscopic

turbulent heating takes place at some radius of expansion by a

current-driven ion accoustic instability. Such instabilities

have large S(k) for fluctuations with k<<kD and are to be
18  3

expected during the density decay.  Taking ne - 10  /cm  and
-1

Te - 1 keV gives  AD - 10  u, and therefore, one expects scat-

tering from modes with  X - 200XD.  Such modes have been ob-
4served enhanced up to 10  over thermal levels in collisionless

16.17
shock experiments.

As can be seen from these estimates of scale size, the

use of 10,6&1 radiation in a backscatter experiment covers a num-

-          ber of different modes which may go unstable in the plasma focus.

Successful backscatter will determine the existence of turbulence in

the DPF.
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2.      EXPERIMENTAL METHODS

2.1 THE PLASMA FOCUS DEVICE

The plasma focus apparatus was designed to utilize

an existing capacitor bank composed of 50 kV capacitors with

a total capacitance of 30.3wf. The bank has a single trigatron

spark gap and, including the one-foot parallel plate transmis-

sion line which connects to the focus, has a total inductance

- 110 nh.  This is a large inductance b,y plasma focus standards,

but it is sufficiently low to deliver 320 KA. ·at current maximum

to the plasma focus with the bank operating at 32 KV (stored

energy 15.5 KJ.).

The entire apparatus can be ·seen in fig. 2-1. The

electrode dimensions and insulator shape were obtained from ma-
1

chines built in other laboratories. The only critical design

parameters are the adjustment of the length of the inner con-

ductor (so that the current sheet arrives at the end of the cen-

ter electrode at current maximum) and the use of a launching in-

dulator along the inner conductor, thus forming a parabolic-

shaped current sheet. For the plasma focus to function properly,
1

the pinch must form noncylindrically, and early work has

shown that this particular arrangement is satisfactory although

other configurations have also been successful.2,7

The major problem in the design was a low inductance

connection of the inner electrode to the parallel plate line,

which would keep uniform stress on the pyrex insulator during
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the impulse of the discharge and also hold off the high vol-

tage developed during the current sheet collapse (this voltage

f        ranged up to 80 KV). This arrangement is shown enlarged in

fig. 2-2. On several occasions an  arc formed along the sur-

face of the nylon insulator and cracked the pyrex insulator.

On the next firing the full bank current would propagate through

the crack and blow the insulator into powder.

When this tracking was identified, the air gap between

the current carriers and dielectrics was filled with Dow

Corning 4 compound, a high voltage silicon grease; after which,

no further breakdowns occurred.

The focus was used with various outer'and inner con-

ductors. The outer conductor initially chosen was a solid tube,

but it was soon replaced by eight rods forming a squirrel cage

17
shown in fig. 2-1. The squirrel cage allows the plasma flow

to be pushed out of the magnetic field region so that the cur-

rent sheet does not accelerate all the mass ahead of it. As a

result, the focus can be operated at higher pressures for the

same drive current. Also it was found that the current sheet

arrival time to the end of the inner conductor was not very sensi-

tive to filling pressure.  For most of the work the filling pres-

sure was  1.6 tori- or 1.1 torr with a variation in arrival time

of only 200 nsec.

Both a solid-faced and a hollow inner conductor were

used in these experiments.  The solid-faced inner conductor was

used in initial experiments on laser absorption in the cool gas
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region of the return current sheet and for image converter

photographs. In order to gain optical access to the pinch with-

out passing through cool gas, a hollow electrode was used.

18
Such an arrangement was first used by Prior to eliminate x-

rays caused by anode bombardment.  We found that use of the hol-

low electrode did not alter the focus behavior significantly.

However, for reliable focussing,a few percent Argon had to be

added to D2 and the inner electrode had to be run positive.

A small percentage of Argon is widely used with deu-

terium chiefly because it was found empirically to increase

neutron production and make the focus more reproducible.  In

the case of a hollow center electrode, the di/dt waveform shows

only one spike during collapse, as opposed to multiple spikes
19seen with solid anodes; the total neutron production and the

x-rays of the dense pinch phase did not change substantially.

One precaution had to be taken in using the hollow

anode. The pinch column squirts plasma in the axial direction

all the way to the observation window at the end of the anode.

This presents no problem during the time of measurements on the

focus as it occurs microseconds after collapse. However, the

plasma, on arrival at the window region, forms an arc which
\

carries current through the anode interior and destroys the window

surface by ablation and deposition of copper.  This problem was
handled by lining the inside of the anode with pyrex tubing

which had the window mounted on the end of the tube. This device

prevented arc formation near the window and removed the sputtering

source to an iris located 20 cm. from the window.  Even with this
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arrangement, metal evaporation eventually reduced transmission

through the salt window.  After 20 firings of the focus a CO2 10.6 Km.

beam was attenuated by - 0.5.

The last significant problem was keeping the electrodes

free of ablated material.  Upon contact with such high energy

plasma and large current,  solid layers boil. The metal vapor and

ablated glass did not seem to impair operation; however, 0-rings,

plexiglass or other similar materials would partly vaporize

and deposit on the electrodes.  As such deposits accumulate, the

operation becomes erratic; i.e.,the current sheet arrival time

varies and the amplitude of di/dt decreases. Small di/dt indi-

cates failure to form a small pinch column (see section 2.21)
and results in a low neutron yield.  After this was recognized

to be the cause of poor operation, all 0-rings with direct ac-

cess to the plasma flow were shielded by metal and no plastics

were used where they might be exposed to the plasma.  With

these precautions the focus could be fired - 1000 times before

cleaning became necessary.  After a hundred shots electrodes

appeared black from unknown deposits, but this did not affect

operation.

The entire electrode arrangement used a Pyrex cross

for a vacuum container.  Vacuum requirements for the focus are

modest since operating pressures are in the torr range.  In

general the machine was pumped down to 10 mm. for a few hours-5

to outgas. A few shots were required after cleaning before the

machine operated normally, a common feature of high current

pulsed plasma machines.

During operation the machine was continuously pumped on
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with a trapped roughing pump and during operation gas was

leaked through a Veeco Leak valve. Argon was admitted to a

pressure of - 50#, as measured by a Stokes gauge, and the ba-

lance of D2 was added.

2.2 DIAGNOSTIC METHODS

2.2.1 TERMINAL CHARACTERISTICS

During the course of these experiments di/dt, i and

V, the voltage across the breach of the focus, were measured.

di/dt was obtained from a pick-up coil placed between the paral-

lel plates at the connection to the focus.  On every shot di/dt

was measured as it served as a reference for the start of the

pinch phase.  This is understood from the fact that during the

collapse, V x B a t the current sheet becomes very large and

reaches its maximum close to the axis where both V and B have

their maxima. That di/dt is dominated by V x B o f the pinch

region is easily seen as the velocity of the current sheet towards

the axis is  v .- 50 cm./ws at itspeak, whereas v - 10 cm. /Us

for the remainder of the current sheet. The ratio of B of the
-P

pinch to Bs of the return current sheet is   = IR - 1 mm.
Bs   rs   100 mm.

where r  and r  are the characteristic radii for the pinch and
P        S

return current sheet. The ratio of the lengths of the pinch to

return current sheet is - 1/10 so that 3.   pincl:  · "  ·:-  sheet -

50.  When the pinch forms on the axis, V--4 0 and hence di/dt

drops sharply (see fig. 3-1).

The focus current was obtained by integrating di/dt. A
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calibration of i was obtained by shorting the inner to the

outer electrode and ringing the bank at some known voltage.

With this data the integrated di/dt signal was cali-

brated and the current was measured for a given charging voltage.

After that, the current itself was not measured; rather, the

bank voltage was used to obtain the current. Since the bank in-

ductance is large (- 110 nH.), the current remains almost constant

during collapse.  The effect of bank inductance on circuits with

variable inductance loads can be seen in calculations of Carpenter

et al. 20                                 -

The voltage across the breach was measured with the

standard technique of a voltage divider using a CuSO4 resistor
21

for the high voltage dropping resistor.

2.2.2   VISIBLE LIGHT PHOTOGRAPHY

Visible·light streak and framing photographs were taken

with an STL camera.  Framing photographs were taken up the axis

with the hollow electrode and perpendicular to the axis with a

sol id-faced electrode. Streak photos were taken only perpendicu-

lar to the axis with the solid electrode.  In each case the focus

region was imaged with a lens outside the vacuum system so that

measuring scales or streak slits could be placed in the image

plane.  A framing photo gives three images of the emitted plasma

light on a single firing of the focus. The duration was normally

10 nsec. with 50 nsec. separation between frames.  The streak

photos are made by imaging a slit, 1 mm. wide and placed at the
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image plane of the focus, into the STL camera. The camera

streaks this line image of plasma light across the photographic

film in times as short as 500 nsec. The velocity of the light-

emitting plasma can be measured in this way.

