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2G. alternative way to enhance the X-ray -radic.tion by using a macroscopic
particle to interact with a plasma focus.

A theoretical study was carried out to predict the relative amount of
X—ray increase when a macroscopic particle was placed in the focus region.
Two assumptions were made in this study: the particle essentially had the
same physical dimensions throughout the lifetime o~ the focus because ofenormous hydrodynamic pressure compressing any ablated neutral cloud onto
the particle; and the electrons were thernialized to assume a Maxwellian
distribution. Most of the X-ray radiation from a focus was due to the elect c

• bombardment of the anode surface and was accounted for by the thick target I
Bremsstrahlung theory . According to this theory, the X-ray emission was pro~
portional to the first power of the atomic number, Z, of the target material.
but not to the square of Z as in the ther’~ial Bremsstrahlung case. The per-
centage of X-ray enhancement expected was calculated for various particle
materials and sizes.

An experiment was carried out to test this new approach. A dense plasm
focus device was designed and built. However, because of budgetary and time

• limitations the device was not optimized as predicted by theoretical studies
of electrical parameters. The capacitor bank did not deliver the maximum
available current because of the limitation of the system ’s ringing frequenc
The large inductance associated with the capacitors was critical to the - •

current rise—time. In addition, transmission line and high voltage switch
inductances proved to be limiting factors on current rise-time and circuit
ringing frequency. Yet the 400 x i03 ampere current at 19 kV was high enoug
to produce the plasma focus in the pressure range between 0.5 torr to 2 torr
The electron temperature of the focus- is estimated to be 1.15 ± 0.3 keV
by measuring the X—ray emissions through beryllium foils of different thick-
nesses. - Thisvalue is in good agreement with that of other focus experiments. *

The results of this work show that the total X—ray emission from this
dense plasma focus is not enhanced by placing a macroscopic particle in the
focus region. Based on the thick target Bremsstrahlung theory, theoretical
study predicts the possibility of X—ray enhancement by such an arrangement.
However, experimental results show no change in the total X—ray emissions froi
such plasma—particle interaction. An explanation is the low energy bank
employed in this experiment , only 7.85 kJ at 19 kV. Not enough high energy
electrons were generated by this small amount of energy . This “starvation”
phenomenon provided no extra high energy electrons to bombard the additional
target area. If a higher energy capacitor bank, and a higher ringing
frequency system were used , more energetic electrons would be produced and
enhancement of X—ray emissions due to focus—particle interaction should be
observed.
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• ABSTRACT

• - -4
Recen tly the interest in dense plasma focus has greatly increased

because of the possibility of developing the device into an intense ,

pulsed rad iation source of X—rays and neutrons for test purposes. Various

experimenters have tr ied to scale up their rad iat ion intensities by using

-

• 
large capacitor banks. Yet experimental results show that besides the

engineering problems associated with the machine as the bank voltage or

capacitance goes up, the intensity cannot be scaled up indefinitely by

increasing the bank energy . This work proposed a new , alterna tive way to

enhance the X—ray radiation by using a macroscopic particle to interact

with a plasma focus .

A theoretical stud y was carried out to predict the relative amount

of X—ray increase when a macroscopic particle was placed in the focus

region. Two assumptions were made in this stud y: the particle essentiall,

had the same physical dimensions throughout the lifetime of the focus

because of enormous hydrodynamlc pressure compressing any ablated neutral

cloud onto the particle ; and tile electrons were thermali~~ d to assume a

‘laxwelllan distribution . Most of the X—ray radiation from a focus was due

the e lect von bombardment of t i ’ - ?Inode sur f.i~ e on~ w i s  ;I c c o u n t  or by

the thick—tar get }~remsstrahlung theory . According to this theory , the X—

ray emission was proportional to the first powe r of the atomic number , Z ,

of the t , - i r c t t m :~ t r i  al , hut not to the squa re  of Z an in t he  thermal

Bremsst rnliltiitc Cone . ‘~j~he pe rcen t  Ic t  of X — r a y  enhancement  expect t d  was

t:~~i~~’ i 1 i t i ’ I  f o r ~ ~r ic ~ is\ p arti~ ii i~o t c r i~~ i s  I t I d  s it e s.
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- - -- -~~~~---
. - —

~~~~~~~~~~~ --



‘TTT~ TTT ~~ ~~~~~~
‘
~~~~
“ 

~~~~~~~~~~~~~~~ ~ 1~~
_ ‘-~-~~~r~TT”

- ii

• An experiment was carried out to test this new approach. A dense

plasma focus device we’s designed and built. However , because of bud getary

and time limitations the device was not optimized as predicted by

theoretical studies of electrical parameters. The capacitor bank did not

deliver the maximum available current because of the limitation of the

system ’s ringing frequency. The large inductance associated with the

capacitois was critical to the current risetime . In addition , transmission

line and high voltage switch inductances proved to be limiting factors on

current risetiine and circuit ringing frequency . Yet the 400 ~ l0~ A

curr ent at 19 kV was h igh enough to produce the plasma focus in a pressure

range between 0.5 torr to 2 torr.

The electron temperature of the focus is estimated to be 1.15 ± 0.3

keV by measuring the X—ray emissions through beryllium foils of different

thicknesses. This value is in good agreement with that of other focus

• experiments.

11-ic results of this work show that the total X—ray emission from

this dense plasma focus i~ not enhanced by placing a macroscop ic particle

in the focus region. Based on the thick target Bremsstrahlung theory ,

theoretical stud y predicts the possibility of X—ray enhancement by such

an arrangement. However experimental results show no change in the total

X—ray emissions from such plasma—particle interaction. An exp lanation is

the low eaI r g v  - i n k  employed in this experiment , only 7.~~5 ki at 19 kV .

Not enough high—energy electrons were generated by this small amount of

energy . This “starvation t’ phenomenon provided no extra hig h—energy

electrons to bombard the additional target area. If a higher energy

capacitor bank , and a hig her ringing frequency system were used , more

energetic electrons would he produc ed and e n h a n c e m e n t  of X—ray emissions

due to focus—p artici .- interaction should be observed.
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1. INTRODUCTION

Since the success in exploding the hy drogen bomb in the  f i f t i e s ,

scientists had hoped to tap n u c l e a r  tre r g v th rough n u c l e a r  f u s i o n  in mag-

netic p lasma containment systems . This early enthusiasm was first ca rri e d

out in Project Sherwood. At the same t ime , dense p lasma focus experir’:n S

(DPF) were also i n i t i a t e d  by Mather  [ 1] ,  [ 2 ]  in t he  I n i t e d  S t a t e s  and b y

• Filippov [3], [4] in R u s s i a  as p a r t  of the  c o n t ro l l e d  t h e r m o n u c l e a r  fu s i o n

program.

The i n t e r e s t  in the  dense p lasma focus  has i ncr e a s e d  rap id i r ’  in

recent years because of the  success in the  overall f u s i o n  r e se a r c h .  In

Fig. 1.1 , the electron densities and temperatures of v a r i ou s  n a t u r a l  arid

laboratory plasmas are compared [5]. The plasma focus has  a much hi gher

density and temperature (density = 10
19
/cm

3
; electron temper ature = lO~ °K )

than other laboratory piasmas. In Table 1.1 , the e x p e r i m e n t a l  p a r a m e t e r s

of va r ious  fus ion  machines are listed. At present , the plasma focus device

has the highest value for the product of p lasma density (n) and confinement

12 - - -time (), n-r = 5 ‘ 10 . This value is much c 1o -~~r to tat Lawson s cr 1—

ten on (n T  10
14 

at a t rig -t n Hire  of  io
8 ° K for br &-ak ’:en cond i t i o n  I t h a n

the other machines. However, as a pulsed  dev i ce  of r e l a t i v e ly  s h o r t  l i f ~

(.- nfinement time is i O u  ns), r e s e ar c h  r e s u l t s  show t h a t  i t  is vt - r V  u n l i k e l y

fo r  the  f o c u s  device to ichiIivn Lawson ’s criterion . Itt 1’ . - l ; i -o ’ of  t O t

s i m p l i c i t y  of t o .  machin e and  i t s  I nn c o t , as c ’mg - ren d to toe rest of  t O t -

u S  ion machines , th e f o c u s  devi ce b ias been a b l e  to  d r - i n -  f u s i o n  r e s c ar c i 1 er ~ ‘

i t t  en t  ion t o  i t s  uni que l i j  rae t r i st  h i - s .

Oven  t h o u g h  the p lasma f o c u s  d c v i , is  r io t  1 i O , l t  t -  0 -  the machine

f o r  futur e energy producti on , the ¶ o i - , i s  ri - e ar -h is c a r r i e d  o u t  in tb.

ho pe ~ l u i e v 1 ~~p i n g  i t  is i p ulse t r ad l i t  i on  ~~ ‘ u i i c , .  [h e n  u l , t i t e r i u n i  or
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tritium gas is used in the focus  exper iment , neu t rons  (as hi gh as iO11 per

d ischarge) as well as X—rays are produced. A substantial fraction of this

X—ray energy is concentrated in the 5 — 100 keV range which thus provides

an eff icient soft X—ray s ou r c e  f o r  a variety oi~ applications , including the

calibration of rocket spectrograp hs and other electr oi ii. instrumentation .

The machine also produces high—energy electrons and ions many times the

charging voltage of the capacitor bank of the machine , thus providing a

burst of energetic ions and electrons. With these X—rays , neutrons , elec-

trons and ions, this device provides a realistic environment similar to

that of other fusion reactor s . This machine is considered as a device for

testing the structural materials used for controlled thermonuclear fusion

or ias e r — t u -~ion reactors. The great interest in dense plasma focus

r e s e a r c h  is further evidenced by the recent proposals of building megajoule

devices  a t  l i w r e r u c c  L i v e r : r u o r e  l ab o r a t o r y  l v  ERDA and a t Frascati in Europe

by Euratom.

Mather ’s [2] experimental ri-suits show that t h e  intensit y of the

radiation output from a DPF c a n n o t  be scaled up ini d ot in i tely by increasing

the bank energy . Aside fioc the cost factor , the i -u glut -e ring problems of

hig h voltage , energy storage , and s w i t c h i n g  that - ire associated with this

pulsed device have no simple solutions as the bank energy increases.

Scientists at the me g aj iull e facili t y at Liverm ore h] a r t - looking Iti to  the

possibility of us i:ng l ist - r— t r ogercd solid—sta te devi -e s to switch the ten

m illion ampere current and the cost is estimated in the neighborhood of two

million dollars. In view of these engineering and f i n u u n ~ 
j ul factors , an

alterna tive way is explored to increase the radiation ou t 1- u t  of  the existing

devices w i t h o u t  SC~ i I ing up t h e i r  i f l i  r g i  es.
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The interaction of solid particles with a hot fusion plasma is a

central process both to the fusion torch concept [7] and to r~-lueling a

fusion reactor by injecting f uel  pellets during operation [8J—[l 0] . In

both cases , t h e r e  has b e e n  c o n c e r n  a b o u t  t h e  l i f e t i m e  of t h e  s o l i d  p e l l e t s

in  t h e  ho t  p l a s m a . l I u t -  v a p o r i z a t i o n  and ion i ;t a t i o n  of  the u. — I1 et~ in  t o .

p lasma have been s t u d i e d .

In a dense plasma focu~,, the  X — r a y  emios ion cen~, 1 s Ls  p r i n l u r i lv  or

B r em s s t rah lu n g  f r o m  the free—tr ee charged p- l et i d e  in ti -raction and the

radiation from the bombardment of the anode surface by energetic electrons.

The litter part of the radiation is believ ed t o  be t h e  r e s u l t  of a beam—

targe t interaction. Based on this theory, a macroscopic particle place d in

the focus region nov p r o v i d e  additional targe t areas for ~— ru v p r o d u c t  i - c a .

Th e r e s e a r c h  r e p o r t e d  in t h i s  d i s s e r t a t i o n  c o n s i s t s  of t h e  eng ineering

de sign of a d e n s e  p lasma locus device and an i n ve s t ig a t i on  of  t u e  poss i D l l i t v

of en h a n c i ng  X — r a y  rad i a t i o n  by t h e  i n te r u c  t i o n  c-f tIle j~~&h— t e m p e r a t u re  ionu ~

and electrons in a dense ~~~~~sma f o c u i ~ w i t h  m a c r o s c op ic g a r t i c i e s p~~aced in

the  t o c u s . B o t h  a n aly t i c a l  and  t x p t - r i m ~- n i t u 1  r e s u l t s  - t i e  p r - s e n t  ~ j  -

I
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2. DENSE PLA SMA FOCUS THEORY

In the last decade , a number of articles [ll]—[ 17] reported experi-

mental results from dense plasma focus devices. Attempts [181—120] were

made to set up a theoretical model to exp la in the p h y s i c a l  p r i n c i p les

governing the process. Because at the  c o m p l e x i t y  of the problem , due to

the coupling of shock wave theory and plasma dynatt -i- :s , t h i -  b a s i c  p h y s i c s

of a dense p lasma focus is not w e l l — u n d e r s t o o d  a~~i n i  t h eo r e t i c a l  model

has been successful in p r o v i d i n g  a comp l e t e  i n t t - r ; r e t i t i o .. u ’ f  t h 4  exp eri-

mental results. However , it is generally agreed by all investi gators that

certain physical processes do take p lace in  t i n e  formation uf a dense

plasma focus .

2.1 Basic Physical Processes

A schematic diagram of a dense p l a s m a  focus device is shown in

Fig. 2.1. A pair of coaxia l  c y l i n d e r s  s e p a rat e d  b y a d i e l e c t r i c  spacer

forms the plasma gun . H-, dr c i g en  gas at a pressure of several tcrr fills

the glass chamber. A capacitor bank is charged to supply the energy fur

developing the shock wave and a high—voltage , iu i .u—pcwe r switch is used to

apply the high voltage to the p lasma gun .

The development of a dense p lasma focus can be divided into three

s t a g e s:

(a) Breakdown Stage

After the high volt age of the capaci tor bank  is app l i e d  t o  t h e

- u e i x i ; i l  e l e c t r o d e s  of the plasma gun , w i t h i n  f r a c t i o n s  of a mi : rose~~u a d ,

gas breakdown occurs from Hi -  - t - ut er positive anode to t i n e  outside cath ie

a l ong t i l e  d i t - I t -c t r i c  i n s u l a t o r .  Tht -  m i t  i - n i  g u i - c  h r - t k l ’ n n i  a c r o s s  i n n -  i n —

oi l i t o r  cnd the  d e v el o p m e n t  of the — r r e n t  s in - t i - i r e  n t  w e l l — u n d e r s t o o d .