2.2.3 X-RAY AND NEUTRON MEASUREMENTS

Hard x-rays were measured by a 1" x 3/8" piece of Pilot

B scintillator on a 6655A photomultiplier located in the screen

room. The hard x-rays had to pass through the vacuum chamber

(3/8" Si02) and 1/4" of Al which covered the scintillator as
22well as the 3.5 meter air path.  The absorption of these materials

was estimated based on 2 cm. of Al. This absorption e-folds

photons of energy less than 50 keV. As the spectrum is assumed
1 d N -2 5to be falling off as the power law - -  = AE  ' , the energy de-
E d E

tected is - 100 keV.

The soft x-ray spectrum was observed with a 2 mm. x 1/4" dia.
plastic scintillator with a 1.5 mil. Al foil as a vacuum window.

The energy band of this detector is defined at low energy by the

1.5 mil. Al window and at high energy by the thickness of the

23scintillator. Based on the mass absorption coefficient for Al

3and a window thickness of 10 mg./cm. , one calculates less than

1e-  absorption for photons of energy greater than 6 keV.  The

24                               -1
i absorption coefficient for NE 102 gives absorption less than e

at 10 keV.  These two energies define the bandwidth.  In this band

one is measuring continuum radiation involving free-bound transi-

tions for an Argon-seeded plasma (appreciable line radiation from
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.25Argon occurs for transition with energy less than 4 keV.) No

other soft x-ray bands were examined since, due to the nonthermal

electron distribution,an electron temperature can not be measured

by absorptio  foil techniques.

The light from the scintillator was coupled to a 931A PM

through a metal light pipe made from polished stainless steel

tubing.  Standard fiber optics (both glass and plastic) were found

to scintillate from the hard x-rays and were therefore useless.

The use of a light pipe was dictated by the need to shield the

PM from the hard x-ray flux by 2" of lead.  Without such heavy

shielding, the PM produced large dynode pulses in response to the

hard x-rays.

The neutron flux was measured by observing the fast"knock-

out protons in a 2" dia. x 1" piece of Pilot B which was viewed

by a 6655A PM.  The detector was located in the screen room in-

side a lead house to shield it from the hard x-rays.

The voltage divider for the 931A was the standard high

gain arrangement while the 6655A used a high current divider to

26insure linearity to high current pulses. The 6655A PM divider

used a zener between the cathode and first dynode to keep the

transit t·ime short and independent of the high voltage (this was

varied to adjust the tube gain).

As the duration of the experiment is short and changing

on a rapid time scale,the transit time of the PM's had to be

measured to assure time correlation with other diagnostics. The

transit time was measured with a light pulse obtained by charging
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up the stray capacitance of a high pressure reed switch until

the gap breaks down.  The light pulse and simultaneous current

pulse had a rise time of 5 nsec. and a half width of 10 nsec.

Both the light pulses and a strobe with a light pulse of 800 nsec.

were used to check the space charge saturation of the output

pulse.  During the course of experiments the tube gain was

kept sufficiently low to insure good fidelity of the output

pulse.

The total neutron flux was measured by standard silver

27activation foil techniques. The counter was calibrated at

Los Alamos and in our laboratory by D.H. McNeill.

2.3 INFRARED SYSTEM

2.3.1   INFRARED DETECTOR

The infrared detector was an Au doped Ge photoconductive

detector operated at 770 K. It has peak responsivity from 2w to

7u and drops rapidly to 1/300 of its peak responsivity at 10.6w;

however, the detector is still usable at these longer wavelengths

at reduced sensivity (see figure 2-3). At 75 V Bias and a load re-

sistance of 500 0, the peak responsivity was 2.4 MV/iriW at 4.5w,

falling to 8 mv/watt at 10.6&1.  Five hundred ohms was the maxi-

mum load which could give satisfactory rise time (30 nsec.).

The detector was also operated into 500 to get minimum rise time

(2 nsec.) at 1/10 the responsivity.  Details of IR photoconductive

28
detectors can be found in the literature.

As IR signal levels were typically on the order of 10 mV,
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Figure 2.3  A curve of the relative response of the IR detec-
tor over its  usable band.  The peak responsivity at 4.5um. is
2.4 mv/mw when operated from a bias of 75V into a load of 5000.
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the detector had to be well shielded from noise.  When the

focus is formed, the large di/dt causes transients which generate

r.f. noise. For example, a shorted co-axial cable would pick up

.- 0.1 V of noise from these transients. The best shielding ar-

rangement consisted of solid outer conductor  co-axial cable

using type N connectors. This cable was covered by solid cop-

per tubing bolted to the screen room at one end and connected

to the can on top of the detector dewar with eight layers of

shielded braid.  The can on the dewarhousesthe preamplifier for

the detector.

With this arrangement, noise was typically - 1 mV., but

with tightshielding from the pipe to the can, it could be re-
duced to < 100 Tv.

With this noise shielding the minimum detectable signal

-           was set by the level of hard x-ray pulse that could get through

the x-ray shielding.  This shielding consisted of a 1-*" thick

cast lead cylinder open at one end. The  detector  had  no  direct.

view of the focus. The IR spectrograph and electrical noise

shields also had to be shielded with - 1.5 cm. of lead to prevent

scattering of hard x-rays into the detector.  Even with this

shielding an occasional signal - 10 mV. was detected due to x-

rays.  These "superbursts"  also entered the neutron detector, so

that these spurious signals on the IR output could be recognized

and discounted. A general x-ray level of K 3 mV. represented

the minimum detectable signal.
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2.3.2   SPECTRAL ANALYSIS

Spectral analysis of bremsstrahlung and scattered

signals was done either with line filters of 10.661 or 5.3u

1 (both have sideband suppression.* 10 ) or a salt prism spectro-
-3.

graph. The filters were used when possible due to their low

loss as compardd with the spectrograph .  Approximate absolute

power measurements were made using the 5.3u filter and detector

calibration specified by the manufacturer.  Since the size of

the focus is known at best to an order of magnitude, an exact

calibration is meaningless. The 5.361 filter gave sufficient

transmission to allow operation of the detector into 50 0.  With

this arrangement the best time response was obtained limited by

the bandwidth· of the oscilloscope (Tektronix 556,BW = 50 mc.).
The spectrograph was a Perkin Elmer 128. The salt prism

of the spectrograph was slightly fogged making it necessary to

block part of it off to prevent scattering. The slit was opened

2 mm. to allow imaging of the whole focus region into the spectro-

graph.  As the focus moves stochastically- 1 mm. from shot to

shot a 2 mm. slit together with a * magnification of the optical

system insured that the full focus plasma was viewed.

The bandwidth of the spectrograph had increased over

,   the manufacturer's specifications due to masking the prism,

imperfect spectrograph alignment and underfilling of the collimating

mirror.  The bandwidth at 10.651 was measured using a CO2 laser and

was found to have increased by a factor of 2. This was assumed

to be true across the spectrum.  With this correction to the manu-

facturer's specifications the bandwidth had range from 2.4W at
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461 to 1W at 10;1 for the 2 mm. slit. The exit slit was imaged

onto the detector which is 2 mm. in diameter. Due to losses

in the spectrograph the detector was operated into 500 0 to

maximize responsivity.

The IR detector has an intrinsic response of the Ge

alone in addition to the extrinsic response of the impurity.

This intrinsic response peaks at 1.5w and has a responsivity

10 times that of the extrinsic region. In order to keep stray

light at this wavelength from giving erroneous readings in the

region beyond 7#, a Ge window was pl'aced over the entrance slit

of the spectrograph.

2.3.3 OPTICAL SYSTEM

The optical system can be seen in figure 2-4.  Mirrors

-         were used primarily for cost reasons. The use of mirrors for

off axis imaging implies astigmatism.  However, this problem

was not too important since only broad band measurements are needed

to examine bremsstrahlung and scattered light. As can be seen in

figure 2-4, the pickup mirror has a *" hole in it for the incident

laser beam.  The pickup mirror defines the solid angle  of

the receiving optics as 80 = 7.5 x 10-3  steradians,  with a

receiving angle e of 0.70 to 30.  The magnification of the sys-

tem is i. The focal volume is 8 v = Ac where 8 is the plasma

2length and c is the imaged area of the detector  (c = 21T mm.  ).

A NaCl window was used to close off the vacuum. Salt

has a low dielectric constant from U.V. to 1511 (£=2.3) and
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therefore has low reflection loss.  However, it has the dis-

advantage of etching along crystal planes from contact with the

hot plasma.  This necessitated regrinding the window surface

after 50 shots, in addition to frequent cleaning to remove

evaporated deposits.  Irtran 2 (ZnS) was tried since, being an

amorphous solid, it etched more uniformly.  However, under the

intense f lux of x-rays, the window became lossy and .could

not be used.

Alignment of the optics was done with a movable jig

which fit into the end of the hollow electrode.  A * in. dia-

meter flat faced lamp, having a ground surface,could slide in-

to the hole in the jig.  The location of the lamp was at the cen-

ter of the focus region.  The light from this lamp could be

followed through the optical system and focussed onto the entrance

slit of the spectrograph or, when filters were used,  directly

onto the IR detector.  With the spectrograph wavelength  set

in the visible red, the image could be followed through to the

detectoro

The focus plasma always remained in the field of view

of the detection system as witnessed by low shot-to-shot varia-

tion (- 20%) of the emitted light in the high frequency region
(i.e. w > 3w  ) between any two shots.  Furthermore, when the

Pe

axis of the optics was shifted to view the volume adjacent to

the focus, .the amplitude dropped by an order of magnitude.(This

residual emission is caused by cool gas of the current sheet).
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2.3.4   LASER

The laser used in these experiments was a transverse ex-

cited atmospheric (TEA) CO2 laser.  The discharge for excitation

of the CO2 takes place in a mixture of CO.: H : N. at atmos-L   e   z

pheric pressure.  In TEA lasers the fast discharge pumps the mix-

ture in an interval short compared with the CO2 relaxation time.