~~~~~~~~~~ -- - --e ~~~~~~~~~~~~~ - -
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However , it is known tha t the success of the breakdown and the development

of the current sheath depend very much on the geometry of the dielectric

spacer. The ini tial current front shape is prescribed by the insulator.

The shape is parabolic and its motion is an inverse pinch because the

x 
~~r 

bod y force is exerted outward from the center electrode surface

to the plasma current sheath . In this inverse pinch , the B
9 

magne tic

lines are convex and hence the p inch process is stable. This stage takes

a period between 0.8 to 1.2 ~sec depending on the gas loading and the

app lied electric field .

(b) Acceleration Stage

As shown in Fig. 2.1, the current sheath across the space between the

two electrodes is riot p lanar , but slanted backward from the anode to the

cathode because of the radial dependence of the magnetic pressure gradient.

The acceleration force on the current sheath is i x B contributing both

radial and axial accelerations . The radial component of this force is Out-

ward pressing the current sheath against the inner surface of the outer

electrode. The axial force component depends on l/r across the annulus

thus resulting in a higher current sheath velocity near th e surface 01 the

center electrode. The perforated outer electrode allows some of the

plasma gas to escape so as to prevent any plasma pileup at the outer

electrode surface. Any such accumulation may slow down th e current sheath.

Rosenbiuth and Carwin [13] developed tIne “snowp low model to account

for the velocity of the current sheath in a dynam icall y pinched plasma .

As shown in Fig. 2.2. the current is confined in a thin sheath of th i c k n e s s

~ at the plasma ed ge. The magnetic flux strength just outside the sheath

of radi us r , carrying a current I , is

B
- 1: . ~ ~~- r 

~~~~ -- - - ~~~ -- -- --~~ - - -~~



T~T~~TTTE~~
- -

~ 
.-—-- --—---- - -

~~~~~~~~~~

9

iNFINITELY CONDUCTIVE METAL WALL

I MAGNETIC INDUCTION

@iiII~~~~
IEETH

Fig. 2.2. Model of perfectly conducting p inched plasma .

_  I



10

The magnet ic  pressure  is

2 2
B~ ~-i~ I

p = -a--- = (2.1)

~~~ 8ir r
2

The inductance of the cylindrical plasma column is

L = 
(-

~~

-

~~~) 

in ( —2-) H/ n i  . ( 2 . 2)

Since the app lied voltage between the ends of the cylindrical p lasma is

v = - ~~~~~(L I )

~~~~~= -  ~~~‘~~ T_ 
. ( 2 . 3 )

For a perfect I - conducting p lasma , the material “plowed ’t up h~ the

imploding s u r f a c e  is c o m pr e ~~sed into a thin Liver at the surface r cad the

material inside r is not affected . Hence , equating the rate of change of

momentum vith the magnetic pressure , yev ton ’s second law gives

r 1 2
d I - ‘  - r I 3 

-
~~~~~ - r~~ ~~~ = -2mr \~~~

--- ( 2 . ~~)

where p
0 

= i’nirial mass densit y of the gas.

Fr L r 1s .  (2.1) and (2.1) inte g rated with t ime , and by subst itution .

Eq.  (i. -- ) ~~

2

Vdt
d 2 :i 

dr J o -

~
L r o - r -

~
-j = - —— --

~~~~

--

~~ 

. (2..)

~~~ n~~~ 
. 1 n 

- 

- - - ,

_ _  

-------- ~~~~~~~ -~~- - j
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Define the dimensionless variables

-
- / - ‘1/- i

--  r
- - K = —

~~
- and T = I -

~
--—
~
—---— -

-~ 
. 

r
3

E q u a t ion  ( 2 . 5 )  is  reduced to

- K
2
) 

~
-
~
] = - - , (2.~~)

(In F.)

- - hnir - u- rica l soliit ion i f  E q .  (2.h) shows I ni at

dr  2 l/~
(2 . 7)

This soluti on siu ws t h a t  t i u e  imp l os ion v e L u ~~i tv  if t~ n e  urrent sheath

C
depends on the applied voltage and the init ial gas pressure in the chamber.

it ‘ A more exact form of til e solution should he

dr ( 2
= -~ ( 2 . ~~)

5 cli L ~~ ()

I 

whert- E = electric f l: 12 app lied icrco-u s the ~- 1ec t c - des .

- 
For a plasma gun of le :n~ th , tb tine 1 ar rival of t i n  c ur e - in n

sheath at the end of the gun -in be appr sima t ed i -c

— -

/ ± ±  .

P vs /

1ii i p i n ch t int . , i - t i n e  time t n 1 2 c u r e - n t  s i n g i i l a r i t  V .

[il l compared his experim ent i r c- snult s w i t h  Re-~~ u l i lit t It ’s t h -crv n~ shown hi

-- 

2 3i and b 

- - _ _ _ _ _ _ _ _
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(c) Collapse StaBe

When the current sheath arrives at the end of the center electrode ,

the axisymmetric current wave collapses converting the stored magnetic

energy to plasma energy in the focus region. The two d imeinc ic -c :1 ,

convergence is due to the x ~ pinch force . At this stage , the p i n i L i -

— 
process is now a normal pinch which is opposite to the previous lun e - r ~

pinch in the acceleration stage , Fi g . 2. 4. The piosma i- L )mprt -~ - c to

high temperature and heated additionall y by the l ydro ncig:neLi ~ os~~1lla -

tions of the plasma column . At this stage , equi librium no longer eXISt S

along the axis and the plasma escapes axiall’- in either direction.

Because of the shape of the convergence of the wavetront , much of the g~is

swept by the sheath during collapse is ejected cowas r i - s r i .  F I l i p p o v  I

estimated that only 10 percent of the ori ginal gas is trapped in 1 2 -  ~ocus

reg ion . The implosion ve loc i ty  ot the current ,lue — utn is esti nnute d at

cm/sec. This shock wave impacts the s in e  velocity to both ions and

electrons and , thus , the ions are preferentiall y hi-~~ted because of th e

mass difference between electrons and ions . I I C n c e , most of tin: p l asn a

ener~iis in the form of kinetic: € n e r v c a r r ie -J by  t h e  ions .

2.2 Characteristics of a Dense Plasma Focus

The formation of a dense plasma toyus is accotnpan.i -o by the tonissi on

of radiation ranging from m t  r - i r e c  to  very hard X — n n v - ~ - In t in t- case on a

deuterium or t n t  j u m  p 1 - i s u c i , intense neutron pulses of 10 °/discharge art

also observed.

i h e  a r - c a r t  h-n; of t to- fensi - plasma locus ~ i ’ -  i-  -u nit - asurel h-- us ing

v a r i o u s  d i n u n n - - ~ t i c  i nstr ’ ne n t ~ I l~~1— !i 7 ! . [ 2 l ] .  tm - ic c c c v  e:e r inr er is ari d

streak - m e r e-n are used to re - r d t~~~ so ; t -  m i  p s i l i o n  01 t h e  ~ l55ii5

F; shock -dave  at c a l m s  sta geni . X— ra- - al ;ih~ e c a mer a s . n: t i n - n  w ith

- —-- - -—-- -~~~~~ --—- - - - —.-—- --- -
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differen t combinations of metallic filters , are emp loyed to rec ord the

time—integrated X—ray radiation and to measure the plasma electron temper-

ature. Arrays of solid state silicon detectors are set up to detect and

display the time—resolved X—ray pulses on the oscilloscope. Plastic

scintillators and pho tomultipliers are used to measure the time—resolved

neutron pulses while arrays of activated—silver Geiger counters are

utilized to obtain the absolute time—integrated neutron measurements.

A typical dense plasma focus device is operated at the following para—

meters: bank voltage a.~ 20kv , bank energy ‘~~ 10 kJ, plasma gas of deuteriunn

and a few percent of argon at several torr pressure. Experimental results

• suggest the presence of certain physical processes during the focus

formation .

v When the current sheath collapses, the plasma column is compressed

and emits very soft X—rays , (the energy is less than a few key). This

pulse is not correlated with any neutron production and lasts about 10 —

40 ns. Then there is harder radiation from the anode surface. This X—ray

emission has a wide spectral range f ro m a few keV up to above 300 keV ,

many times the bank voltage. Onset of this emission from the anode surface

is accompanied by a noticeable fading of the plasma luminosity . This pu lse 
-

las ts about 100 nsec, which is the life time of the focus , and the neutron -

emission pulse does corr elate with this hard X—ray radiation. As the

foc us decays , considerable amount of radiation in the range of a few keV

to abou t 20 keV is observed f r om the plas ma reg ion , which is attributed

to the metallic cloud evaporated away from the anode surface.

Beckner E 17 ) had observed the correlation of the -urrent waveform wit 1 -

the X—ray pulse . His experimental results are shown in Fig. 2.5. The

diagram shows that the negative swing of the time rate of change of the

curren t occurs whe n the plasma f ocu s forms which in turn emits X—rays. 

- _ ________________________________ _________

~

_~
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At the time when -~-~ reaches its maximum negative value , the pinched current

column is fully developed , and X—rays are also emitted at a maximum r a t e .

2~~~~3 T h e o r e ti c a l  M o d e l i  t o r  t : R a d i m r  ion P r o ce s s

Experimental result s [11] , [15]— [1 7 1 siu s~’ t h a t  fo r - i  dt-ins e p 1 ism .- l

focus formed by discharg i n - n  - i 20 k~ cnm t ma c it or banL~ the - -et -r gicn -n i l  the

— €~i nI t ti- d X—r nmvs and n e i l  r ir s cia be as much as 5hin h-~~. T h i s  h i n d  icat . - - - t e

cx istein ce of an a c cc i er a t  l i i  mechanism for the e i~ t r io-n and ion~ wlu i ch  a r t -

responsible for the Oem - l it ion - ‘ f  s u c h  n O l i rge t i i ’ r;m ’’ s m o d  n t - u t r n s

Several  exp l a n a t i o n s  have In -en proposed t in -m c coun t f r  such  an -mece lerar i n n

- c han is ~i~

(a) Lehner and Poh I [22] jn ri 1 iu u-d tire h ani — t - u r c - t  model which de-

scribes that at the co il -- n -  of the current sheath , an electric h eld is

generated by t r u e  m 0 Su m n l s a g o  ma , n n e n h u - ; J r o :0 nui c i n s t a l u  ii i t v. c h i n— g o

particle s are acceler at ed by this intens e e i 1 - t r i c  fie ld into hig h ve1 - u e i t i ~ - - -u

and c o l l i d e  w i t h  s t a t  j o l l y -  targets. hlu wi-vi -r , the ~h i - r n - t  i c al  - a l - u l a t  i n s

c a n n o t  f i t w i t h t h e  a n i s o t rop ic  d i s t r i b u t i o n  u i  I to  exp el ’  m en t a l  h u t  m .  i

f l u x  a n i s o t r u l nv  is m u c h  -~n u , 1 i c r  t h a n  t h a t  e x p c - c t t - a  i’ a s i n g le  l m e i : n — t a r g e t

model.

(b) i nhm nso n [23] suggested that tin - X — r m - - em i , -e- .ion c a n  h o s t  he i n t c - r —

pr -ted in terms f a t h er m a l p i l s i n i  : i : u d  - - lec t c - u i  n - i n  r a diati on mt d i i  in -r e nt

t i m e s f t in - r m c t i a t  i o n  pr ois s. n it- t an - r m m m m i  r u - h a t  lo in i S  - ‘ I  c r y  lcw - r h - C ,

m m i i i , - i t  I m N - r  st ig i s , i s  ti n - n i r - u l  l~~ t h o se J u t - - t o  e m s  t r i l l he lms w i t h  com i n —

uous distribution fn inc t i nns . ‘the s mr c c’ o t  tilt- si - he -m is a r t -  t h c - r m a l t l e c —

r r i m e  w h i c h  - ; t t - m i n  s n i f f l e  L e n t  i - ~ long rim- mn t i n t ’ p a t h s  i - m m  t n m i ti t h e  t I m - i r on

r u i n m w m v  p h e n o m e n o n .  T h e - n c’ i - l e e r r on s  - i r e  ni t - c e i r a t  i - u  I ’ , - i - d u u  ~-d t i - - u t r i e

- - 

. In Ids t in : ; u m p n u r t : u - r r u m l  v e i n c i t  t t S  ami d  i m ; n i n g &  upon  t h e  p i . m s m n and mi ii-

s o r t  m i  l i t  gi - u r n - r  rh m u d  \ -  r i ~ - .

(e ) [ i i i  “ trio v in g bin I t~- r ” m et - I so g I n  - I s I m i t  t h e  I i i  vi l ine i t ’ - is

~~~L1 
_  _ _
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isotropic in the center of mass of the system , but this center of mass

moves in the laboratory frame . This model gives the axial velocity of the

ions aver aging 2 x io 8 cm/sec which is an order of magni tude hig her than

the maximum velocity (l0~ cm/sec) of the radially collapsing plasma. In

the case of a thermonuclear plasma , this average velocity would indicate

an ion temperature of 20 keV which is much higher than the estimates of

several keV based on other observations .

(d) Bernstein [181 proposed an acceleration model based on computing

the individual ion trajec tory in the crossed electric—magnetic field of

a p inched p lasma discharge . His calc ulation , which is onl y in the r—z

plane , predic ts that certain percentages of the ions gain high energies and

have large average axial velocities. Gary and Hoh l  [2 0 ]  ex tended  B e r n s t e i n ’ s

work into a three—dimensional case. Their result suggests that strong

ion accelera tion away from the anode occurs no t duri ng the collaps e stag e

bu t during the focus phase. Also the electrons are accelerated during the

fo cus phase but move toward the anode.

2.4 Electrical Parameters of a DPF System

In most of the p lasma gun experiments , the p lasma focus is intended

to be a radiation source . Since the physical process is an e lec trical

ga seous discharge , it is essen t ial to op t imize the electri cal parame te rs

of the experiment so as to achieve maximum radiation y ield. - 
-

In a deu teri um or t ri t ium plasma , neutrons are generated at a fusion

reac tion rate [2~~] of

R = 1/2 n2 ~v (2.10)

and Y~~~ R

_ _ _



- - - -

where Y = neutron yield

R reaction rate of ions

n = plasma ion density

= ave raged  p roduc t  of the cross section and the ion ~ b e l t

Bennett ’s relation for a steady—state pinch iii

= 200 NkT (2.11)

wh ere I = plasma c u r r e n t

N = total number of particles per cm l e n g t h  i f  t 1 m ~ p in~ -i

column

kT = kinetic temperature of the plasma .

Since n a N and Y a

-, 
4a n~ 

a 
~ • (2 . 1 2)

However , Imshennik et al. [25] claim that the c o r r e c t  f u n c t i o n a l rela-

t i o n s h i p  should be n a There is no exp l i c i t  r e l a t i o n s h i p  b e t w t -~- mr t he

X—ray  y i e l d  and the  c u r r e n t  i n  t I l e  p lasma . ‘n e t  in t i l e  case of d e u t e r i u m  or

t n t  lum gas expe r imen ta l  r e s u lt s  do s ug ge s t  t h a t  the Y — r a y  y i e l d  is p r o p e r —

t i o n m l  to t h a t  of n e u t ro n s . T h i s  s u g g e s t  -c t he  i m p o r t a n  t - of  m a x i m i z i n g  t O t

p lasma current in the exjnerim ent.

The electrical p - n r - mnun -t ers of t h e  p l m s m a  sy st e m  c a n  nt- r- -pr csi -nt i-d h~’

t h e  e l e c t r i c a l  c i r cu i t  i n  F i g .  2 . 6 . J } mi - voltage equa l ion i- ;

r dL
— L

b di 
— Rb I = V ( t )  = ~ Rg

(t) + __
~ -__ J i  - + L

g
i
~t )  

~~

or , in term s of u - i i ; m r g  ,

- 
r dL ( t ) ’  fl 2

= R 1, (i) ~ + - -

~~~~ 

- 
~

- ~~i ’ , t )  + L
b 

~~~

-

~ 

-- - 

d i  
- 

~ 
~~~~~~ dt

- I t L

2
~ !* ,i — ~ = (I ( 1  ii )

“ 2 I I t  LC - . 

- - -- - - - - -- ~~~
--
~~ -~~~~~~~~~ -~~~ -~~~~~~~~~~~~~~~-
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Lb

,4’Lg( t )

BREECH
Rb ‘JVLTAGE

- V(t)

C : :
, R9 t

CAPACITOR 
_ _ _ _  

COAXIAL
BANK < ~ GUN

C = total capacitance of the bank

= total resistance on the bank side

= total inductance due to capacitors , t ransmi ssion lines and

electrical connections

L
g
(t) = time—vary ing inductance of the plasma gun during discharge

R
g
(t) = time—varying resistance of the plasma gun during discharge

Fi g. 2.6. An eq uivalent electric circuit for the system .

- -- ----~~
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Gates [261 solved this equation for L # 0 (but assumed L = 0). and the

optimal solution is

I = . ( 2 . 1 - - )

T h e r e f o r e , in order  to  increase  the  plasma c u r r e n t  , the s v S t - , m c  n m u — t  i n , -

opt-rated at higher voltage and the L of the p lasma gu n  be r e d u c e d .  in

A ppend ix  A , the inductance of a plasma gun is estima t h .

• 
- l/-~i

L 1 T 1  ~~~~i~~~(- ~ )gun ~~1~0
p
0 

2nr a

This shows that in order to reduce th~ :u IUt of h , t h e  gas pressurt
gun

h - -is to be increased and the radii of t h e  inner and outer electrodes have

tine same dimension.

Prev ious  e x p e r i m e n t a l  res In its also 511 0 t h a t  o p e r a  t i - n  of  I n  d o m n m e

plasma focus device is -op t  imiz eul if the f u c cms ‘ct mrs 11 t i m ~ 1 / - I . i . e .

n mt the end of the first quarter cycle I f  the current (T in -n od of t h e

plasm.-n current). At this moment , t h e  f o  us is fun rnn ~-d when the current

reacht-s i t s  peak v a l u e .  This q i :mrter cvcl &- t i n n  m u s t  be as close to t ,

t h e  a r r i v a l  t ime 01 t h u . - c u r e - - t  s h e a th  ut 1 0 - - end u — h the gu n . a c possible.

E :-:per inc - nt  n i l ,  data show t hi t  the value c t  t is on the order or m icr in st-cond s
p

and is

- = 2~~ t~~ ( (2 .15)

- 1 1 1 m i n t  1 ,  1 j I m  - t- - mild e m ;’- , I an - I t n u t -  S -: t eri mu s  I I 11W I - - t i n  -n m u  I - CIt  -

- s  co~~d j t i u - ~~. F- - c  a c l - -nm - - i ’ m ~ n o r -v . i t is dt-~~ : , ib1 , t i n  h i : i v c -  h i 1 - h m —

vol tact - and l w — c a p . i c i t a n -  • c ul l -i n ’ i t  m s .

H 

- 



2.5 X—ray Emission

2.5.1 Basic X—ray theory

When energetic particles interact with matter , electromagnetic radia-

tions are emitted. In a dense p lasma focus , the energetic eli:- c t r o n s  and

ions interact with each other as well as with the electrodes. Copiaus

radiations are emitted and most of them are in the X-ray region . Compton

and Allison [27] gave a detailed account of the orig in of these N — r a y s .

In general , X—rays can be divided into two types: (1) the line spectrum ,

or characteristic spectrum , and (2)  the con t inuous  s p e c t r u m , or B r e m s s t r a hlu n g .

(1) Line spectrum

Characteristic X—ray radiation can only be- produced when the bombard ing

particle has sufficient energy to remove an electron n i -cm the  K , L , or N

shell of the target atom. If the bombarding particle has an e n e r gy  g r e a t e r

than the critical absorption energy of , e.g. , the K shell , then a K

electron may be removed and all the lines of the characteristic K shell 
- -

may result. These K lines arise from the transitions of the electrons from H

the higher shells to the v ’ l c c n c y  in the K shell and are monoenergetic .

h owever , not all transitions from one shell t n  a n o t h e r a re  possible and only

some are permitted by the quantum—mechanical selection rules. Bec-nuse of

their lower energ ies , the intensities of the L lines and the o t h e rs  u r t -

very small as compared with those dime to K lines .

( 2 )  Con t inuous  sp e c t r u m

Acco r d i n g  to c lass  1 c m  I c i  ~ c t r u n i c i g n e t i c  t heo r ’-’ , when a cha rged  p a rt  I i n

of c h a r g e  q 1 and mass m i : - x p t - r i t -n ces  an a c c e l e r a t i o n  due t n -n u i n o t h e r  c h i , m r o e  q -

i t  e m i t s  e l e c t r o m a g n e t i c  r a d i a t i o n  w i t h  amp l i t u d e  proportional t o  the

m c u t  leration , i.e. , q 1q2
/m. Tht- i n t t - n - u  i ty will then in c  p r o i n o r t  i ona l  t i

(q~ q~~m’mn 2) q~~ , w h i c h  m d i  I t e s  - i s t r o n g  mass dt - 1n t - n d e n c e .  Bn -c i u i st - h I m  t c t , n i

- -  -
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intensity of the Bremsstrahlung process varies inversely with the square of

the mass of the incident particle , the radiation intensit~— from a proton

w i l l  only  be o n e — m i l l i o n t h  of t h a t due  t o  an electron of t he  same v e l o c i t y .

Therefnr9 , in plasma theory, Brennsstrahluri g due to l u n — i u m u  int t- r - i cti n is

nEg ligible as compared to that of ion—electron intern~et i u n .  Also collis Ions

between e lec t rons  p roduce  no r a d i a t i o n  in lowest o rd e r  because  the  a c c n - - I 1 - r :-

tion of one electron is equal and opposite to that of the other , i.e. ,

the incipient elec tromagnetic ‘coves of the t O o  electrons destn - - :tively

interfere. Hence o n ly  the  B r e m s s t r a hlu n g  due to electron—ion interaction

is significant . Fir a N:nxwe i i—Boltzmamn distribution of narti cles , the

Bremsstrahlung radiation from a p lasma is [24]

w = 4•~ x 10 JI
Z2n .n T ~~

2 W/ m 3 (2 .16)

w h e r e  w = elec troe apnu-ric m ow er  radiated from p lasma iner unit v o l um e

Z = atomic number of the ions

n . = ion densit y
1

n = electron density
e

T = electron t i:mnn n e rature in keV.
e

A dense plasma t ‘‘us h i s  an N — r u n - ,’ S I n  iron as shown in Fi g. 2. 7 [28] .

-‘n top ic:i I slnt-c t rum has the line sp t -c  r - g ee  i m p os t - i  n f l  u -  - - - n t  i nuous

spectrum . in Fig. 2. 7, the I ~nn i re d i e  t o  c j m p e - r and ting sten atoms in

L u -  gun electrodes. A lar gt- f r i  0 o h  t h i s  I\- - rav n -r m l s s n  n o  is duc t n - n

t ’ m nerge t ie elt -ctron s bomhard m mm 1 : 0- g Un  a n o n - I n - , a~ ob—u t c ’- u in n p r e \ - i o u s  o u ’ c - -

[ i i ]  , [1 2 ] , [1 7 1 , [23 ] . the phvsica I ;- coc e ss  f o r  -0!- m m  i n n  i f l t t t m c  f i n n  is

known is t h i c k — t m r g t - t B r e m s s t r m i i I u l m m l .

2 . 5 .  2 l b  i c k —  i rg ,e t  h r  - n u - s t r o h l n i n t :  o n - u ’’:

The i o u - u t  ln nn pat te rn I ron t h u  i n t t - r o - t i o m n  n b  e i c c t  rn -us u -it In t hi c k

L~ir c - L s  is d i l t  c -r n - n u t  I r o n  ttnum ~ dime tin t h i n — t i r g i t i f l t n  t n - t o n .  A t O r n n - t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ~5n-n~~’ ~ — nn -~ n~~~ - i~_ _ _ _~~~~~~~~~~ , —- -- - —~~ — —— - --— —-~~~~~ ‘— -~~~~—~~ - -
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is t-onsldered to be thin when it consists of only a few lovers of , i t o i r o,.

In the l i m i t i n g  case , f r ee  atoms are the t h i n n e s t  t a r g e t s .  th e radiation

:~ r u m  such ru in targets follows Eq.  (2 .1 6) ;  t b i ~ - radiat ion in lcnsi t ’; is p r ’—

puun’ tiona l t o  t he  s qu ar e  of t he  a tomi c nun iner  i t ’ t o n - - t u i r u t o  t - t ~ r i m s .

H o w e v e r , in a thick t a r -g e t , - il l the b ombard I el i -c t r omm.H ann :  sI - nc ~ d

down to a vn - r v  small residual speed by numeri onis impacts w i t h  t o r , . : n t 1 vms

and all t i m e  kinet Ic energy is dissipa ted into bc i t  urnd ionization n f  t i n t ’

ta rge t  a toms . L a t e r , when  t h o~~c ionized a t o m s  r c - t u rn to  t h u i r  : n u n r : m - m a l

st a tes , c h a r a c t e r i s t i c  N — n o v  l i n e s  ar e  c m i  tied which u ‘it r i b u t e  n s u b s t , i m m —

tial portion of the radiat l u - mn in a DPF. The i-mission fr om such a thick

target is alst complicated by van omi s see ’u , i  n r v  m t  fec r s. For instance ,

t h i n - -  line radiation produced  at  d ep t h  wit t u i n the t m m ’ got m a y  be u i h s u n r t ’ - n--d or

s cot t  e ’r e -J  on its way out o t  t h e  t , i t ’ O t ’ t . ~~h- ter s [ - ~~~J experimental

r e s u l t s  ~m r e  ~ h 1 n - m W f l  in 1-’l g~~. 2 .h a ,b.  He m t - n u n - s e c  L O i t  a t h i n - k — t a r g e t  s p e c t r u m .

can he simp ly represented b y a s u p e r p o s i t i o n  ct  1 series ct t i ’mi n n—t ur non - t

spectra .

s if:nn : r [30] suggest eu l  t h a t  the  s po rt  ra 1 d s i r  i~ it ion I i c r  a t h u  i k

ur get is

di>
• — = constant Z (  — (2 . 17 1

~~ dv

where = diff erential N—ri ’, ru -md l i t  i n m r ~ m t  - :‘i~ i : v pc-r unit 1r~-quen~ ~
-

i n t e r v a l  o1 t h e  l n h u n t i m n

v f r c q m u - n c v  n - l i  i n l i o t  n I l

‘1m-ix 
hi ghest frequency = E /h

= ~~~~~~~~~~ 
energy of d e n - t m - tn

Planck ’ s cons tant

Z n t  n ’n [c  n u m b e r  - f l i t  I I T  ‘ n t  -

L 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _
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WAVELENGTH X

Fig. 2.8a. Analysis of a thick target spectrum into a series of thin
ta rget  s p e c t r a .
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Integrating (2.17) over all frequencies , i.e., from v = 0 to v =

the total Bremsstrahlung energy per absorbed electron is

P KZE 2 (2.18)

wh ere P = ene rgy in ~IeV

E = kinetic energy of the incident electron in t’IeV

• K = constant

Z = atomic number of t a rge t  a tom.

In t he case of E << 0 .5 i-IeV , the experimental value of K[27] is

1.1 x l0~~ MeV
1
.

Thick—target Bremsstrahlung theory  p r e d i c t s  tha t  N — n o v  e m i s s i o n  is

proportional to the first powe r of the target atomic number , while in

Eq. (2.16), ordinary Bremsstrahlung depends on the square of the u i t u n t m u i

number .
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3. PLASMA—PARTICLE INTERACTION

The problem of plasma—particle interaction has been of great interest

in the controlled thermonuclear fusion research. In 1968 , Rose [8]

i n i t i a t e d  th i s  problem fo r  r e f u e l i n g  a f u s i o n  r e a c t o r .  G r a i n i c k  [10]  was

the first to make a detailed calculation to predict the lifetime of a

pellet in a fusion p lasma . In his  calculation , the vapor cloud from the

pellet was assumed to be comp letel y ionized. His result proj ected a

p e s s i m m u i s t i c  view on the feasibility of using pellets to refuel fusion

r eac t’et r s .  Foster  [31] did the first hydrogen pellet injection into the

ORi-IAK machine in Oak Ridge and Nunnally [32] dropped polystyrene pellets

i n t o  a theta pinch plasma . Both experiments prove that the assumption of

complete ionization of the vapor cloud surrounding the pellet is wrong.

In la n t  the ablated atoms from the pellet still staY in neutra l state and

provide shielding to the pellet by scattering and slowing down the incoming

electrons . Thus the energy flux to the pellet is greatly reduced and - n-
the lifetime of a pellet in a fusion plasma is prolonged .