As a result,gain switching is achieved giving a giant pulse
29

(duration - 150 nsec.) without the use of a Q-switch. The

giant pulse is followed by a long tail - 300 nsec. of almost

constant power equal to 10% of the giant pulse. The details of

29TEA lasers can be found in the literature ; the details of our

laser can be found in the appendix. The power output ranged

from 1 MW to 5 MW, depending on discharge current and gas mix-

ture.

The laser beam was focussed onto the plasma focus re-

gion by a 62 cm. focal length mirror placed beyohd the pickup

mirror of the detection system.  The spot size was 3 mm. x 4 mm.,

as measured by the burn pattern, and was limited by the laser beam

divergence and physical restriction on the location of the focus-

sing mirror.  However, since the plasma focus does move somewhat,

a large  beam is desirable to insure full illumination of the

2plasma.  With this arrangement the power level was - 1OMW/cm .

The incident power was monitored by focussing the reflected power

for the salt vacuum window onto a photon drag detector.

Alignment of the laser focussing optics was made with a
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HeNe laser beam.  The HeNe beam was introduced into the CO2
laser optical path by a "Handi Wrap" beam splitter.  The

red HeNe beam was made  coincident with the 10.6U beam by

reflecting the red beam off the (02 laser output.mirror and

back onto itself.  The CO2 laser was then fired with the beam-
splitter in place ("Handi Wrap" is 50% transmitting at 10.6w)

and the relative positions of the red and CO2 beams could be

compared by placing an oxidized piece of metal in the beam path.

The CO2 laser beam alignment mirrors could be adjusted

to focus the red beam onto a light,target at the location of the

plasma focus.  The reflected red beam from the light target was

imaged onto the detector with the spectrograph tuned to 0.6K.

Final adjustment was made with the CO2 laser fired at the

glass light target.  As glass is a black body for 10.6# only a

small fraction of the incident beam was reflected.

By observing this reflected signal, the final adjust-

ment of the incident beam location was made.  Alignment had to

be checked from time to time due to the large vibrations the mir-

rors received as a result of each discharge.

The beam dump was originally a metal plate which deflected

the beam into the glass walls of the vacuum vessel. The residual

backscattered signal from the chamber was on the order of a few

millivolts. Since the current sheet is lossy, this residual
would be absorbed. To check the dump arrangement, a ground Salt

diffuser was placed at the focal point in an attempt to simulate

the refractivity of the plasma;  no signal was picked up.
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Yet during the course of the experiments large signals were

observed at the incident laser beam frequency.  As they had the       I
- proper time relation to the plasma focus, they were thought

to be scattered signals.  They were suspicious, however, since

there was little correlation with the amplitude of the ihcident

signal.

As a. check,  the al ignment j ig and beam deflector were

replaced with an all-glass beam dump and the large signals

mentioned above di sappeared. The remainder of the scattering

experiments were done with this beam dump.



31

3.      PRESENTATION OF DATA

In this chapter we will present and briefly describe

data obtained in the focus experiments. Most of the data

presented was taken with the hollow anode (center electrode),

but some data of streak and framing photographs was taken with

a solid electrode run at negative pptential.  The qualitative

features of this data are still the same as those for the hol-

low anode and are shown as visible light photographs to provide

a physical understanding of the size, shape, etc. of the plasma

flow. As di/dt wave forms are also different for solid vs.

hollow center electrodes, timing measurements made relative to

this signal can only be compared qualitatively.

...

3.1 TERMINAL CHARACTERISTICS

The current i, di/dt and V, the voltage across the

breach of the co-axial accelerator, are shown in figure 3-1

on a slow time scale. This data was taken with a hollow

center electrode run as an anode. The filling pressure was

1.6 torr D2 + 3%Ar; operation at lower pressure (1.1 torr

D2 + 5%Ar) gave substantially the same wave forms.  Note
dL

the large spike in di/dt and V due to the  13--  of the col-

lapsing current sheet. The current falls slightly due to

work done during collapse and the increased circuit induc-

tance associated with the pinch filament (-15nH ). For a

bank voltage of VB = 32 kV the current (Ip.) just following
.

the peak in di/dt is 320 KA.



32

0 0.5»s 1.OBSlllllll'llll

di

-ii-i

340  10     -
i

50 KV

V                        -

Figure 3.1  Waveforms of d i/dt, i, v (measured across the
breach of the co-axial accelerator). The fall in di /dt at
current maximum corresponds to the formation of the plasma
focus.
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3.2 VISIBLE LIGHT PHOTOGRAPHS

During the spike in di/dt, the visible light shows

the collapsing current sheet (fig. 3-2).  This set of three

photographs, taken with a solid electrode, shows (A) the col-

lapsing current sheet early in the rise of di/dt. Fifty nano-

seconds later (B), one sees the pinch form and then 50 ns. later

(C), the luminosity has decreased markedly and the region of

visible light on the axis appears to have .diffused.
The decrease in luminosity can be seen as a continuous

function of time in a.streak photograph. Figure 3-3 shows a

streak taken 1 cm off the center electrode.  One sees a lumi-

nous isheet moving towards the axis with a velocity of 25 cm/·wsec.

As the current sheet converges into the axis, there is a transient

increase in luminosity which occurs near the peak in di/dt.

This transient increase lasts for a few tens of nanoseconds and

is followed by an abrupt decrease in luminosity.  For ionizing

shock speeds of 25 cm/us. in H2 the post-shock temperature

(Te + Ti) is - 60 eV.  As a result, the plasma is fully ionized

and the luminosity has been interpreted as free-free bremsstrah-

6 19
lung. ' After the pinch forms on axis, the temperature and

density should go still higher due to magnetic compression So

that one is left trying to guess the reason for the decrease in

luminosity.

The bright region on the right of fig. 3-3 is caused

by metal vapor from the center electrode and occurs well after the

neutron emission.  The vertically moving pairs of lines occur

'          towards the end of neutron emission; their origin is uncertain.
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Three framing photographs (10 nec. exposure) take 50 nsec.

apart;  pressure is 1.6 torr of H2 with jp = 270 KA. taken
with solid center conductor.  A take during collapse, B at
formation of pinch, C,50 nsec.later.  Figure at left shows
field of view off end of center conductor.
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Figure 3-3
Streak photograph of  1 g sec. duration taken  1  cm.  of

solid center conductor.  Pressure 2.16 torr H2 with Ip =
270 KA.
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Enlarged streak photograph taken at 2 torr H2 + 5% Ar

at Ip = 270 KA.
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Framing photographs (10 ns exposure) take axially 50 nec.
apart using hollow anode.  The pressure is 2.3 torr H2 + 10% Ar.
with I  = 310 KA.  Traces on right give timing of photographs
relati e to di/dt.
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Figure 3-4 shows a streak photograph taken with a

times3,3magnification over fig.3-3. The plasma column diameter

before the decrease in luminosity is - 1mm.

Figure 3-5 shows framing photographs taken up the

axis of the hollow anode. The argon concentration is 10%,
somewhat higher than in the rest of the work. (The additional

argon keeps the focus visible for a longer period of time).

The light now is integrated along the axial direction, thereby

increasing the contrast of the light of axially aligned plasma

relative to return current sheet.  As a result, the current sheet

is not visible in the photographs. The bright region is - 3 mm.

in diameter and occurs near the peak in di/dt.

3.3 X-RAYS AND NEUTRONS

Figure 3-6 shows a composite of hard x-rays, neutrons

and soft x-rays with di/dt as a reference.  The hollow anode

was used; filling pressure was 1.2 torr D2 + 4% Ar with I =
320 KA. The traces are taken from three different runs with

2 soft x-ray emissions displayed to give an indication of

shot-to-shot variation. With the hollow anode, metal vapor

flows into the plasma after 500 ns. so that the x-ray radiation

shown is solely from the D2+Ar plasma.  One should note that

soft x-rays are still emitted by the plasma well after the

dense pinch phase, the end of visible radiation and neutron

emission.  The delay of the start of the hard x-rays relative

to the soft x-rays is typically 40 ns.; however, the hard x-

rays show wide variation in timing (+20,-40 ns.), size and

duration.
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A typical neutron pulse (time of flight corrected

for 2.45 MeV) shows a half width of - 100 ns. The range of
8total neutron emission is 10  to 109 and is typical ly 8x 108,

as measured by a silver foil activation technique.