Particle in DPF

t n -  
In analyzing the interaction of a macroscop ic particle with a dense

plasma focus , two assumptions are made :

(1) The particle essentially has the same size throughout the lit etim e

of a plasma focus . Nunnallv [32] showed that in  his experiment the pe l i c -L u

wt -re ablated by the th eta p inch p lasma , which had a densi ty of

5 l0~~ /cm
3 

uit 300 eV and the interaction t ime was I gsec . Yet a plasma

focus has a density oh it le n -st  l0 ’9/cm 3 
u mt 1 ke\’ and a IlL- time of 100 nsec.

Therefor e , the int et nc t ion t ime in a focus is o n iy  a t e n t h  and the ter n - te r n —

t urn ’ incre um sn- s by a t ,mctor three. Howeve r , tine enormous iivdrodvn am ic

pressure developed ~t t h e  ~- m n I  l ap s e  O t  t i c ’ c u n r - l t  s t e m t h  n- ’ nt mp rc-sst-s f_ he
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neutral cloud ablated from the pellet , thus keeping the ablated material

right at the surface of the pellet. This compressed cloud essential l y has

m nearly the same density as the solid pellet.

(2) The electron distribution function is Nu mxw e ll ium n , i.e., t h e

electrons arc in therma l equilibrium . Ber n— m te in [lv i ur~m m i e d th at h u e  j u n t i s

-‘ - 
and electrons were nonthermal. But Beckner [19] - - ‘ m i g u m n - s t n - - d t h a t  t ! u n  i o n s

and electrons assumed t h n c - r umn a l  equilibriu m . On the other hand , ex ;un ’ ri t n u e m n t m u

results from different machines h a v e  not been able to au-r n - - c on i n i r t i c u l a r

distribution function.

So , in this analysis , ele ctrons in ml f u n  iou ire assrm r ,un- d t , - h u t  in

therma l equilibrium. The Maxweiiian dis tribution f unction of electrons is

3/2 2
f ( v )  = 

~ 0 ( 2 c kT } exp 
~~

— 

~
)

where  n
0 

= d e n s i t y  of e l e i t r o n s

m = mass of  particle

T = temperatu irn-

k = Boltzmann ’s c o n st a n t

v = v e l o c i ty  of e l e c t r o n .

From the thick—target Bremsstrahlung thu t - um r v , the li rn - - mmi s s t r0h lung rad lot i -ni

emitted by t-Iectron s homb ardinc ’ a solid ‘- i n i le is

W 1. = f (v)n\vn P(v) , , \ n 2 dv ( 
~~. 1)

wht’nn ’ W1. = total cut- r n- ;- ’ r od  i i t n -  n - I

‘n = ,mr e: m O f  tilt’ jn mr t ir Ic

= 11 f e  t i r im e of p 1 n-m ie n f ocu s

- ., P(v) = energy r , u , I i , u t n  m v  mm !u~u imthn mrdi ng ~‘lt -ct r on w i t h  ~‘n - ’l ~~n ’i t v v .



-It)

— From Eq. (2.18),

P(v) = K Z( -~ mv2)
2 

-

Integrating Eq. (3.1), we get

W
T 

= ~~~~~ AvTKZn 0 (kT) 2 
. ( 3 . 2 )

Th ere f o r e ,

W
T 

AZ . (3 .3)

When a copper anode is bombarded by electrons , and the ’ a r - -a under bombard—

ment  is the same as the cross—sectional area of a f o e - i n s , i .e . , r a d i u s  = I nm ,

A
C
Z
C

= A x m r 2
=9 1.l mm

2

When a spherical particle is bombarded by the electrons ,

AT
Z 1. = 4mr

~
ZT ~~

‘)

where r
T 

= radius of the spher ical particle.

In accordance with Eq. (3.2), the relative X—ray output due to a spherical

targe t as compared to that fr - ur n the copper anode ii— t a bu l ated in Table 3.1.

In Fig. 3.1 , the in crem -Ise in the percentage of N—n y ori t h nu t due to  a

spherical particle of 1 mm diameter is plotted vs. the atomic number of the

target particle.

rr

- - ~~ ‘-- -~~~~~~~~ - ---— —------ ‘- - --‘~~~~ - - —- - - - - —  
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TABLE 3.1 RELATIVE X-RAY OUTPUT I RON TARGET

PARTICLE ATOM IC I N C R L ’ n -b L O L l  1 1: 1 % ub  X—RAY
• MATERIAL NUMBER

r0 . 1mm r=O. 5mm r=luc n ’ r=1. 5mm r r 2mn in i u

NITRl)LI-g~ 7 0.’~7 24.14 96.55 217 386

A L L ’ N I N I : N  13 1.70 44.83 179 4 U 3  717

ARGON 18 2 .48 62.07 2- +R 559 u j ( n 3

NICKEL 28 3 .86 9 6 . 5 -t  3~~~6 ~m 
~~~~~

COPPER 29 4.00 100.00 -~I) O -~0 ()  l,mnOO

SILVER 47 6 .48 162.07 (n4 -~ 
- 

i ,~~59 2 ,3~ 3

XENON 54 7 .45 186.21 7~ 5 l . n 7~ 2,970

:~ GOLD 79 10.90 272.31 1,090 2 ,452 4,359 
h

LEAL ) 82 11.31 2 8 2 . 7 6  1,131 2 ,545 4 .524

Tm
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3. EXPERIMENTAL INSTR U MENTATIO N

A schematic diagram of the experimental arrangemn -T n t is shown in Fig. 3 .1.

In g en er a l , t i l e  s y s t e m  could be d i v i d e d  i n t o  f i v e  p a r t s :  the  iu i r d w ~m r e , wh i c h

also i n c l u d e d  t f i t  v a e - u i m i : u sy s t e m  and the controls ; L i u c -  swi t c u l  ing  Cme - ! m , u : i f S t l

the plasma gun ; t i n e  diagnost ic- tools; and the tar - n - n  - The -it - - t o i l s  oh ’

these p a r t s  are discussed in t h e  following s e c ti on s .

.1 hardware

The h a r d w a r e  of t h i s  experiment included a v a c u u m  system , m m p r e ssure

c o n t r o l  n u l l  L , an , u u t u n u , n t j c  charging control circ u i t , a c m p a t : i t o r  bank  and

the electrical c o n n e c t i o n s  of d i f f e r e n t  p a r t s .  Gross ’ paper [33]  has a

v e ry  i n f o r m a t i v e  di s cussion on instrumentatiu ’n for p lasma shock wave

experiments in ge n t ’ruml .

-. .1.l \ , u ~ u n - u ;

A vacuum system was n e c e s sar y  to  p r o v i d e  th e  env i  r - ’ u u m m l o m n t  in which the

p l ; m s m a  e x p e r i m e n t  s’,is pn - ’ r t o rmed.  ‘Ihe v a c u u m  s y s tem  in t h i s  t ’x ~- e r i m e n t  w u n s

c nmpased u ut  P y r e x  g lass tubes , a gate v , i l v c  and a ‘- n - - t i - c o  v a c u u m  s t , , - ion .

The lvre ;-: ~ l mss tubes consi St u 1 of a 6” cress w l u m  n - h i  ; n m - ’:ided  t h e  ;‘ u ’r t s  f o r

h u e  p l a sma  gun and o t h e r  i n s t r u m e n r ,n t  ions , a 6 ’  t - ‘ 4 ” reduc  1 n c t - - n- and 501cc -

other 4 tubes. u\ -n ’ g o t  e valve (Series 5010 , by ,\i l e n  C o t n p ;m n v  , ~i n - i k d i n -5V ,

C I iforni i )  was i n -m ed t o  -u c i u c ’c t  t h e  tee ~mlld t I ln -  inSt  o f  t in t- —n ’ g i  m m-n- -’- n--u

w h i c h  y e n - connect u - t o  the Vet -co vacm itmt ti st at ion. Ci o s i  I i ’  - hi  I s n ’ ,l t n- ‘u ’ lye’

would isolate the p 11 - ; , e- - ;  u e - : ’ n  r fr-ru t u , vacuum s t , i t  l u n n .  The Ve-ecc n \‘ , i , ’ t i n - Iril

s t m mt i o n used w i n -  M o d e l  n- - 00 , which inc l ud ed a mec ina n i- - a l f - r i - p u m p  at

15 L i - N , a w i t  n t  —cooled , th rt - n- —st age oil diffusion pump mt 300 1 ‘sec , O l I n - h  a

I i q u i d  nitr og m m t o l d  t r m p .  ‘t h i s  l i q u i d  n i t r n ,, :n -’ n c o l d  t r a i n  ‘ - ‘ n n e t  l t d  t o

: t J  

—- -“----- - -~~~~‘~~ ‘___
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eliminate any hydrocarbon contaminants from the plasma chamber. By using

these pumps , the chamber could be pumped down to 1 x lO~~ torr , which was

good enough for this experiment which had a working pressure in the 1 torr

range -

4 1.2 Pressure control unit

The pressure control unit consisted of a thermocouple gauge and v a c u u e :

control , an ionization gauge and control , a va riabl e leak valve , and a powe r

supp ly. A Veeco ionization gauge RG 75K and ionization gauge control

Model RG—830 were used to measure the vacuum condition in the p lasma

chamber before the gas was added into it. A fter the c hm :i m eh n e- r was p u m p e d

down to the desired vacuum level and the gate valve was closed , t h e  p lasma

gas , a m i x t u r e  of h ydrogen  plus 4.7 percent argon impurit y (at ana lytic

grade , supplied by Linde Division , U n i u u n  Carbide Corporation , South

Pla inf ie ld , New Jersey), wa-s leaked into the chamber through a variable

leak valve (Model PV—lO by Veeco Company). This leak va lv e had  the l e , ik

r a t e  de te rmined  b y the voltage app lied to it and was  c lo s t -d when  t h m e  v e l t , m ,c~ ’

wmms removed - n-\ H a s t i n g s  the ’  rn-non-’ n- n up I t - c , i u i  cc - a n d  y n - n m n u u e  ur n t r n - n- 1 Nn -  n - It - I CVH— 2

Teled yne H a s t i n g s — R a y d i s t  , h ampton , V i r g i n i a )  n - e m --’ u , ed t o  u nnu u n jt cn n this I n - o h

valve such thumt the gas pre s ’- u m m r e  in t h e  c h n , n n h n c ’r n -mo uld ne  c o n t r o l  led

precisely. A diagram of t h i s  c o n t r o l  u n i t  was  s u n - nyu in Fig. -1 . 2 .  TI n e

Ha s t  i n n- mn - u  v a c u u m  cont  r n -  11cr  s u p pl  i n - - u  ftc curr an ts t - ’ t bun - - t b n t - r m n cou p i t - gauge

m o u n t t - d  in flit- v , m n - ’ m i l l t ~ sv ’- n - t i - n r m  and ‘-m ’ r m - - u m n r e d  1 -  FO ’ t i n - C t  r i n -- b ,NT’ w h i c h

was  d i sp I m v ed on the m e t e r .  S p r e -n - n - o nt ’ n- - c —point er : 1 1 1 1  I d h n - -  m n - u ] u st e d  t o

the desired p r e s s u r e  leve l I nn t he  - - n- n o r .  E’h n- ’n t h n -  ; n - r n -- s - ~u u r c  i n  t h i t ’ g as

c h n m r u h . -r  w; m ~ lower  t h - m n ~ ti lt ’ l i - v t - I ~ t - t  by th e m n - n n : t n -r . t h e  r i - l , i v  i n  th e -  e o n —

t i n - n i l  r u n i t  w , u n ~ i n  t i l t - n o rm alin - s 1 n - i u , t ’ d  p n - t s i t  u - T n  1111 l I e  \ n -  i n p u t  l i n e s  t o

t u e  I , t c u h n n - ! , n  p u - l e e r s l l n n 1 n  lv would ne cu ’t im ’,n- I e t  ed . t i n - we ’, n t’ . wIn - n t i m e  nt ’ e ’ - -- ’ l l r c -  in

t h i n ’  gas  t -h u i rn b er  i n e r t - u - - n - - h an n - h tin e inn - I L i t  it ic n - i n - -  t i l t - p s - n - c d  t h i n -  —
~~ — p n - - u n t  —

h r .  i~ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- 
- the relay would be activated and the AC power to the power supply was then

cut off. In turn , the power suppl y also controlled the voltage app lied on
-r

the v a r i a b l e  leak valve . Thus the pressure of the plasma gas in the chamber

could be controlled at the desired level.

In t h i s  e x p e r i m e n t , the  plasma gas wa s  a mixture of hydrogen p lus

— 3 .7 percent argon. The addition of t h e  small quantity of argon , or o t h e r

high atomic impurities , into the gas would slow down-i t he  imp losion velocit y

of the current sheath [refer to Eq. (2.8)], giving better thermalization of

t i e  ions ’ and electrons ’ kinetic energy . Consequent]v , this rendered the

p lasma volume and position more reproducible from shot to s l u c t .  The hi gher

atomic number of the impurity gas would also enhance th in - a ;\—ra\’ emission

from the p lasma as predicted by the Bremsstrahlung tlneor v.

4.1.3 A u t o m a t i c  charg ing control unit

For s;mfe ty and convenience in experimental operation , rn -m Inu te c o n t r n - ’~

of t h e  process  in cha rg ing the capacitor bank was necessary . This circuit

was shown in F i g .  4 .3. A v o l t a ge -  d i v i d e r  was b u i i t  i n s ide  the  U n i v e r s a l

\‘oltranics h i g h — v o l t a g e  power supp l y (rated at 30 UV . 50 mA) which wa s  used

t u n  n- - In, mr gt- the can ,icit or h-ink in thi s ex;nt rime -nt. The 100 k.. potentiometer

was set  t n - n  n-i r n - s  i s t a n n c e  v a l u e  of 3( 1 k . Hence  the  r e s i s t o r s  gave m n - n -n 1  t age

dividing r - i t  io  of 1:2 - - 1 0 .  k I u e - n  t i l t ’ h i g h — v o l t a 1 - -  1 ) n - ec ’r supp ly was in

o p e r n i t  i on , n -i s m , u i  1 portion of its n - u t  put v o l t  - n - n - : - - w o u l d  b~ f e d  i n n  n- n- t h i n- ’  input

n - - f  t h u -  ni t n- n - ”  t i c u - h a r p i ng c o n t r o l  c i r c u i t  ~‘i;i t I ; - - h i g h _ n - - u i , , lan - ’ se -n sn -~ I n - m n - n’ .

H u e  u , u ; ~~~c p rinc ip le oh the i ut u n -m - iti c ‘hn - i r gi ng n - t n - n t  rn - t i e m rn -- u i t  was  t n - n

c n - u m ; n i r e  m u m  h i g h  V o l t u p e  n - i t  L i n e  c a p a c i t o r  bank w i t h  n - i p - r u - s e - f  r e t n - - t ’ t n n - e

volt i n  ‘ n m e h  t u n i t  wh --n the vol t n -g e  n- no the cn -m 1 nu nn --itor bank u ;u s higher than t lie

pr - ; ‘ - t volt age , t i m - cent r n - u i  u n i t  w n n u l d  u- n- end n - n i t  a s ignn ;mh t n -  cut o f f  the

n- - l t ’ c t r i c ; m l  I ’  m m u e  t h o r n  b n -  t y - ’ ii t h e  ( n n n u ’ n- r -~ i m j n p 1 y  no d  t in e e a p t e i t o r s .



- r ‘
~~~~ -

-1
38

_______2 ~~~~~~~~~~~~~~~~~~
-
~~ ~~~~~~~ r~~ 

—

~ 
- ~~ (I)

r~~~~~~~~~
rU—e_ 1~’i~~~

®i 
_ _ _ _-- I 4 ~~~~~~~~~

~~
J
~

-
~
’-i 

O O ~~~~~~ Inn-J > >~~~~~ .J~~
I 

~~ ft - 
I 0 -~ ~

~ L ~~~~~~~~L4_~I~J C O#
~~~~~LL a °- 

a
L<~~
, I 

~~~~~~~~ 
: >

~~
j

-~~~~~

Li 

__ ___  

A’

~r~1L-~Q -~ 
L

_ . ‘
~~~

~~~ L it ~4ij U
L ~~~~~~~~~~~~~~~~I ’ ” ~~~! ~~~~~~~~~~~~~~~~~~~~

I ~~ ~~~~~~~ i
w >

~~
;t
~; \j \~A~~~~

zc ;-1) ~r&,
— >

~~~~~
-- — - - - -- -- -- - - 1

-

~~~1 C’n-J 1

~~~ 

-
~~ ~ i ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --— --— — ~~~ ~~~~~~~~~~~~~~~~~~~

c~

Lu

10 )~~~,,



— -- _ — - ~~~- ----~~~~- ‘~~~ ~~ -.--- “ - - - “'~~ - -~~~~~~~ ---- -

-

39

Opera tional amplifiers (Texas Instrument , SN 72741) were used to perform

the logic function of comparison. Operational amplifier t~1 func tioned as

a noninverting amplifier and also isolated the input from the rest of ‘the

electronic circuit. Operational amplifier #2 compared the reset reference

voltage with the output voltage of amplifier #1. A set of nickel—cadmium

batteries was employed as the reference voltage source. A ten—turn , 10 k3

potentiometer was used to set the required reference voltage , wh ich was

d isp layed by a voltmeter. Operational amp lifier ~3 was wired as a voltage

follower so as to isolate the loading effect of the voltmeter on the

batteries .

When the power switch of the control circuit was closed , the prese t

reference voltage would be compared with the output of amplifier i n - i .  I f

the preset voltage were larger , i.e., the summing voltage at the Inverting

input of amplifier i/2 was negative , then the output of amplifier #2 would

be at a positive level which in turn could turn on the transistor RCA 2N1893.

When the momentary switch was pushed , the +15 V source was then connected

to the solenoid of the ANF relay, Type KHP17A11, and to the collector of

the transistor. As long as the base of the 2N1893 was positively b iased ,

the transistor would be on and thus the relay was activated . By this time ,

even though the momentary switch was open again , the transistor still

stayed on once the relay was acti-.’ated. Under this condition , an indi ca tn - n -r

light was turned on indicating the comp letion cf the power lines to the

high—voltage vacuum relays which controlled the charging of the capacitors

in the capacitor bank and in the switching electronic circuit. However ,

when the voltage at the capacitor bank was higher than the reference

vol tage , the output of amplifier “2 would be at the negativ e level , con—

sequently turning off t h m t -  transistor. Thus the current to the solenoid

LA 
~~~~~~~~~~~~~~~~~~~~~
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of the relay was cut of f and t h e  r elan - was deactivated . In turn , the power

to the vacuum relays was cat u n - f .  When these vacuum relays opened , the

capacitors were el~ - n - t r icall y isolated from the power supplies. This pre—

caution was necessary to protect tie p n - -w cr  supplies because it was highl y

undesirable to have the powe r supp lies and the c a pa c i t o r s  c o n n e c t e d  when

the plasma gun was fired.

4 . 1. 4  C a p a c i t o r  b a n k  and e l e c t r i c a l  c o n n e c t i o n s

Capac i to r  bank

The capacitors used in this experiment were \erovox capacitors rated

at 20 kV , and 13.5 ~,i - each. Tinese capacitors were connected in parallel to

f o r m  a bank which was covered by n-i wooden box during operation as a safety

precaution .

In test h u g ,  each cnf t ! u e s e  c I t - ic  i tors v-is cha rged  to a few h u n d r e d

volts and then  the  electron - i n -- o wn - -re shorted. The n-i iseh iarge current u-as

measured by a Rogowski coil and disp layed on an oscilloscope. From the

ringing frequency re ] n t i o r n s l m h p,

2 _ 1

~c LC

where -a = r i n g i in n - ; f r e q u e n c y  0 n- the n- i r c u i t

L t n - n t a l  inductance u n - f  t h e  c i r c u i t

C = t n - n t a l  j~~du n - t ,- j n c n c  u u f t i n - n -  c i r n - u it ,

the  i n t e r n a l  i n d u e t i n i .  t- o f  t i n e  u i i ) a n - ’ i t n - r  wn - n o n - n - i l c u I n - tn~~’ n - l  wi th known u ’n - ip l

c i  t n - m i ce  and m e a s u n r t - d  n u n - n -- i n - n p  I r e q n - l n -- n c ~~. Tint r n - n u n- - i n - np p -er i n - n- n-i . T = - —- - ,

7 . 1 3 n- n - n - t n . h ence  t h e  i i m t n r i i , , l i  i i i n - i n n c t  i n n  e o f  e - i c ~ n e a p~l c’ i t  n- n - 5  n--ne i~
n- n il .

This amount of induct - i n- . n- u - i s  h ichi f u r  c~1p:i c i t - f  n - n - liSt - ni in a l - u n - n-I d u n - - c i i . i r p n -

~ n n - r k .  O t h e r i n d u  n a n n - t - f ln - , I - - O i m ’ n- n ,  n - t n - ,  en - i  t in-i t t h t n- : m n - -lu c tn -’ince of the

u b n n r k  gap was n-’ • oH i t  01 ic p i t m n - t n - i gun 31) nIl . Fin n - rn t h i n - - n p - m it ion , 

- - - - - - - - - - -—~~~- - - - - - -~~ 
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wh ere w = r ing ing frequency of the system

-
: : = i n d u c t a n c e  of each c a p a c it o r  in tine b a n k

C = c a p a c i t a n c e  of each c a p a c i t o r  in t h e  bank

- - ~- - L = i n d u c t a n ce  oi o p - i r k  gapsg
• L = inductance of p lasma gun

gun

n = number of t-a ip au -itors connect ed in par - m il d in  the  h a n k .

The c a l c u l a t e d  va l ue of the ringing period T T = was l3 .~~ n - 8  sn- -c ,

and the measured value 13.1 psec. Hencn-- the quarter—e n -a n - ; Ic r hu n - - I. inu e w ,uld

t 

be nu 3 .25  n - s e c. From Eq. (2.9), th e p -inching time of the current sheath

for 10 kV at 1 torr of hvdrn-ngen + ~ .7 pe r cen t  argon was l . -12 h 3 st - u:.

As the current was discharged from t h e  c a p a c i t o r  bank  in o hnu sn i d . i  1 orn ,

the p lasma current at p inching t i n t -  was onl y fn- i .2 p e r c e n t  0 1 t i l t  n a x i m u r m

- 

ava i lab  h e  c u r r e n t .  This  i n d i e n - i r e - d  th - n - t the inductanct - n - n - f t h e  sn-- ste -u , - -

- e s p e c i a l l y  the  c a p a c i t o r s , was  r e l a t i v e ly  h i g h f o r  the  x p e r i m n - - n t .

The t o t a l  c a p a c i t a n c e  of the  hank  was 4 3 . 5  ; F  -in n - k the hank one rpv was

7.85 kJ at 19 kV. ‘the d is ch - ir;n - current it  19 k\’ w u s  ~ -~~ - u n -  1O~ -~~~, n - i s

measured by the Rogowski coil.
-
~~ii i Transmission lines and el ectr inia l connections

A l u m i n u m  p l a t e s  n - n - f  1/ 1 6” :ui ckness u-n r c- used is tr - lnnur - i ssi n - n - n 1 i t n e- ~ 1- n-

provide electrical connections rom the cap -ac it or h- i nk I - - t n-c t n - i  p i t  r n - -n and

then to the p lasma gun (Fig. 4 . 3 ) .  T h e  p l n t n - -s  u- u -re s t - p i r a t e - n - i  by 20—n i l — t h i c k

• m y l a r  sh e e t s .  Brass b o l t  n- n - of 1/3 — 2 1  N C ’  and washers - n-- n -re ui sm -n - j to  con nn - -c t

t i n e  p in - i tt -s to diff erent p a r t s .  In o rder  t n - n  p r - - n - i n - i n  n - c t  t n -  i n- - I . - -  t r i c i l  - n - n —
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to seam those joints. Aluminum caps were, screwed down onto the nongrounded

tn-lectrodes of the capacitors to provide electrical contacts as vt -li as

mechan ica l  c l a m p i n g  t i n - the high—volt age p late of the transmission line .

Nn - , ise  s h i e l d i ng  and g r o u n d i n g

Because of electromagnetic interference , which is a c inn - n r a ctn - :ri st ic n- - f

pulsed gaseous discharge experiments , shielding was required to prot en --t the

instrumentation and diagnostic si gnals. A copper screen rn - n -e m was built to

s h i e ld the  e l e c t r o n i c  sys t ems  and t h e  o s c i l l o s c o p e s .  Al l  tile i n p u t s  n - i n k

o u t p u t s  to the  screen room were also c a r e f u l ly s h i e l d e d .  N - t y p e  e l e c t r i c a l

fec-dthroughs were soldered at tfi n- screen room t n - n -  p - r n -n - n - n -  ide thin - n - i n i t e r t  ace .

The line filters we emp loyed for AC powe r lines were [MI filters , Mon -ic- I

10R3 , b A , 115/250 V , 50 — 400 Hz (by CORCOM , Chicago , Illinois). Solid

c o a x i a l  cables were used to  p r o v i d e  the electrical connect in - n - n o in - e t wn --e- n the

diagnostic instruments neal- the plasma p-un and tin - C instrumentation inside

the screen room. These cables we-r e - 1/2 ’ foam die l n -- n--t r ic heliax cable s ,

RG—366/U , 50 12 impedance , with sn - n - lid inner copper conductor and solid

n - n - u r r npite d n - - n - m ter ccnpper cond tn -~ t n - n -r (available at  Andre w C o r p n n r ; m t  ion , n i r l i m n , i

I - i rk . Illinois). These cables u-ore suit isfactorv in shielding the signa ls

frnnn m [NI noise in this experiment.

- H In this high—voltag e experiment , sj f e t v  p r e c a u t i o n s  w e r t - an im p o r t a n t

cons in - h tu tO t in -ni . h-iecau sn -- I n -f  t ine  h ig h  c u r re n - r n t del ivn -’- r n -- n- l in a s h o r t  t i n t - ,

~ iü 12 
A/s ee , s t r - n - - - i n d i i c t a n c m n- of a few n a n o h e n r i e s  u- - n - uld pr - n - i u c e  stray

vol t lge i n - n  k i l n - n - n - ’u n - I t u s .  With m e - , n i m n - j n - o , mill iohm ct-s 1St  m I n c e  n - n -- n - u - i  a l s o  g i v e

r i s e  t n - n  k i l o v o l t s .  T i n t - r e f o r e , ground I n - - i n - I s  w o r n - - made  as n - n - I n e r t  as n - n - n -n - s~~ i b l e .

Single—point ground ing was used tn - n avoid ground l u n ps becaus e  t h e  st  r , u v  
I 

-

i n d u m t a u n - e n - n ) ’ i n n -  g r o u n d  loop could p - n - o n - n - - r n - t n -- a i t-ge m-n -p n i r  l o i n S  s i gna l t n - n-
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mask any low—level diagnostic signals. Also , for safety purposes , the

grounding lead was connected to a 1” diameter copper rod hann -rn ; t n - r c J  f i v e — I n - - c t

deep into the ground .

3.2 Switch i n~~~M e c h : r n i sm

Tun is d c - u n - n -n- - p i n - n a n a  f o c u s  sy s t u - u s , l i k e -  n - m n - v  o lin - c r h~~cin -—enc r gv , ch gh—

p - on -a r  fun -n -l u - t i  c - X i c r i n e n i t  , mn - n - -n - l ed a s i n - i t c h i n g  n -ie~V 1 n -’ e- t o  c l - n- scm t I n - n - -  n - - l n --c t r i c n - i l

n - i r~ uit at a dn -~- n- n - i rn u d  t n n - n n i s - n t  suc h t h a t  t h e  s t n - n - re n - i c - len - n c-n-il enerp -— - n-w ild [n--

d e l i v e r  n -h t en a l o a d .  T h i s  n - i - - i t c h i n g  mechanism had t n - - a es— n - - e n. in - i l mactn - - :

a s w i t c h  i n - I  a switn - I n -  ing circuit n - c h i c h n  p r - - v i ded  the-  s n -~ - o i a l .