3.4 INFRARED BREMSSTRAHLUNG

The first bremsstrahlung measurements were made using

the salt prism spectrograph and an IR detector rise time of

Tr - 30 ns.  The focus was operated with a filling pressure of

1.6 torr D2 + 3%Ar and a pinch current of 320 KA. A composite

of bremsstrahlung data taken at 2U, 5w, and 6.7u, with their

relationship to di/dt and neutrons, is shown in figure 3-7. The

2u data shows the normal IR emission which was interpreted as

free-free bremsstrahlung with no nonthermal effects. The

thermal bremsstrahlung starts with the neutron emission but

always decays faster; it subsequently decreases to - 10 % of

its peak value and remains constant until,after 500 ns.,

wall impurities enter the plasma.  This persistent radiation

is due to emission from both the return current sheet and the

plasma left after the dense pinch has broken up. In addition,

the level of the persistent radiation sets an upper limit to

the contribution from the cool gas of the return current sheet.

Emission at 511 1.1.1Kl is given as 2 typical curves.  The

one referred to as thermal has the same shape as the 2W emission

and is most frequently observed.  One shot out of ten taken in

this series ofmeasur.ementsshowed an enhancement which turned on

abruptly at about the time the dense pinch phase ended. The
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enhancement here  is - 5 over thermal. At 6.7u t 0.7£1 two

curves are also shown, one being the more frequent thermal emis-

sion and the other enhanced, this time, 10 times thermal.  In

contrast to the enhanced emission seen at 5#, at 6.7w (and also

8.5u--not shown) the super thermal emission begins with no

measurable  delay relative to thermal emission.  This emission

lasts on the order of the duration of the dense pinch phase and

then decays down to thermal levels.  Enhancement at longer wave

lengths had a maximum of 100 times thermal.

In figure 3-8 is plotted the peak value reached by the

IR emission in a scan taken from 2 to 10.6#, under the same

conditions as the data in fig. 3-7. The resultant large scat-

ter of the data is a characteristic of plasma focus measurements,

together with the added problem of film deposits on the window.

-          The absorption from these deposits is known only to within

- 25 per cent. The data has been corrected for detector responsi-

vity, spectrograph  bandwidth and absorption, as well as window

loss.

The data in fig. 3-8 is sufficiently accurate to reveal

the essential features: (1) that from 2 to 661 the received

power fall s off as 1/12, as is expected for thermal bremsstrahlung,

and the received power is the correct order of magnitude for a

18,thermal plasma of n = 3 x 10 / cm3, Te = 750 eV, with a volume

of 3 x 10-2 cm3; and  (2) that enhanced emission occurs during
the whole duration of the dense pinch phase for 6.5w< x< 9*.
Enhanced emission may also have occurred for wave length X >9w

but would not have been observable due to decreasing sensitivity
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Figure 3.8  Graph of relative power received from plasma focus.
Data is a composite frommanyruns at 1.6 torr 02 + 3% Ar., 1 =320 KA.



42

of the IR detector. Note that all data above noise level

for A > 6.5u shows some enhancement. Observation of large

-        enhancements was infrequent -- in the range 6.50 >A. >9 w only

3 observations out of 26 showed enhancement greater than 10

times thermal.

Figure 3-9 shows more data taken at p = 1.6 torr D2 +

3% Ar and I  = 320 KA. This data was obtained using the same
P

optical system, but the spectrograph was removed, and line fil-

ters were substituted.  This system gave less light loss so that

the IR detector could be operated directly into 500, which resulted

in an electrical bandwidth limited by the oscilloscope (TR- 7 nsec.) 0
The 5.3&1 filter has a bandwidth of 0.5&1 full width at half maxi-

mum (FWHM). Shown also relative to di/dt are neutrons and visi-

ble light (0.4w to 0.7U).  The visible  light electrical bandwidth

is also limited by the oscilloscope (tR - 7 nsec.).  The IR

emission has a rise time < 7 nsec. (correct for scope rise time)

and a duration at peak intensity equal to that of the dense

pinch phase of the plasma focus.  The IR emission then shows a slow
*

decay over 60 nsec. to the residual level of - 10% of the peak.

* With this optical system, losses are easier to take into ac-
count, 'allowing us to compare the received power to that emitted
by a thermal plasma.  As seen in figure 3-9, the power received
at 5.361 is 45 mw or 12 watts/str. Bim, with a correction made for
the filter loss, but not including a window loss of -*.  A plas-
ma with a volume of 3 x 10-2 cms with Te = 750 eV and density ne =
3 x 1018/cm3 taking into account 3% Ar stripped# to Z -10 emits

65free-free bremsstrahlung as

jul= 5 x 10-52 .ne               n. Z 2        w a t t s/m s     str.       rad/sec.
1                      11

Te 2 1

which yields an emitted power of 53 watts/str. um. The plasma
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Once again there is an enhanced emission at the end

of the bremsstrahlung emission from the dense pinch phase, al-

though with faster time response its true duration is seen to

be < 20 nsec. Comparing the neutron and IR emission, the dura-

tion of neutron emission is about twice that of the IR emission.

Visible light is also shown and should be compared with the

IR emission. The visible 1-ight was observed using the same

optical system used for the IR measurements in order to achieve

an identical field of view.  The data is from different shots, but

it was taken on the same run with,identical conditions (bank

energy, gas pressure, etc.). The data was taken over a number

of shots to be sure of temporal reproducibility which was found

to be within the resolution of the instruments (* 15 nsec.).

One sees clearly that visible and IR emission do not have the

same amplitude variation which casts some doubt on the interpre-

tation of the visible emission as dominated by free-free brems-
**

strahlung.

parameters used are calculated in chapter 4 and are at best cor-
rect to within a factor of 2 so that under these conditions the
agreement is good.

** It should be pointed out that in experiments@• 19 where streak
photographs have been interpreted in terms of free-free b rems -
strahlung, the measured shock speeds were -50 cm./ws or 2 times
greater than oursr which implies a post-shock temperature 4 times
higher. Under this condition.·the assumption of free-free brems-
strahlung is more justified since Te is then on the order of, ten
times the ionization energy. Even so, our streak photographs show
the same luminosity variation as those of Toepfer.  Moreover,
Potter's code gives postshock temperature, substantially lower
than plane shock theory predicts. The lower electron temperature
given by Potter precludes interpreting the light as free-free
bremsstrahlung.
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Figure 3.9  Composite of di/dt,.5.3 W emission, visible (0.5gm),

and neutrons taken from different shots at 1.6 torr D2 + 3% Ar.
ip = 320 KA.  Instrument rise time 7 nsec. for the IR and visible
data, the maximum timing error   15 nsec.
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Figure 3-10 presents the most striking data.  The focus

was operated at p - 1.1 torr of 02 + 5% Ar with I  = 320 KA.  A
10.661, 0.28u FWHM line filter was used in place of the spectro-

graph.  The peak IR emission measured was 4 x 106 over, thermal

bremsstrahlung. The duration and intensity variation relative

to the thermal emission at 5.3w  are distinctly different from

the nonthermal emission observed at higher pressures(1.6 torr).

One should note that peak emission comes during and after the

drop in density. Emission at 10.6#  corresponds to frequencies

- 4(F ) or 25 w . Measurements with the spectrograph at
pe max. ce

other wavelengths for this operating condition showed one en-

hanced emission at 7u starting 100 nsec.after the peak in di/dt.

The probability is much better for seeing enhanced emission at

1.1 torr pressure.  Out of 20.measurements at 10.6#, 9 showed

enhanced emission.

In addition to these measurements at filling pressure

of 1.6 torr and 1.1 torr, measurements were made at 0.9 torr to

check the pressure dependence of 10.6# radiation.  Of 25

measurements, only 2 showed enhanced radiation at this wavelength

(see table 3-1).  At this pressure the maximum radiation level

received was 5 watts, with a full duration of 200 nsec. starting

with the fall of di /dt, characteristic of the 1.1 torr data.

TABLE 3-1 EMISSION AT 10.6 Km.

PRESSURE IN TORR   0.9   1.1   1.6
NUMBER OF MEASUREMENTS   25    20    26

NO· OF EMISSIONS >1 0 THERMAL     2     9     0
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Figure 3.10  Nonthermal emission at 10,6u, 0.2861 FWHM taken with
Ip = 320 KA at 1.1 torr D2 + 5% Ar.
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3.5 LASER MEASUREMENTS

An attempt to scatter from electron fluctuations was

made while operating at 1.6 torr D2 + 3% Ar.  Initial measurements

showed no enhanced scattering in the band 5w to 9#. In runs

made shortly after these, enhanced bremsstrahlung was observed

and interpreted as 2w emission. Since this band is the same
Pe

as the band for scattering from w fluctuations,further workPe
was abandoned, because it would have been impossible to dis-

tinguish between scattering and the enhanced emission.

Our efforts concentrated on scattering from low frequency

fluctuation (80)-0). Using the all-glass beam dump, we observed

no scattered signals of satisfactory amplitude over background

noise.

Many backscattered signals were observed with the

first beam dump.  However, these are now understood to have been

caused by laser radiation refracted by the plasma onto part of

the beam dump, which then reflected a fraction of the radiation

back into the detector. A typical observed signal reflected

from the dump is shown in figure 3-11.  The angular deviation

of this refracted signal is 1.6' from the forward direction.

The signal was refracted from the tail of the laser pulse where

the amplitude was constant at 100 kw.  Although the scattering cross

section could not be determined due to the way the measurement

was made, it is clear from the magnitude of the received power

that single-particle scattering was not responsible and that the
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Figure 3.11 The refracted signal which appears at the end
of the dense pinch phase shown relative to di/dt and neutrons.
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Figure 3.12  Outline of density contour reproduced from Pea-
cock's interferogram, showing refractive plasma at end of the
pinch.
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total beam was deviated through a small angle.

This data was taken from a run at 0.9 torr 02 + 5% Ar at

Ip = 320 KA.  During one run with the laser, every shot (out

of 12) yielded a signal similar in form to that shown in fig-

ure 3-11, whereas  nonthermal radiation was emitted in only

2 ·shots out of 25 (laser off). The detector rise time was 30

nsec. in this measurement so that the amplitude of the peak was

larger than that shown in figure 3-11.

3.6 DISCUSSION OF LASER MEASUREMENTS

Two types of scattering are possible when the signal to

AAbe detected is near the transmitter wavelength ( /1 -3 x 10-2):
coherent scattering (reflection) from a critical surface (wi =

w  ) and .incoherent scattering from underdense plasma (wi > w  ).
Pe Pe

Coherent scattering takes place during the dense pinch phase

or possibly during and following the pinch break-up, particu-

larly if local regions of.high density persist in a generally

underdense plasma.   Incoherent scattering could occur near the

central line only in the low density plasma remaining after pinch

breaks up, since during the pinch S(k,w) (for w < w . and k -
P 1

*AD) has been observed to be within a factor of 3 of S(k,w) for

a thermal plasma (see chapter 4 for discussion).  However, we
31

observed no scattering of either kind.  The following discus-

sion attempts to explain this, as well as to understand the re-

fracted signal of figure 3-11.
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3.6.1   REFLECTION

When the laser experiments were begun, no interfero-
15grams of the focus were available.  It was inferred ' from

19   3neutron emission that pinch densities should be from 10  /cm  to

20 3              3210  /cm .  As was pointed out in the recent analysis
,

Pea-

19  3
cock's interferograms show  that a region of n  > 10  /cme

exists only on axis with a radius of 200W and length of 5 mm.

(resolution - 100u).  In our experiment the magnetic pressure

is - 1 of that of Peacock's experiments, implying that the over-

dense region is even smaller if it exists at all.

Ignoring refractive loss for the moment, the minimum

size of a totally reflecting object (assumed to be spherical)

which can be detected can be found from geometrical optics.
dP       csFor all but the forward direction, 3-Q4 = li   ' where Ps is the

scattered power and 'i is the incident power per unit area.  Tak-

ing the minimum for Ps as - 1 watt and li = 107w/cm2 gives

 -  =   i     =*     a   radius     a  2  10011.
Refractive loss will increase the minimum detectable

size.  The interferogram shows that the accessibility of the dense

pinch is not good.  Figure 3-12 shows an outline of the density

contour reproduced from the interferogram. From the view of the

dense pinch indicated by the arrow there exists a volume of

intervening plasma with length  1 41 cm. and radius ro - 2 mm.
We assume that with the hollow electrode an equivalent volume

exists at the opposite end of the pinch.  The peak density is

18  3- 5 x 10 /cm (Peacock's experiment) and, although absorption

is not strong (since Te is high), refraction will deflect the



51

incident beam away from the dense pinch column effectively

reducing its size (plasma acts as a negative lens).

To estimate the refractive effect, we consider a cigar-

shaped plasma having a density profile n=noe- r2/ ro e-z 2/12

where r  and £ are the characteristic,radius and length, and

n  the maximum density.  The incident beam follows the ray

equation HF - u .37 where w is the refractive index (w2=
33  dep - 1 au

1 - n/nc)·  We require that 810, the total change in ep from the

incident ray direction, be small since the ray must remain al-

most paraxial in order to backscatter.  We can therefore inte-

grate along a straight line.  We estimate refractive loss in this

region by calculating the maximum impact parameter r for a ray

to penetrate this region to the dense pinch.  Under these condi-

18  3
t i o n s,     w i t h    n       =    2  x   10        /c m     .0

no rl -r Ir
2    2

Acp -2 ,/Fr   Ft--3    e        o
c   r0

We require jop k 0.02 = 1.50 (half angle of detection system) and

gives r'510-2 ro .  As ro, the pinch radius, is approximately

equal to the beam radius, we find -10 of the incident beam
-4

intensity enters the dense pinch, reducing its apparent size by

the same factor.  This refractive loss prevents pdrforming either

coherent or incoherent scattering measurements. during the dense

pinch with the present system.

As will be indicated in chapter 4, there is also reason

to believe that overdense regions may persist after the dense

pinch phase in plasma where the average density is such that
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wi >> w  .  In this case the refractive loss is much lesspe-

than. that indicated above for the dense pinch and a few hun-
dred microns represents the upper limit to radius of an over-

dense clump of plasma persisting after the dense pinch.

3.6.2   REFRACTED SIGNAL

After the pinch phase, the density drops.  This is

seen in Peacock's interferograms which indicate ne < 10  /cm ,
11                                                      1 8       3

and also from the expanded plasma volume seen in C of figure

3-2.  As seen in figure 3-11, the'transparency increases abrupt-

ly. and continues for the duration of the neutron yield.  Physical-

ly, one might expect macroscopic turbulence at this stage.  How-

ever, the observed deflection (Ace- 0.1) of the laser beam by

the plasma may be accounted for either by a plasma·having n  =

2 - 1017cm3 and a cigar-shaped density gradient, or from random
6neddies of size - 100kt With - - 10% (typical of Zeta turbulentn

fluctuation34).  In the first case, we take n=n e-r2/r02 e.z2/120n
-2with-2 = 5 x 10 and g - 1.  Then

n
C

Bep - au n r£
.r21 r  02E F       2A c r  -  4» n    r--     e0 0

In the expended plasma, r  - *cm. and,1 - 2 cm. yield 8 ep- 0.1
for r = 1 mm. (the latter is characteristic of the laser beam size).
On the other hand, deflection in a plasma having a large density

6 n             n  << 1 can be described bya linear-fluctuation of - = 0.1  but
n                  n

-                                                                                                                                                                           C

ized ray equation provided the laser wavelength is much smaller

than the eddy size (no diffraction).  Then quantity and6n

n-n C
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n - nc are the only parameters which determine the cprms =
34

< c')2 )2 on scattering from an eddy (large eddies produce de-

flections due to the long length of the refracting path, but

small eddies produce the same deflection due to their steeper

gradient). For these parameters, the total number of eddies is

-.200 and ep rms. = 10- , then  Acp- 0.14. The refractiori34             2

from eddies should add to the refraction due to gradients

which leaves & p the same; hence both are possible. Due to

the imprecision of the measurement, little more can be said.

What figure 3-11 does show, however, is that there is signifi-

cant- interaction between the plasma and laser beam, that the

plasma transparency turns on very abruptly, and the refractivity

laststhe duration of the neutron production.

3.6.3   INCOHERENT SCATTERING

During the under-dense time, accessibility to the whole

plasma is good and, as was indicated in the introduction, the

scale lengths characteristic of the plasma are in the correct

range for collective scattering from the plasma.  We will now

calculate from the minimum detectable scattered power the mini-

mum possible S(k,u,) = required.<6 n 2(k,w)>
n

dPIn backscatter,35,45   s = 'i Na S(k,w) where N is
dn

the total number of particles in the scattering volume and

c = 8xlo cm , the square of the classical electron radius.-26   2

17After the pinch we have  77 - 5 x 10  /cm3 and  AV - Trr21 - 0.2 cm3

'          giving N = 1017; and as l i = 107 w/cm2, and 8 0 = 7.5x 10-3

steradian, we find Ps = 5 x 10-4 watts IS(k,w)1. (The filter
-
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8A-       bandwidth -r = 3 x 10-2 is sufficientlI large to include frequen-
-4 r dwcies up to w . so that Ps = 5 x 10  1 - S(k,w ) = 5 x 10-4 S(k),

Pe, .'  2 TT00

where k=k  - k.).  Taking into account filter and window loss,
-         -S          -

  and requiring the minimum detectable signal to be P (min.) -
S

1 watt, we need S(k) 2 2 x 103.
S(k) is proportional to the energy in mode k and can

be calculated in general only for stable plasmas. For a35,45

thermal plasma S(k) = * for collective modes, so that the energy

in unstable modes must be 4 x 10 over thermal.  For a turbulent3

plasma S(k) shows a resonance near the normal modes:  S (k) .
1

|£(k,s)12 . Since Re e. 0, S(k) is sensitive to Im es, the mode
damping, which is necessarily small in a turbulent plasma.  As

such, one is best guided.by experiment  for a practical estimate

for S(k). Current-driven turbulence observed in collisionless14

shocks14 with crossed E and·B fields has been observed to give

S(k) 9 6 x 104, while beam turbulence15 has given 103 9 S(k) 5

10 .
5

The absence of an observable scattered signal in our
1experiment  impl ies no strong turbulence having k. -  RD50

and S(k) 2 2 x 103 over the whole scattering volume. Insta-

bilities in part of the scattering volume could remain undetected.