..~~.l n’ k c ~ 1 -

‘ t h i n - n - r n -, - n - i r e  mannn-- d i II- r- nt types of switc h es n- ,in - aila b ie . B u t .  i n  p - n - u n -  n ’

t in - ca can be classified int o four categorin -— n--n- ( n - n - ] :
(I) Pus sn-a n t chico: These mn-u - I tchc- s n - nsn -- gas as th in -  d : n - - i  cc t r ii- u- _ n- n - i n - u n

an d - i _ I n  mi nun - lie high e u n - r t n -- ; u t s and mult l u - u n -  p i v n - ,n - L s  u s i n l;  ; n - , r e u n - n - .i n- t~ -- n -’ Oi ’ c

and n- 1 n - ’ n- t r n - m n - t n -p - i t i v e  gase s n - n - u n - h as SF 6,  s u l f u r  h e x - i t l u - - r i d e . These sw i t c h e s

have tu un -  i n - h y m n - i t, i ge ~ of i s. - i t - — h n - - i l  i n g  d in - - l en - n - u t r i c  and i r n - -  c n - nnj —- i l n l e of r e p e - t i t i - a n -

op e r a t i o n  w i t h  unukni m ; uulrn - n u i n i n t n -- m l n - n - i n u c .  Bu t  en - In - n - ; n-u~~r he t a k n u m u-n- in I n - n - n u n - i  I i f lg  t h i n -

t n n u . u l C  n - I e e n r ; , I m n - n - - n - i t  i - n - n -  p r n n - l e i c t s  in - f  some n - n t  t he  p u n - - n - n -u , lip - n-- SF h and Fr eon .

(H Li q u i d  swi t n- i n - s :  Til t-Se s w i t c h e s  u l s n -- li q u i d  n - Is t h e  d i e m - u  tnic

n - n u n - - d i n - n m  and a u - i n -  i n n - i v t n- the n - i n - h n - ’ n - n t~m p n -  n - n - I  a se- i f — h e a l i n g  d i e l e c t r i c .  , \n - - n - e n -  tn

p a m - n - i n Li n en - gas - . w i t i h u t - s , the l i q u i d  s u - i t c I n - e s  can  n - i n - a n - : c l ot-n - n - c S i n - a c  l u g  - f

n - l e t  r u - n - I n -  s , rn- n - o i l  t i t n p -  i n n -  n- n - n - C d ’ i n d e i c t u i n c n -- a n - m o I m e t e r  r i - - u t  i n n - - . The - i r n - i w h a c~

01 t i n e - s n - -  n-~~t t c h i e - s  is C u n - n -- n- n n - c a sj o n a l  i n - l e o r t a n - - u n  i n - - r i c e - n - n  t h ~ - - n - n : n - e r ’ i m e n t n - n -  1 sn-n -f i n ; ’ .

I )  I~ol  i - I  n-un - i t c h e s :  h en-i c n a n - - n - - s n - n i  Id  d i e l e c t r i n -  5 . n- arm h i : n d l ~~ an - -rn --

i _ i  m n - c  m m - c -  i t  , inn - I  in n -y e  vi c-u low- i - n ; n - n - .- n - I m i n u e  e . T I n - n - - se  ‘n - w i  t b in -  : Ir c  t r i - u n -- n- - rn - -n - i

n - i t ~n .r Ira c l t - ~~L r o n - u n - n - -- i n n  i n -  I n - i u i n -~t - - i lo g  or m v  mt- - n - n - I s on in e u -:; n - lod i n c  w i t - n- - n -r

- 

, I n - t i .  ibm- - b i g - p t - - i t  d r iwin - - R k is tn - i c  in - ic k ~- t s e I I — l u c - - n l i n g  i n n - I  L I e n s  i t  is

- - 
r e n - n - n - -r - ~~~i n  1 r - : n l n n - n- n- t h i n - u i n - - h n - - c t r i c  l t ’ t n - n - r  in-~~c I n  — w e t c i n i nn n-’ .
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(4 )  Vacuum switches: These switches enjoy the advantages of hi gh

dielectric strength , rap id deionization time , wide voltage range , imigh

current capability, low inductance and quiet operation . Y e t  i - u r n - -  m u st  p--

taken to shield the radiation resulting from t h c -  n a p - id u i c c e l c r i t m c u n  of

charged particles in the vacuum environment.

The nature of tine electrical load d e t e r m i n e - s t b n -  ; n u n r t i c n - i i n - mr t n - p c -  of

switch to be used. In this experiment , commercial un its of a hvdrn - -u - cn

tinvratron tube , 5C22 , and two vacuum relays wa-cc - emp in - ived in the switching

circuit while a custom spark gap was designed to h andle the main s n - a i t c h i i i n - ;

of tine plasma current.

Design criteria of switch es

The main criteria for c un stn - u n m -— d n - - signed switches arc - :

(i) the voltage holdoff which determines the m a x i m u m  v n - n - l t age that the

switch can hold witho n n - t self—breakdown ,

(ii) the inductance which den-term ines the ra te of current rise and the

current capability, 
—

( i i i )  the dela ’-- w h i c h  is t I n - c -  t inn -- t h u - u t  it t n - k n --s a sn - n - i t c h  to  c I n - -sn - - afte - r

tIne signal is applied ,

( i v)  the jittering winich measures the n - i nn - n-- u r n - i c y  o h  ti n - n - - d e l ay  r n - - p - e n - i t n -- d

f r o m  c l - n - s u r e  to c losure  and is i m p e n r t a n t  in  t h e  s v n c i i r n - n n i 7 u l  t i n - n - n i  of t i u c

w i n - I n - -  n - u t  n- -mn - n - ,

(v) th e - d i e l e c t r i c  recovery t i r n n -- w h i c h  d e t u - r m n - u i n n - - s  t h w -  repetition

rn - n i t- t i l i t  tine swit In - can op -en - u t e ,

(vi) and the n - n - b n - e r . n t  ing I ife wh in -n -h rn - n - - n - un - -n - the max ‘ i n - i n - n -  n u m b e r of t i ; - , 5

t in - n - it  t h e  SW ~ tm - li can fi n n n c thi n - n  pr~-~n - n - r i  V

These cr 1 ter ii , t o - n- -th or ui tI n - t ine - p n r t  icu In - m r n--n - u I t ehm i up rcn -l u in n-tents

n - l i  t im e n u - u i n - n r i f l i t n - n t - i l  s v s t n - - u - , ,  d e t t - r i n - n - u r t -  t h u e nn e in - rs- tr~’ . t I l e t n - p c , n - m d  tint -

r r n a l t n - r  i ; i  is of t h i n -  —n -u - i t n - n - li . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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In th is experiment , a solid—state switch is ruled out because its

lifetime is limited to one shot. Y e t  this type of switch has the fn - ms t t- n - - it . 
-

closing ra te because of the high electri c field possible and dielectric

d e n s i t y .  Also , electrode erosion rate in li quid is ex tc n --mely hig h.

h owever , a p -n -is swita u hi sn -n - n - n - ut - s t n -~ hen- fu -nvn -n-rab le because -  ~t em -u c o u n n t e r s  mun -nh

less electrode damn -ipe and hun - ms self—healing dielectric properti es.

In order to have a p-n-is switch with a l o n g  l i t c , t h e  c h o i c e  o t  n - n u n - s

and e l ec t rode  n-~ m t e r i m l I s  n n- n - s to b0 conskd en-ced. Dna- n - n - r n - n - p - o s i t i o r n  n - n - f  c - c L ; i i n

hi gi n -—diei n - -etric—stnength gases sucbn as SF
6 

and Frn -- u n n in one h n -n- sed swi t n - l io n - n -

u - n - n - n v  deposit conduct ing utenials which ultimat el y 1 i n- n - it the device 1 i f n - - t  Inn -c

by n - I c p - r a n d i n ng its d i n - n - l e n -  tric e n v e l o p e . Other gases , such as nitrogen or air ,

do not bn n - nv n - - such a drawback.

Tine d i e l n - c t r i c .  reu - n - n - vn - - r n - -  t ime n--n - f  a gas s w i t c h  a f t e r  d i s c h a r n - - n- - d e n - p - e n - u n - is on

L in e - electr un-inu m atn - -i- i i i  a and , ; n - m o m u u e t r v , the gas conipo s I L i n - n - n  and p r e s s u c e , the

arc lein -p - LI i and the currn --trt . n-\ switch is r e c ov e r e d when t h e  n- -h a r p -n -- c n - cr in - ’rs

p - t o n - n  n- r n - ed during time discharge ire- disinersed , the hen - i t g en n - - rn - n ted during the

closed p h n - n s n -- is lost t b n r c n - n m n - ; h i  the e - l e c t r e n - d c- , and Li- dielectric s t r n - un - n - t h u

ex n - ; t - - n - h s  t I n e r e n - ip p l i c - d  S n  rn-a--s. Eie-c trn -n -da-s made of E l n -~’ u n - i -n- i t t -  ha’’: I n - n - ’ t t n -  r

v o l t  n p - n - -  r n - - c - n - n - n - n - - c ’ :  t han  those  w - i t h  c o p p e r  n - n - c  t u r n - p - s t - un . This part i n -  un - i n - I n  m u 5 n t e - —

r i a l is - i n - -ui nter n -- n-I composite which combines the hi p- in - t n - n - n - cnn -n - al condu e -tivi tv

of copper w i t h  t i n e -  r n - f r , i c t en r v  pr- p ci t i n - n- n - il tun ,n-us tn - - n - . Sn -- h c n n - - v [ 3 5 ]

sn - n p - n - u - n - t e l  n-i n - v  t o  n- m n - b i n - n e c  t n- n - n ’ r ec o v e r ’.- t i n - n - n - c  in-v [ i n - n -- i n n-- a i r  I b m - n - n - n p - h i  time

sp -irk pap to c o n - u i  it ;end re- mn - n -- c- disci ni r n  - debris.

P l e e n t r o d n -  n - - r n - n - s n - o n  i s n - m oth er imp ortnmn t I n - m n - 1 - - i ’  n- n - n - - t n -- r n , i n i n ;. t n - n - - l i t e l  n- n -n -n -c-

n - n f  i-n- s w i t  a .  The p n n - n - n - I n m c t -n- f r - - un - n - r n -n - s  h - n - t n -  n-n- - m n  he d n - - p n - n - s i t n, n - n -i en-f l  t h e  sort i n -  e~ 01

thi n- ’ i t i s u i . i t n - r s  in  t n - n -  on -n - l u-h , t h c i’ n- I n - :  ‘- ; . n n - i ’ t n  r n - n p -  i t s  l i f n - - . B a o i c i l i v ,

c- r n - n - - i n - n - n  m n - f  c - l m - n - r r n n - h n - - m o t n - c i i i  i s n - line ’ t o  nn -  n - i t i n , u n - I n - i n --h  is n - 1 5 n - m n - n c l . i t n - n - c I  n - chil i 

-~ - —-  ---—“ --- ~~~~~~~
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the bombardment of electrode surfaces by the charged particles. Usually

because of such brief and powerful thermal fluxes , and the limited heat

conduction of electrode material , these electrode surfaces can be heatn - - n - i  to

the melting temperature. For currents below ten kiloanmper c-s , ~he erosion

results m a i n l y  from vaporization of materials. Hn -n -w c-vn --r , tar p -m r currn --nts

will eject molten materials from the surface , resulting in much larger

e r - n - s i n - n - n .

Tri gatron

Based on the n- aforementioned factors , a three—electrode spark gap, also

knn-nwn n-is a trigatr n -n-n , was designed and buil t for tin - is n--xlnen -riment. Thin -n- basic

arrangement of a trigatron is shown in Fig. 4.5. The high voltage i s

applied between eln - n -n --tm u n -des 1 and 2 without exceeding the self—voltage break—

down limit. A third eteen -t rn - )de- , the trigger electrode , is in the f o r m  of -i

i n - in and is p l a c c n -’l w i t h i n  t he  hos t  e l e c t r o d e .  id i c - tn -  a pulse of severn -n i

kilovo l ts is app lied at the tri gger and host electrodes , a dis n -h ar gn -- is

initiated supp ly in g charge carriers which ui-dir local field intensification n - n -

rapidl y c l - b e the main gap to conduct. A t  this later stage - , str n -- n - n - m n - n -e-cs n-ire

tormed to develop -i main s t m c n k n -- p - c n n - p u p a t i n g  at i0
8 

— in - )
9 

cn n-/sec .

Shkure pat [36] had investigated i - x t e - n n - - n - i -n- - n - I v  a t r i gat  r n - n -n - n -  o p e r a t i o n  n - i n n - i  a

summary of his work on tin e electrode po ln -n -m ritv and t r i p - n - i t c h -  characteristics

was li s ted in Table 4.1.

The complet e design of tb n n- spark n - n - - n - p  u sed  in tin - is experh- n- n -i n - t w i n -n- n- ’

i l l u st  r n - m n - e d  in Fi g .  -~ .6a , h .  H a l t  u i f  i ii OFII C e n - n - p p - e r  rod u - m s  s i l v n - n - r _ s n -n i d e - r n -- n - i

n - n t  u -i 1 / n -  tin ick bc ,i— - ; in - I - i n - n -- . Tb is was n - n - n - n d  n - mn - - n - t h e -  ‘n -n - p p o s  it c- ’ n - n - b c n - r n - n - n - I n - -

The i n n - n - s t  e l e c t  rodeo n - n - n --rn - - t n-n-n- n- n hal f — s p i n - n - -  re -s i~n - i e I c  o h  copper  w i  ft El kon it e

(~~7 n - n - - r e t - n t  t U f l u n - n - - t e f l, - ‘4 3  pi n - r u- n- - n t  C n -~p~n - n - ins t -r n - s s i l - c n- ’ r — s n - n - l e l e m n - - n - I  m t  t i m e

t i p s .  Tunu - s t en u - i c e s  (O . h 2 h ’ d i n - r i - t n -- i ’ )  u- n - -cc  u~ n--d u.s t h i n - :  I c n n - n - i - cc elec t ron- It-u- n - , 
P

- , n -n -n - - —~ m-- . - -n-nn - --— ,-n--, un- . o;n- n - ; . un-~ - n-n- . ff . :::’~a-”T . Tn - n - _ . . ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - — - — — - — -—— — -
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Fi g. 4.5. A basic trigatron .

rABLE 4.1.