The absence of strong scattering is surprising in view of the

high neutron production in the low-density plasma and the fre-

quently seen nonthermal radiation.

To obtain more condusive evidence, it would be desirable

to repeat the experiment with higher laser power and a more
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sensitive detector (Cu-Ge detectors at 4.2'K. have sensitivities

103 times greater than Au-Ge).  1.t would then be possible to

detect scattering from S(k) 2 thermal.
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4.      DISCUSSION OF DATA

In this chapter we will discuss the data on the

radiation emitted from the plasma focus. Before this can be

done, we must estimate the average plasma parameters. This will

be accomplished through a comparison with Peacock's focus on

which the most detailed work has been done to determine n.T.e'  e'

Ti, etc., the measurements of which are too involved to be re-

peated for this experiment. Following this we will point out

some interesting features of the soft x-ray spectra seen in

other experiments which may help interpret our observations.

4.1 FOCUS PLASMA STATE

4,25,31,324.1.1 REVIEW OF THE RELEVANT RESULTS FROM PEACOCK

Peacock's plasma focus is operated at a pinch current of

610 KA. from 42 kJ of stored energy using a solid anode; the

filling pressure is 2.5 torr D2 + 4% Ar.  Other characteristics

such as geometry, etc., are the same as ours.

The one-nanosecond laser shadowgrams reveal a sharp
'An ,boundary 61--el 6 1 mm. between the plasma and magnetic field\Br '

during the collapse.  On arrival at the axis a pinch is, formed.

18  3The average - density of the pinch is 6 x 10  /cm- with a
19  3peak of 4 x 10 /cm as determined from an interferogram taken

at the beginning of soft x-ray emission.  The sharp boundary of

the collapse stage gives way to a parabolic density profile in the

pinch stage. As the change takes place on times short compared
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to magnetic diffusion times,this indicates that some form of

anomalous resistivity may exist from the moment the pinch is

-          formed.  During the pinch phase T  = 2 keV., as determined

from free-bound continuum and satellite/resonance line ratio

of He - like Argon ions.  From collective light scattering,

the deuterium ion temperature TD is - 0.7 keV.  The temperature

of the Argon ions with Z=12 is 9.5 keV. Using these parameters,
P

B= is determined to be 8=0.6. From these values of ion
82/8TT

density and temperature only 5% of the emitted neutrons can

be accounted for on a thermonuclear basis (i.e.,Maxwellian velo-
city distribution).

From the collective light scattering, S(k,w) for the ion

-         spectrum (k laxis) is consistent with Te/TD - 3. Forrest states,
"The absol·ute flux is-estimated to be within a factor of three

of that expected from a thermal plasma so that gross turbulence

during pinch phase can not be present:" '31  Recent measurements

from other laboratories confirm this result of near thermal

S (k, U)). However, local regions which may be unstable for times36

4- 5 nsec. were revealed in the optical studies.

4.1.2   ESTIMATION OF PLASMA PARAMETER DURING PINCH PHASE

To avaluate our parameters, we used B = 0.6 with our

current to get the internal pressure.  We assume that the final

density is proportional to the filling pressure so that by com-

18  3parison to Peacock's density we estimate ne = 3 x 10  /cm  for
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*
p = 1.6 torr D2 + 3% Ar. (The computer calculation of H.C.

Lui gives a pinch compression of 20 over initial filling den-

18  3
sity giving ne = 2.5 x 10  /cm ).  As Peacock's results give Ti =

1/3 Te and ne - ni, then a pressure balance S   = I nj Tj -
4/3 neTe gives Te = 750eV. and Ti =250 eV. where we have assumed

a pinch radius r = 1.5 mm.  Values for 1.1 torr 02 + 5% Ar, as

well as other characteristic parameters calculated from T.. T .l'  e'

and ne' are given in table 4-1.

The energy relaxation times t and t (e-D) for theDD      eq

deuteron-deuteron and electron-deuteron gas and t .. the elec-
ei.

tron ion time for momentum transfer (including. scattering from

Argon ions with·Z = 10), are calculated by relations given by
37Spitzer The absorption length Im. k for transverse electro-

magnetic wave propagation at 10.6 #m. indicates mild absorption

on the plasma scale size.  Note that the plasma is sufficiently

col l isionless. w   t. - 4 x 103, to allow nonlinear growth to':pe    el
collisionless saturation for instabilities such as the two-stream

instability. The values of Ti and ni give thermonuclear neutron
38

yields39 of < 105 whereas the measure yield is -8 x 108.

*  We note that the IR bremsstrahlung measurements at 5.3w m.
gave a ratio of 2.4 for the ratio of emitted power from the DPF
at 1.6 torr to that of 1.1 torr.  We assume B is the same for
both pressures and Z of Argon remains constant, then neTe = const.
As the bremsstrahlung power goes as P 9 n  T/1/2 then Pocnes/2.
As (1.6/1.1)5/2 = 2.5, then the emitted bremsstrahlung is con-
sistent with a final density proportional to the filling density.
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Table 4-1 APPROXIMATE PINCH PARAMETERS

Pressure 1.1 torr1.6 torr

T                  -  750 eV. 1.1 keV.e

Ti                   250 eV. 370 eV.

-                      18 3 18  3n             3 x 10 /cm 2 x 10 /cme

-                    0.83nenD                                         0.6/ne

nAr 0.025ne 0.03ne

-11                   10
t e i                                       7 x 1 0 sec. 1  x  10

tDD
4 x 10-9 .sec. 2 x 10-8 sec.

t (e-D) 2 x 10 sec. 8 x 10-7    sec.
-8

eq

13                   13w         6 x 10 rad/sec. 4 x 10 rad/sec
Pe

12                 12w                                                  7 x  1 0        rad/ sec 7 x 10 rad/secce

-1                        1
Im k (10.6#m.) 4 cm 1/6 cm

UJ t 4 x 10 4 x 103                             3

pe  ei

4.1.3   POSSIBILITY OF BEAMS IN THE FOCUS

As was pointed out in the introduction, the neutrons

emitted by the plasma focus have anisotropies characteristic of

a plasma coexisting·with a deuteron beam.  Recent measurements 34

made with an 80-m time-of-flight spectrometer have indicated that

the ions responsible for the neutrons have a two-velocity distri-

bution..  One component is two-dimensional and has an upper limit

on the average ion energy of 60 keV, while the second is primarily

axial and has an average energy of 300 keV. The techniques used

.
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have not been capable of distinguishing between deuterons

produced during the pinch phase or the subsequent low-density

stage.

The electron distribution function also has features

characteristic of beams. Time-integrated x-ray pinhole photo-

graphs (x-rays <1 0 keV) show a few (- 3) small  (r< 0.1 mm. and

1 < 0.3 mm.) x-ray sources located either axially or up to 1 mm.

off the axis of the plasma column. The emission perpendicular

to the axis 11  compared with emission parallel to the axis 1,

gives a ratio -LL - 3.5  for an Argon seeded plasma. Aniso-
111

tropy of continuum x-ray spectra is produced by a beam of electrons

and can account for the observation. 8  As the photographs are

time integrated, it cannot be determined whether the sources are

produced only during the pinch phase or if they occur in the

following low density phase.  The fact that these sources are

localized indicates that a continuous beam in the axial direction

is not responsible and that localized high fields must exist in

the focus plasma.

In addition to these x-ray sources, the soft x-ray spec-

41         -hv/kT
tra have a e spectrum up to  hv - few kT . but for larger

e'

photon energies the spectra fail to decrease exponentially.  Such

spectra are consistent with a tail on the electron distribution.

4.2 DISCUSSION OF THE IR RADIATION

The observed radiation has a spectrum consisting of both

thermal and nonthermal emission. The observed nonthermal emission
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is dependent on filling pressure and has different characteris-

tics for the high (1.6 torr) and low (1.1 torr) pressure fillings

-- although table 4-1 gives nearly the same average collision

frequency, electron plasma frequency and electron cyclotron fre-

quency during the pinch for both filling pressures. The non-

thermal emission exists only during the dense pinch phase for the

1.6 torr data and thus would seem to be dependent on high average

density, whereas the nonthermal emission at 1.1 torr actually

increases as the density drops at the end of the pinch phase and

2
the power in the nonthermal emission is 10  times larger than

the nonthermal radiation at 1.6 torr.  As such, we will discuss

the tuo separately.

4.2.1 IR DATA FROM 1.6 TORR EXPERIMENTS

As was indicated in chapter 3, with the exception of

an occasional short burst of radiation at - 5wm, the emission

for X < 6,5um is thermal bremsstrahlung,  The domi.nant source

of this radiation is from the high density region of the pinch

rather than from the lower density plasma at the end of the

pinch column. Recalling our estimates in chapter 3, the volume

of the end of the pinch is a few times that of the pinch, but

the average density is - 5 times higher in the pinch.  The thermal

2bremsstrahlung is P = n  6 V, indicating that the pinch radiation
e

dominates. Refraction of this end plasma was not a problem for

the thermal bremsstrahlung measurements as it was with laser

scattering.  Since the emission is isotropic, rays may be refracted
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into as well as away from the direction of the detector.  For

1 > 6.5um. nonthermal emission is observed.  The following state-

ments can be made about this radiation;
14A)  The emission is observed: 6.5#m. <1 <9tim. (3 x 10 rad/sec >w>

2 x 10 rad/sec).
14

B)  Though most of the measurements in this band show some

enhancement, an enhancement of 10 times thermal is rare

(only 3 out of 26 observations).