ELECTRODE POLARITY A N I )  TR I  PA T F u ”P r I -bn-- b - \ n -  ‘iii I STIC S

VOLTAGE TRIGGER OPPOSITE HOST
RANGE JITTER ELECTRODE ELECTRODE ELECTRODE

4 4
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SCREW FOR FINE ADJUSTMENTS —

OF TRIGGER ELECTRODE

S CORE TRANSFORMERTUNGSTEN WIR E AS 
_______ ________ ______TRIGGER ELECTRODE 

~~~~~~~~ 
‘

~~~~N\. ____

~~~~~ 

~~ CONNECTORS TO AIR -

TUBULAR TEFLON —..~~~~j ________ ~~~~ f ~~ — PLEX IGLA SS SUPPORT

ELECTRODE WITH 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V~”! r
~
71 

_ _ _

ELKONIT E INSERT  
~~.—SURFACE COATED WITH

COPPER EL ECTRODE~~~~~ J~ 
..
~~ 

DOW CORNING #4

______________________________ 
THICK TEFLO N

SPACER
1/2 ” BRASS PLAT E TO ‘ H,V. ’ —‘

SIDE OF TRANSMISSION LINE

F i n- ; . 4 . 6a .  The f rn - n -n - nt n - n - i  tn-v of the spark gap box.
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i ig. n . i n - h -n . l h i ~ side v t - -u- of the  s p m r k  gap and  its conn n--et ions.
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which were inserted through the holes in the m ost electrodes and  were

isolated with tubular teflon spacers. These wires were solder--U t o  twi n--

sc rc -us wh ich  c o u l d  be a d j u s t e d  to f i n e — t u n e  t i n - c  s p a r k  p - n - n - p s  such-  t i n - a t  t h e

tn - n - n- h os t  e n - i c - e t c - n - n - I c - s  w o u l d  be fired simu lt ;inen-n-us ly . Fl  p -n -n rc . . 7 s n- in - n - n - n d  n - lie

firing ~~f onl y one host electrode. All these adjust’ - n ts ~n - i u d i n - o n -n - t  n- n - I n -  —

- n- trades were bolted to n- i I / U ,  th ick aluminum box. ‘ j u n - i s  box was isn - ,l atn - --i

f r o m  the  b o t t o m  brass p l a t e  by a 1/2 t h i c k  t e f l o n  s 1n - a c e r .  The win - t n - ic -

a s s e m b l y  v-n -s clamped tn - n - p - n - - l i n e r  b y four p lexi glass bars.

The surface of time- teflon spacer facing the host electrodes was

coated wit h Dow Corning b4 c o n - n - u j n - n - n - u n n d  (a hi p -hn— vn -n -ltage die lc - n - n - d c  -n -cea se

produced  b y Dow C o r n i n g  C o r p o r a t i on , Mid land , M i e n - h i p - n - n - n ) .  The pre sn -n -n n -n-e o n -’

t h i s  e n - n - u t ing hel ped to minimize tracking and f l a s h - n - n - n -- n- - c  Pc - tn - u n -n - en  t In e i n - c t  torn

e l e c t r o d e n -  and the  edges  of the aluminum box . Also , in t h e  f i r i n g  of  t h e

sin- a rk gap ,  me ta l  vapors  i c - n - u n - -  e l e c t r o d e  e m - u n - n - i o n  we -re  depos i ted  i n s i d e- - un - c

b - n - n - n -. t~ i t h i n - n - n - n - t  t he  g rease  c o a t i n g ,  those  v a p o rs  wou ld  be e m b e d d e d  i n t o  n - t n - n --
t e f l o n  i n s u l a t o r  and tin -us provide a conduct ing l n - n v n -  r . T h i s  w o n - i l d  r n - - p - u  i ce-

a new tn -- - f i ,on spacer. Yet a gr - ease h u n - y e- c  co r n - h u t  t n - i  n -n --m a t e  t h i s  ~n-cohlern-u .

A f t e r  about t w o — l n -n n c l r e d  sh t ts , t i r e  p - m e n - n - s e  m in d t i n - n - n -  n - , - - n - a l  n - I n -- i n - r n  —‘ u n - - r e  r n - u n - n -n -n- n- - n - i

and t h e  t e n - f n -,n -n s u i r f a c n -  w ;ns  r e g m n - n - m n - - ; n - n - i . i n n -- d i n - I n - n- t n c  p - r n - e n - n - n -- i- - b i ped t n - i n - u s c -

‘ 

the rn-s m i n t n - - n - n - : n - n - n n - : n -- p r o b l e m .

Ti ne s e - t n - p - n -  n - n - f  tin e spark—g p-n- hcn - n--n - wn-n-s sin- n- n - n - n - n -  i n - n -  F i g .  . . ‘n - mn - . The I n - n - n -  t n - n - r u

i n - r n - i s-s elect rn -n -n - he was c u n - n n n - - c t c n -d I - - t i n - n- n- m on -n -d c of t J n - n - -  - ‘ i n - n - n e i l  - r  In - n - ink  n - v  n - - n -

j u n - n - n - j n u i n - i  i n - l a t i n -  and t i m e  i m ~n I n - e r  t i n - i l l  0 1  t h n -  i n - - - x  u i - - c n - n - ln - n n - ’ n -’: u t n - n -  I n n - - - m n - n- n - n - I n - -

n - n - f n- lie n- i - l- ’ism a gun. ‘I t o  t r i n - t g i n - r  c n - m n - - c t r -n - u ’I n - -s n - m n - n - n - h  n- l i t -  In - n - - s t  n- - i n -  - n - r n -n- n - i .  -n- t i n t - n- - n - n - - n - l u

t h e  - i i i m m i , rm um hex n- n - n - n - - r n - -  c - -n - n — m n - - c  t n - - U  t o  an n - n- h r — n - - n - n - r n -- n - n - m n  I n--n- n- r n - i n - n - -. n-,,cn - n- r. n- n-n- h r  i n-

a n - n o n - - n - p - t i n -- c  h e  p rn- - n - n- - — v n-~~ - u n - n - n -  n - i  f o r  h i i s  n - n - n  m iF  p - n - n - n - n -  I .  n- - p  n- - 
- 

- -\ t  t ci’

‘n-U n - - am - i n - I i r i r i p - ,  n - i n n - -  p - n - I ; n -  u n - m s  t l u s t u c - e t  w i t h  e n - n -~~; r e - n -~~n - - d  a i r .
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Fig .  4 . 7 .  Test f i r ing of tine sp-”nrk gap . Only
one tn - on - u t n - n - h  cc tn- r un -n-dc was f ic c -n -i .

- 

-
n- I,

E~.

Fi n - ’ . n - . t ’ i . p - i n - n - i n- ’ n- n - r i s s i n -n - n - l  t i c n - n - m m  the n - n -1 n - n - n rk gap
u n - l i e n - i n -  t I m e  n - i  et mi n-n- m n - ; in - i o 1 n - c r n - l t  i n - n - n.

~ 
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—n- _n-

This spark gap was men - n -~~ m i r e d  t n - n -  have a risc-time ot ~ hun - n s c -  , 
- -

jittering of n-n-n- 15 n s n --c , and n - H n i c t ance of ‘
~~ 40 n H .

Vn - c’.’ in - right lip -lit n-~as n - m i t n - e n -d i ron a hole- in time In n - - n - n -corn box n - n - u n -  - u

t ile p la s m - u i :-; n -~m n n - n - n - i s  fired (Fi g. 4.8). I n - i n - n - r n -  w c - cm - at so s t r n - c mki n - n - p - h u n - - s

shooting n - h o v e  the wooden cover. In - n - n - n -  trigger electrodes un erc  s i n - n -  n-n -- n-n - i n

Fi g.  4.’ n-n . Ti n - c -  left tn-ne un-i s a n u n - u- tungsten c- Iectr end e with nickel plating.

The r i p- t n - t n - n - n e  had been tarnished and eroded after 50 shots. n - un - c-nd of tine

r n - n - n - t i n -  e l e c t r n - n - u’le was sharpened due to erosion. Fi gure n-n- S lOa sh n - n - w n -, -d  n - l i e

deposit of t I n e  electrode material within the aluminum lo n - n - i s i  ‘n- n-- . p - i n - n - mn - -. . lOb

un - i n - n - n - w e d the n - n - r n - n - n - - n - i o n  of tin -c copper  r a i l  e l e c t r o d c - .

4.2.2 Switching cir cuit

A s w it c h i n g  circuit was needed to monitor t i n - n -- t r i gn - i t r o n . In an

n - i temn --t , s o l i d — s t - n - t u e U n - n - n - i n - e s  were used in the switchi rn-n-n- d r  ui te n- pr -n- .- l i e

a i n - n - s t — r i s i n g ,  hi gh — v o l t u n g e - i n - n - r i s c -  to n-rigger time spark ~,u-mp ( F i n - u . - n - . l l ) .

By closing, the micro swit c-in, a 2 see- pulse was f~-n -’i t n -  n - t u e  S c h m i d t  t r i p - n -- n -er

n - n p - u n - n -  of a p - c - x i s  I n s t r n - n m n - n - u- n - r t  SN 7 : ’n l  21 r n o n o s t r m h l e  m u ir  in - - ibr --n -t or , m n -n -h i ch  in

t u r in  t r i ggered the  Q
1 

— 
- Schmidt tri gger to g i - ~’ n- - a 300 V / n - s e n - u  i n - n - n - h_ se- t o

t i n - n - n -  p -rid of n - nrc - hn vd cn gen thyrn - it ron tube , 4(35. Wh en the th y- -ma tron r u n- n -n -

f i r e d , i t di —u ch n m r ged the en ec -n - v sn - n -n - red in capacitor C
1 

t h c n - n - i -p- lm t h e  3 ~~

r n - - s I s t o r  p r o d u c i n g  a 70 kV /n - s e-n - pulse a t  tile tri p-p-cr electre ndes n - n - f  t h e

s pa r k  g i n - u - n- . n-n-n- s e r i e s  O n-’ t w n - -mn - ty i - IEPi 7 O diodes w a s  in line -n -- m f e n n - n - i - n r n - I  n- hun-

as s i b  i i i  tv  on -  any b a c k l a s h  I r - n-rn the capac i t ’ - r h a n k .  T i n - i s  ci rn - - n - i i i p -o r- - - cn n - - n - h

sat is I n - n - n -  L n - n r  L i v  in t In -c - tr i n - i l  r u n s .  B u t  n - mnd c n - r t he  r e a l  o p c r n - n r i n - n -n n- n - f  m n - n - -~~~

pi n -n sm ;m p - n - I n - n -, t com t ime t n - n -  t i n -in - i n- the solid—sn -ate el e ctronic t n - n - i n - n - t n -o n - c - i n -I s - ~ n- n-n- - n-

w i p - n - n - n l  n - n - n - n t  b y  the  i n - n - r n - n - n - -  e l e c t  r n - n - m n - n - n - i n - t i n - ct Ic pulse  g e n e r a t e d  f r o m  t i n - n -. - c n - m p n - i c  i t  n- n - n - ’

hank di si n - i m n - nr gn - -. i t t  -,r t n-n- t n - n - i: - n -~
’- rn - n - n - n -n-- i n n - n -i - n - - n - t n - n - rn ’ - r n - l t d - i n n - n - u  cm i -- : p0 ~~t ’  i s m n - i - n - t  1 n - n -  :2

t n-u n - U  i t  t n - t n t  n- ru~~~h ~~ T l m n - s~~n~ id—se n- te 2 n - : i c e s \ 

~~~~~ 

c n m ~~ , i h n - i~
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lip - )l t tun - re- i n - n - n - ’—n - -r w en --in n- n -n - c t r i  p - n - n - n - c n-n-- i en-: t mn -n -n-los. The
I c - t i - ) f l en - ~n -n- ’ n - 5  r i c e  n - r r m n - n -  n - lie r i p - l i t  n - n - rn -c un- i s e roded

n - m n -  n - n - - i  50 s i n - - n - i s .  