C)  The enhanced radiation is observed during the dense pinch

but decays faster than the thermal emission (see figure 3-7).

D)  During the pinch the cyclotron frequency is too low to

U)
be related to emission:  .  - 25W

14     ce
E)  As 2 w = 1.2 x 10 rad/sec associated with the average

Pe
density is too low to equal the frequency of nonthermal

radiation, the radiation must be generated in the central

region where ne may be as high as 5 ne.

F)  The maximum enhancement is - 100 but the increase in

emissivity per volume is larger than 100 since less than

the total pinch volume participates in the emission.

Only the plasma frequency is close to the emitted fre-

quency, whichindicates that the enhanced radiation is a result

of plasma oscillation. To aid further discussion of the data,

we will outline some important information concerning the rela-

tion of plasma oscillations to bremsstrahlung.

It is assumed that the same electrons responsible for the

nonthermal soft x-ray spectra are also responsible for the excita-

tion of plasma oscillation. It is not clear whether these oscil-

lations are excited by beams of electrons or from the non-Maxwellian
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electrons on the tail,or both.

If a beam exists on the tail of a Maxwellian, then the

distribution function is no longer monotonically decreasing and
42the plasma is unstable against growth of plasma oscillation.

This is a result of the change in sign of the Landau damping
8 3

CO

y = -   p   F
 Em  where F(u) =   dV 6(u -   ) fe(v) .and fe(v)

/          k. v   \
k. -         k

is the electron distribution function.  Waves may grow coherently

with the beam until non-linear effects diminish the growth rate
,/W\(i.e.,F'(-1--0 0). The system further evolves by interactionk/

of the waves with the distribution function to produce a final

state of a near-Maxwellian with a broad tail with energies up

to several times the initial beam energy. Evidence for a43,44

:         beam and the final state of a beam plasma interaction has been

indicated previously.

-                 A tail on the distribution could also be formed directly

by acceleration of particles out of the distribution function

by the high electric fields which are either applied by the electri-

cal circuit or generated of MHD instabilities.

The presence of a tail on the distribution guarantees

some enhancement of plasma oscillations. The increase·of particles
4

with V > Ve results in an increase of plasma waves through Cerenkov

radiation while the decrease in F'<- '  results in decreased damping.

However, a Maxwellian with a tail is a stable distribution and

as such will not have the high level of plasma oscillations that

is produced by a beam plasma interaction.

Once plasma oscillations are generated, they must couple
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to transverse waves in order to propagate outside the plasma.

Such coupling can result from macroscopic effects such as45

anisotropy or density gradients, and leads to radiation at the

frequency of the plasma waves  w =  12«         +     k 2    vi         6     1.4     wp e.

Transverse  waves may also be generated by scattering of plasma
46.47waves within the volume. i These waves may scatter from low

frequency fluctuations or waves (e.g., in acoustic), which re-

sults in emission at the plasma wave frequency.  Or, they may

scatter from high frequency thermal electron plasma fluctuations

or nonthermal electron plasma waves, which results in emission

at 2m 5 2.8 wpe-

To determine which mechanism might be responsible, we

must rely principally on the frequency of the emitted radiation.

Since.the scale of the gradient is  - 1 mm. (whereas plasma waves

-         have A > AD - 10-1#m.), we assume that boundary effects cannot

be the dominant coupling mechanism. Under such circumstances,
45 48the nonthermal radiation always has a two-band structure ' of w

Pe

and 2(11 both significantly enhanced. (Radiation at 3 w is not
pe                                              pe

observed). No frequency corresponding to twice the frequency of

observed nonthermal emission was observed during its emission time.

If the observed frequency is t„ then the corresponding density
Pe'

is n = 1.2 x 10 /cm . From Peacock's interferogram we see that19  3
e

the maximum density is ne - Sne .  Such a high density may exist

in a small fraction (- 10-4) of the total pinch volume.  It

seems unlikely that no adjacent region of larger volume would

fail to yield enhanced emission. As such, we propose that the

emission is 2K radiation.  However, the question of whether the
Pe
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emission is w or 2w is open until measurements are made
- Pe Pe

with two harmonically related detectors with capabilities to

20 um. or until ruby laser scattering is done to detect the

electron plasma frequency satellite.

It is clear that the emitting volume is a fraction of

the total pinch volume. The observed band of nonthermal emission

corresponds to plasma waves of frequency w with w < w < 1.4w
pe        -  pe

This would allow for a maximum variation in density of 2 (w  OC
Pe

Jne).  As the bandwidth· for the homogeneous medium is also

w     <w< 1.4w (UJ    =     U)2             +     k 2     with     o    <     k    <    -2-     ),      t h e     b a n d-
kD

Pe Pe Pe

width broadening due to the inhomogenity of ne is not great.

The enhancement of 2w radiation is sensitive to the
Pe

distribution of waves in k space.  Since the waves must satisfy

the relations of conservation of.energy and momentum, w(kT) =

w(k) + w(k') and kT = k + k', where kT and k, (k') refer to the

transverse wave and plasma wave (longitudinal) wave vectors respec-

tively.  As w(kT) - 2w  . the dispersion relation for transverse
pe'                                                                 /3      w

2

waves [w(kT)]2 = w + k2(2 gives kT - -pe . Ask and k' -
pe                        cW

-ES , where v is the velocity of the 2erenkov emitting electron,
V

and v is a few times Ve' we need k + ls' - Osince Ve << c.  Thus,
the conversion of two longitudinal plasma waves into a transverse

wave can occur only if two waves collide "head-on".  If a beam
excites the waves, then they have the beam as a preferred direc-

tion.  We assume that in a finite medium, waves are easily ran-

domized due to reflection from the boundaries and, therefore, the

emission is isotropic.
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-                                                    46
Calculations of Tidman and Dupree for a stable.dis-

tribution function give enhancement of 2w radiation as:
Pe

k                  22 2 2. D   ,  F-   .(w/ k)   ,r. -  eu)      K 4 3
Fdk{ =1(2 w )= pe    , wherePe F'(w/k)151-r2C 2
0

j is the plasma emissivity,

k
D

w m PPe
I kdk  Fe(w/k) 

is just the energy in the plasma waves
2

4n              0                      F '    6/ k
and K is the transverse wave vector. The emission formula shows

the expected quadratic dependence on the energy in the plasma wave.

As can be seen, the emission is very sensitive to the shape of the

tail of the distribution function and will show greatest enhance-

ment for F'(w/k) ---*0. The integral has been evaluated for a
T

distribution function consisting of a Maxwellian having -me =
-         -2V   combined with a second Maxwellian of lower density but higher

e
T

temperature  -· E• = V2 which forms the tail. The resulting enhance-

ment over thermal emission is:

j  ( 2 u) ) V  4
pe       =  (VE) 0j (thermal ) e

As soft x-rays show departure from Maxwellian beyond a few times

Te-, we might take V2 = 10 V2 , which gives an enhancement of 100.

This enhancement appears too low, to account for the maximum en-

hancement since the emission apparently comes from less than the

total volume.  It is more probable that an instability drives

the plasma oscillation to a higher level during the largest enhance-

ments.
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In addition to the enhancement lasting the major por-

tion of the pinch duration, a short burst of radiation enhanced

- 4 times thermal is occasionally observed at - 5 wm at the time

the pinch breaks up. Such an increase in frequency may be due

to a density increase as the pinch column constricts or pos-

sibly to a change in plasma refractivity as the pinch breaks up

and thus increases the visibility of the central core.

4.2.2   IR DATA FROM 1.1 TORR EXPERIMENTS

It is observed that a 50% change in pressure produces

a radically different nonthermal radiation (see figure 3-10).

The thermal bremsstrahlung at 5.3u has an identical time develop-

ment for both 1.6 and 1.1 torr data, and the difference in ampli-

tude of emission can be accounted for by the difference in den-
sity and temperature of the pinch. The frequency of the observed

--/
nonthermal radiation does not follow the density associated with

the pinch; indeed, the radiation is most intense after the dense

pinch phase is over.

After the density has dropped, there is still emission of

soft x-rays and neutrons as well as interaction of 10.6um laser
with the plasma.  Since the frequency of nonthermal radiation is

now larger than w -.r- 4, one might speculate that the cyco-W
pe' w

Pe
tron harmonic radiation from mildly relativistic electrons is

responsible for the radiation. The electron cyclotron frequency is

<7 x 10 rad/sec assuming the channel for the total current is no12

smaller than that of the original pinch.  The observed radiation

1



68

frequency is 1.8 x 10 rad/sec implying that the harmonic num-14

ber - 25. However, harmonic radiation would appear over a

-         broad band from w to beyond the observed frequency since thece

radiation is·- 10 over thermal.  No enhanced radiation was ob-
6

served for A < 7.wm ; there was only one enhancement at 751 in 36
measurements for  A < 10.6 um. If we rule out cyclotron har-

monic radiation, we are forced to conclude that local regions

are produced by the current which contains compressed plasma so

that the plasma frequency is near the observed frequency.

Since these regions do not show up in the thermal spec-

trum -- nor have they yet been observed in published optical data

-- they must be much smaller than the original pinch.  If we

18  3
-          construct a filamentary plasmoid of ne =5 x 1 0  /cm , radius of

100&1,

Te82

1 keV (characteristic of the pinch plasma) and B=*,

then  B 377 - nkT, gives B=3 x 105 gauss corresponding to a
4filament current of - 10  amperes, which is a small fraction of

the total current.  We have chosen n so that the radiatione

corresponds to 2 w as no nonthermal radiation was observed at
Pe

5.3 um. Other radii could be chosen, but they would be limited

to a size not much larger than 300 kim, at which point their ther-

mal emission could be observed.  Filaments much smaller than

100 kim. would not remain intact against resistive diffusion. For

49a filament of r = 100 W m the resistive diffusion time  T =
4 -rhr2 ne e2

2 mv                              ei- 100 nsec. with c = calculated for classical v
c                              ei
at T  =1 keV.  Actually,the conductivity may be lower due to

e

the enhanced fluctuation.

1
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The emission from a plasmoid, as seen in figure 3-10,

may actually consist of bursts, since the detector rise time is

- 30 nsec. By comparing the burst of enhanced· emission at 5 gm.

in figure 3-7 where the rise time is also 30 nsec. to that of

figure 3-9 where the rise time is 7 nsec., the effect of  detec-

tor rise time is clearly seen. A short lived filament is more

reasonable in view of its questionable MHD stability and rapid

magnetic diffusion.

As has been indicated, local x-ray sources about the same

size as this plasmoid, have been seen in Bostick's x-ray photo-

8graphs. Recent data has shown that the time resolved soft x-ray

emission also shows a series of sharp spikes (- 4) of - 30 nsec.

duration. However, it is not yet clear if these spikes cor-50

relate with the x-ray sources. Although the x-ray sources may

not be the same as the plasmoid postulated here, they show that

local phenomena, which are not characteristic of the bulk of the

plasma, do occur in the plasma focus.

We ask if such a small region could radiate sufficient

power based on conservation of energy only.  Assuming the en-

hanced radiation is isotropic, then this total power, assuming

a 1 um bandwidth, is

1 Km 4TT                    -4
P   -' 1 0 0 w a t t s - =5 x l o J/nsec.

8X 80

19The total radiation over the rest of the spectrum for n  = 10
e

Te = 1 keV., 02 + 3% Ar, including line·radiations is given by

Peacock as51

1 P= 10 J /nsec. cm 8 V e· 10 J/nsec.3          -3

1

./
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We see that almost as much power is radiated from conversion

of plasma oscillation as due to bremsstrahlung, recombination

and line radiation over the rest of the spectrum. As the Argon

ion increases the radiation by - 102 over pure D2' the radiation

of a 02 plasma would be completely dominated by the nonthermal

emission.  The power dissipated in this volume by classical

resistivity is

-2P = 12 n AV - 4 x 10 J/nsec.

which is sufficient to account for the energy source.  With

additional power going into plasma waves, the resistivity might

even be higher.

4.3 CONCLUSION

As the plasma focus i·s a source of a nonthermal neutron

and x-ray spectra and produces more neutrons than can be ac-

counted for on a thermonuclear basis, it is logical to postulate

turbulence as an explanationo In these experiments we proposed

to search for turbulence through collective laser scattering

and bremsstrahlung emission.  At the outset we had little idea        «

as to which experiments would yield results.

Bremsstrahlung emission yielded the greatest amount of

information.  In contrast to the visible emission, the IR thermal

bremsstrahlung (see figure 3.10) provided information on plasma

density. This density information demonstrated a lack of cor-
a

relation between density and neutron yield.  It was essential

for the interpretation of the nonthermal emission observed at
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longer wavelengths.

The nonthermal emission is often too large to be con-

_           sistent with a high electron velocity tail on a Maxwellian,

particularly in the example of the 1.1 torr data where enhance-

6
ments go as high as 10  over thermal, and it must be caused by

turbulent levels of plasma oscillation (see figures 3.7 and 3.10).

During the pinch phase the resulting emission comes not from

the whole pinch but from a smaller volume near maximum density.

This demonstrates the local nature of the instability. Further

evidence for local instabilities comes from the nonthermal emis-

sion during the fall in density and subsequent low-density stage

of the discharge.  The best interpretation is that plasmoids

form and produce energetic plasma with density an order of mag-

nitude higher than the plasma from which they are formed. It

is believed that this is the first time that such phenomena have

been observed. The formation of these plasmoids indicates that

the current does not flow uniformly.  This could be expected if

plasma is turbulent and more resistive than a thermal plasma.

The laser backscatter experiments did not yield positive

results.  This is quite consistent with the assumption that in-

stabil ities occur in local regions as shown by the nontherinal

emission. The forward refracted signal, however, does give an

indication of an. abrupt drop in density after the pinch.  This

signal was always observed at 1.1 and 0.9 torr, but usually not

observed at 1.6 torr; this suggests that the deflection was

produced by the same turbulence which caused the production of

plasmoids.
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Interesting plasma turbulence has been discovered  by
.

this work and clearly more research might be done. To obtain

-         sufficient understanding of the radiation, one would need to use

two harmonically related detectors and extend the measurements to

18  3longer wavelengths.  If plasmoids form with ne -5 x 1 0  /cm ,

they presumably form with lower density too; this would be revealed

by examining the spectrum at longer wavelengths. In addition the

spatial radiation pattern would help determine the source of the

radiation.

Another laser scattering experiment using higher laser

power at 10.6u coupled with a more sensitive detector may yet

yield positive results.  An examination of the forward signal

could determine whether the beam is deflected by fluctuations
..

or a density gradient.  Ruby scattering would be particularly

useful as the frequency is well removed from that of nonthermal

emission.  Furthermore, the high frequency would permit penetra-

tion of the laser beam into the dense pinch so that scattering

from electron fluctuations could be accomplished Without the

refractive loss.

7
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. APPENDIX

C02 TEA LASER

Much work has gone into developing TEA Lasers since

Beaulieu29first reported successful operation in 1970.  The

laser has two important features: high theor etical efficiencies
for CO2 lasing, and high energy density by virtue of operating

at atmospheric pressure.

Early lasers used large numbers of resistors to limit

the discharge current and prevent arcs. Even with this procedure,

however, the discharge is far from uniform. Two    i nlp roved     d i s-

52.53charge methods have been discussed in the literature. ' Both

use corona discharge as a source of free electrons to create a

uniform discharge between parallel electrodes but di ffer principal-

ly in  the shape of the electrodes.  We constructed the type de-

scribed by Yu-Li Pan as the el·ectrodes are simpler to fabricate

than the Rogowski profile electrodes described by Seguin.  The

electrode cross section.with its corona discharge wires is shown in

figure A-1.  The only difficulty is to keep the wires even with

the top of the groove. If recessed into the groove, a discharge

could be maintained which appears uniform to the eye but did not

produce a lasing discharge! Raising the wires to the edge of

the grooves did, presumably due to a large supply of electrons

from the corona.  The electrodes were 68 cm. long, and were

located in.a 2* in. diameter plexiglass tube closed off at both

ends with NaCl Brewster windows.

l
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The discharge circuit can be seen in fig. A-2 along

with the resulting current and voltage pulses. The circuit

-          differs from a straight capacitive discharge by the L.C. com-

bination which serves to limit the rate of rise of the voltage

across the electrodes so that the corona discharge can build

up.  When the output voltage reaches sufficient amplitude, the

discharge starts.  The charge on Cl accounts for large initial
 

pulse of current whereas Ll causes the discharge voltage to drop

after the initial current so that an arc will not form after

the lag period.

The laser mixture was normally He: CO2: N2 of 8:1:1 which

gave 1 MW and a pulse half width of·150 nsec.  Higher power

.          could be obtained.by using a richer mixture, He:CO2:N2 of 5:1.5:1,

with a peak power of 5 MW and half width of 100 nsec.

The cavity consisted of a flat Ge mirror (65% reflecting)

and a gold-coated total reflector of radius 2 m, both 5/8"

Dia. The mirrors and discharge chamber were mounted onan Al 1-

beam.  As Ge does not transmit in the visible,auto collimation

can not be used to align the laser. Instead the laser was a-

ligned by introdocing a HeNe beam into the laser cavity with

a microscopic slide cover as a beam splitter. The slide cover is

thin enough (50w) so that there is negligible beam displacement.

The mirrors are then adjusted to send the red beam back and forth

on itself.  After one gets accustomed to this procedure it is

easy to line up an IR laser as precision is not important at these

long wavelengths and high gain mixture.
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Figure A.1  Cross sectional drawing showing dimensions and
the relative positions ·of electrodes and corona wires.
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Figure A.2  Schematic of laser discharge circuit along with
current and voltage wave forms measured at the electrodes.
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