n-

~~~~~~~~~~~~~ I

,: - - -( T-~ - -~ n- -~. n-. .

Fig. 4 . i O n -  - I) In-i’ t n - n - b  t ; n - n - e I n - - c t  n ’ n - n - i n -  i n - i n - i n- n- c n- - in - in
in - n n - n - n-’ t n - n - n - n - n - s  i n - n -  ~,- -

- -- --- ~~~~~n - - . -— — ‘ — ‘ - -n- - — - ‘- L
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e l ec t roma p -n -n - c-t i c  noise  in the  h u n d r e d  vol t  range . On the o t t - e r  hand , t i n - c -

vacuum tube  U n -- v i c e - s could s t and  t h i s  k ind  of no i s e  w i n - o u t  damage .

C o n s e q u e n t ly , t h e  s u i n - , n- ’ l u i r m - n- - circuit u - i - n- r edes igned  n - is shown in n - t u e  b l o c k

d i n - n p - c on - n - in F i g .  4 . 1 2 .

In t in - c  b l o c k  d i a g r a m  of tin - c swi t ch ing ,  c i r n -  n-- n i t  (Fig. -n- . 1 2) ,  t i n - n -n- m a n u a l

sw i t c h , t i m e  T e k t r n - ’ ni ’ix wn -n -n -n - ’eform g ene ra to r s , and n - I n - n - -  n - m u t o n n - a t i c  c o n r r n - n - l  c - i r e n - u i

un -n - r n -- h o u s n - u  in t in - c- c o p p e r  s e c t- e r )  r oom to  s h i e l d  them f i n - n - mn - n - any RF no l  sn - n- . A L

L i n e  d e s i r ed  moment , t i n c -  t n - n - n - r r n c - m n t n- ’irv manual switch was signaled to g e n n e - r n - n - t -  n-n-

5 V pulse to t h e  T e k t r o n i x  Type  162 w a v e f o r m  g e n e r a t o r  w h i c ln  in-n- t u r n

trip - p - c - rn - - U t I n - c -  Type  161 pulse generator to send out n--n pu lse- w i t h  an amp i  i t n - ; n - m n - -

of  24 n-n- n- and a p u l s e  w i d t h  of 100 n-n- se-c (see Fig. 4.l3a). This pulse un -n - n - s

further amplified by thne t r l p - n - n -n- e r i n p -  pulse amp l i f i e r  t n - n -  385 V (F I n - n - . -~.1 ih ,c).

Time tri p - n - n -en -rin g pulse amp lifier circuit (Fig. 4.’I b )  consisted of an

RCA 21 )21 t n - - ’ r n - n t r o n  t ube  and t h e  a u x i l i a r y  power  s u p p l i e s .  A n - n - c - n - n - n - it i n - n - -  b i a s

of — 7 . 5  V n -mt th c - -  g r id  of the  t u b e  r n - n - i s  needed to turn n - n -i f  n - t n - n -  2Db 1 rube n - n - t n - n -  n -u

n -he p u l s e  was ove r .  ‘ t i n - n - n -  o u t p u t  pulse - of this - i n - n - n - 1 n - 1 ,ifier was then -n fed in - n - I n - n -

the grid of Lin e - 5C22 ln -vdro gn --n t m n - c i t r o n  t u b e  ( K u t i m e  L a h o r a t e n - r  ic - n - - n - , I n c - - n - ’ —

n - n - n - c - m t  ed , N n - - u ’ n - n m k , N~ un- J e m n - - n -c- n - - )  in the  t r i g-n-n-c r  im p-, ci c_ - n lIt n -or t h e n- s p a r k  -p - n - p

n- n-n- ; (Fig. 4.1St . In th is circuit , a va cuum re-ia\- n- n- n - n - n - t r n - n - l l e d  t i n - n -- e n - m n - ur gi n g  n t

n - n - 2 ~F ca i n - n - n e in-u n-n- n , up to 8 kV in e l - n - - c - n - t i n - - n - n - .  When tine h y m n - n - n - r o n  tube un-i s

I j r — n - U , this n- -a~n-ac itor n - e n - - n - m i d  he d i , s c i n - a r ’, :e - d t i m i - n u g im t h n - -  t h i n -n-- n -- n - n - t  c- n -n - u t n - n - t n - c  a n - n - n - I

t h e  p r i m - n - m r - n -  c o i l  of  n - m n - n -  n - i n — n - n - n - r n -- p u l o n -  t r a n s f o r m e r .  ‘t u t e  e n - - c n - n - n d m r v  e n - n - f l  n- n-

n - h i s  t r a n s f n - - c m - r , n - d i n - n  i v o n - t n - i p - e -  s i n - - i n - — u p  rat i n - n- o f  1 : 2 . t r a n s m i tt e d  t i n - I s

i n- i n - n - l i — v n - n - l  t n - m n - -n- - p u l  se n - i n -  t h i n - -  I r i n - n - p - n,-c el n- n - c t  n- - n- n - U n - s n - n - t~ t h e -  t r t n - n - m n -  r an s u i t  n- I n .  Thr I

t i m - n - - u t n - n - m n - - n - n -~-r  n- r n - - v t~ h - - : t n - n - n - -  i s o l a t i o n  be n - t n-n-- n- -i- n n - h e -  t r i p - - m t  rn - -n - n -  n - mind n - i n - n - -  ‘ n - - n - n - i ’ - n - i n - n - n - u

e i t- c t r n - n - nics win -en t i n - c - p l i sma ‘ n - n - i nn - n u n - i s h r - el . In n- - c d t - c  t n - n -  s n - i t c g u a r n - I  r n - n - tn- 5 ( 2 2

t n - i n - n - n - -  n - n - g m i n s t  . m  p u n - s s i h l n - n -  r n - n - n - n - n - - r s e  v m , l t n -- i n - -, n- m n - i ml~~n - - t n - n -n -rn - t i n - n - ’  en- rn - n- n - n - m n -’ i t n - r  h a n k  - n - i s n -- m m ’ n n- - n- n -n-

s n - n - n e-s ( n - t  d i n - n - U n - n - s  n - i n - n - U t n - s i  t n - n - r n-n- n-n-- i s a-— cit t n - n -  - - n - m n - m n - n -  n - i n - n - n -  - n - in -- n- n - n - n -  i Vmn -- pn - i l n - - n - i - n --n- p-u n - I n - n - c -

n- - - t i n - t n- i n - n - n -n -ch - n - n - f  t i ne I n - y r n -  t m - - n - n tube.
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5V 
— Fig. 4.13a. Output waveform

10 S f rom the pulse 
generator , Tek-
tron ix Type 161. 
The scope was
internally tr ig— 
gered by this
pulse. Pulse

GND~~ height 25 v;
pulse w id th
100 us.

50V~~~20~i.S ~~~~ 
— — — — — — — — 

Fig . 4.13b . The output waveform

pulse ampl if ier , u n d e r
— ~~ from the triggering 

no load condition.

~~~ The scope was self—
—  — — — —   triggered . Pulse

— —  — — —  —  
height 385 V.

—
G N D— — —  

lOV i
10 s Fig. 4.l3c . The output un-n-mvc - tn - n -r ,n-n-

/4. f r o m  the t r i p - c e - r i m m , n-
‘ pulse amp lifier , w i th -

— — — — — — — — 
a hydrogen ti n - y r - n - t m -n -n - n-

I tube 5C22 as a load .

— - -—~~ —~~~~~~~-— — — — — — The scope was self-
t r t g p - e- r e - n - n - . Pulse

GND ~~~~ 
— — L.__ — height 45 V.
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4.3 Plasma Gun

The plasma gun is a pair of coaxial cylinders which guidi- the plasma

s h e a t h  to a pos i t i on  where the f u n - n - - u s  i s  formed. Several m a n - t n - c s  h inv n - - to

be cons ide red  in d e s i g n i n g  t h i s  p - n - in - n:

(1) A perforated cathode is nen--dn - - d to pr n - -vc - n n -t n - m v  pileup ot~ gas

during the acceleration stage of the f o c u s .

(2) The geometry and n- inn - - dimen -nsions denermin-ic t n - c induc t n - m a c n - -  n - n - f thin -

gun (see Ap p e n d i x  A )  - Tin-en- lengtim of ti nc - gun is cc- lated t n - n -  t i n - c -  n- n - n - m n- n - u t

col lapse  time by Eq.  ( 2 . 9 ) .

(3) The assembly of the gun must be desi g ne d  vacuum t i g h t  t n - n -  n - n - n - c - n -- n  t i n - n -

vacuum requirements of the experiment.

(4 )  The d imensions and types  of i n s u l a t i n g  m a t e r i a l s  m u s t  c-xc en--d tin-c-

se n - i  f — t n - r n - - , m k n - t n - n - u - n, h i gh — v o l t n - m g e  c n - n - n d i t i n - n - n s

The plasma gun used in this u-n -n -rk was shown in F ig .  4 .  1’ . Tin - c ove n - r n - n - l i

length- of the gun was 8. (’n - I S . The outer electrode consisted of eig ht 1/2

d i a m e t e r  b rass  rods ar c~i m n :u n - e n - l i n  t h e  f n -n -r m of a s q u i rr e l  en - m n-u n-n -- . Tin -is un-n-IS u sed

as t i m e  c - n - n -  n -bo de  of t h e  gun . line - ann-n-dc, a s o l i d  rod made of OFhiC c n - n n - n - m n - n -n -r ,

was s i i n - n - n - -r — s o l d e r en - 1  to a h c n - u - u s p l a t e  f o r  m n - n - n - n - n - n - n - nt i n g  and e l e c t r i c a l  c n - n - n m n c - n -  I i n - a n .

n-\ d isc  of E l k on i t e  wan -n- silver—soldered a t  tin - n - -  end n- n - n -  t h e  n - n - i n - n - d o  so n - ms t n - n-

reduce the - eras ion n - n - f  m a t e r i a l s  in t h a t  ar e - n - n . A p i e c e -  n - n - f  p l n - x i  c - l a s s  n - n - n - ms

used as a d i n - - lee n - r n -  spacn - - r , win - ich se~n - n - i c n -  ted tin -c anon - In-- an n-i I n - - n - -  e n - i n -  t n - - n -n - n - n -

plate-s. A - e ram im i n s u l a t o r  u n - i s  use -U n - n - -  pr - n - n -n-- i d e- tint ’ -n -a r t m c e  f n - r  e- l c - c t r l c - n - l

b r c ;m kd n - n -n-n-n - n - n - . T i n - n -n- m n - n - n - a le n - n - n - n --n- b o lt ed  in n - n - u n i v  to the n- - u m t h n - n n - in- - m n - i t t m  tin - n p m n - n - - x i p - I n s s

sandw i c i n n -  n- I in I n - n - n - n - w e - tn-n . T h i s  n cr : mm n - c - t-r uen -n n- rn--str i c t - - t i n e n - n - n - In t n - n -  n :e as ~m

w l m m n - ] t n -  p i n - - c - i -  d u r i n n n - n -  t h t n -  n- - i e -ctrie ;m i d i m - u n - i n - n - n - r n - n - n -s . n--\ i i n- ’ r e l a t  i n - n - - - r n -n - n - v t - n - i n - i - n - nt

n - n - n - t n - n - n- - n - n - fl th i n - - m n - n- n- l i - n - m d  ;m t l n n - n - d n - -  c - n - n - m i d  c - i n - n - n - .  k tin - n - - n- - n- - n - c  n c- n - c— i ns u lumtn - n - r. A l t-n - un -, t n - n e -

be n - its ut-re n- - i n - n - c t  r L - n - u l  l v  i s - - I n - m n - n --U t i n - -n - n - n - n - n - n - ’  a n n - n -n - I c  I n - n - n -  t i n - n -  rn- n - d n - n - n - n -  sp . I~ i - m n - - . 

-~~~-n-- --- -n- - ---- ~~~~~~~~_- n---n-- ~~~~~~~~~~~~ -~~~~~~~~~~~~~ - - ~~~~~ - - -
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Aluminum plates of 1/16” thick were- used as transmission lines to co nn e c t

the electrodes to the spark gap. n-\ p o ly e t hy l e n e  shee t  n -n - f b d - m i l  t h i c k n e s s

was placed in be -tn -n -ce -n the n - u n - n - n -  p l a n - n -n -s t o  pr n- - v tn - n - n t. n - i n - n v  i - i c - c -  tn -c ic-al b c e - u r n - d u n - u n - n .

The i n s u l - i t n - n -r in the p lasma gun n - r , - n-n-’ided t ine  s u r f i c e  a l o n g  u n - I n - i c - l i  t h e

e l e c t r i c a l  breakdown ton -n -k p I n - i n - e when  t i n - c  n - n - n - u , m i d -n- n - n - n - m g  w m s  su i  t n - n - I n - e d . T i n - i s

su r f a c e  was i m p o r t a n t  t n - n -  d n - - n - - i- l o p  t h e  p u i c n - m b o l i c  s i n - n - n - n- n - c of t h e -  current s h e a t h ,

w h i c h  n - n - n - u ] d  n n - t  be t n - v l i n d r  i c - n - m i or n - n - t h e r w i se- t ime f n -  us would not  be f n - n- c n - n - n - n -  d .

Au earlier design of the insulator was made of F v r n - - x g lass about  0.1’ wal l

thickness. The flange of the p- las s insulator u n - s  c n a d n - -  b y n- l n - n - mr ing  o n - n t  one

c--nd of  t he N -r t -x  p - la ss tube. I i cn - w e v e r , t h is finn -n p - p r - n - n -  n - - s m - n -  n - m i  n- -s result n - d

in ncn-nuniformi ty of n-he - f la n g e . D u r i n g  time - electrical dis . i n - n - - c e - s.

n - i n - n -, t n t -al and mechanical stresses cc - i n - - k - n- -n - I and sh atn -- c m c d  t i n - n - c -  i n s u d - n t - m

i n t o  p i n - -c e-s . To e l i m i n a t e  t i n - i s  p rob l em , the  i n n - - n u l n - i t n - n - r  was n-n-n an- it- out n -n - f - n -

new m a t e r i a l  known as g r n - i d n - n - —n-\ lava (available frn-,n-m Anwn-rjcan I,av.i

( : n - n r in o r at i o n , C h a t t n - m n - n n - n - n - n -p-a , Tennessee). This nn - n - te ni al was first m acin - m ed

i n t o  t i n - n c -  r i g h t shape and ap p r o p r i a t e  d i m e n s i o n s  i n - n - - f o r e -  i t  was f i r e d .  Th e-

f i r i n e n -  p r o c - c - s n - - u  sn- cvn - -d t o  dr i v n -,n- off the n--hemi n -- al i n - n - hound u - n - utn --r  i n t i n e

- - n-- r n - i n - n - n - i c -  ce - n - n - n- n I t  in n -n -  in ‘ n d a m  c c - n -n- -n - n - n - ni l i ne  u h a n g e s  . and the product n-n-as n-hen

inardened. Becn -iuse en - f the n - n - c -  chemical c h a m n c - i -s . t h e r e  un - n - s n - i 2 p e r c e n t  c I n - n - m n g n -

in vn -n-lume. The c - mn - - - a n - i m e a t i n g  was 200 ° C/h  and t i n e -  n - n - - r n -i n - n - n - i n -  mate n -rial v m s

h n e - m t e d  n - m t  n - n -  n - n - n m x i n - 1 n - u i n - n - n -  tn - a j n - e ’ r m t n - i r n -’n- n- n - f  1 1) 30 ° C f n - n - n -  30 m i n u t e - s .  Ti n -n - f i n n - m i

w a l l  n - l n i n --kn e ss n - n - f  t h n - n -  i n s u l t - n - c  w n-mn- -n -  - n - - n- - c  l/ ! i- ’ . Tin - i s  i n - n n - - n - n - n l a t i n g  m a t n -  r i n - n -~

In - ad  a dielectric constant n - n - I  5 . 3  , m n n - t  d i e l e c t r i c  - - u n - c c - n p - t i n -  S n - )  \ ‘ n- m i l .

When a new c e r a m i c  in - n - so n - i t  or  was p i t t  i n t n - n -  t i n - n -  - n - n -i n - mm -n -n .m , n - n f l  n - m s s i n - n - n - m h  I n-n-

n- x j n - c n - r i n - n - n - e n t n - ml r e s u l t s  ~i m n - n - w t n - d  t h n - i t  n - I nn - - f n - n - e u s  was n - nu t s n - m n -- c n -n - - s s f u t I n - -  I c - r o n - - i i n

t ime- f i r - u t t e n )  or i n f t t n- c - m n -  s n - i n - n - n - s .  A l  n - e r  n - l i e n- p - inn - u - n - s  i i  r n - - d  a n u n - n - n - i~cr  n - n - t  I n - n -~ n- S

t i n i - t - x ; n - e - n i n - -n - n - - m n - t - m l  n - ) i t n - t  o h t n - m n n - n n -d  n - n - n - - n - n - I d  he c n - n - n - n -s I s t n - - n - n - t . I n -  st - n-- m n - - u i  t h a t  t I n - i s

~~~~~~~~~~ - n -~~-’--- *--- — n- -- —— - - -- --n- —— -~~~~~~~~~~~~~~~~~~~ - _- n--— —-- - - - - - - - - - - — -  _ _ - n - n - n -_ A _ ~~~~~~~~~
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kind of n - n - c o n d i t i o n i n g ” of the insu la tor  was e s s e n t i a l  to the f o r m a t i o n  of

n - l i e  t en-n - n -e n - s .  One possible explanation would be that after a number of

“ b r e a k —  inn sh n - n - n - n - s, the s u r t  a n - - n-- of  t i ne - in su latu n -r would be conditioned n- ” m n n - n - m n n -n - I

n - e n  s i n - - ape  t i n - n -- cu r r n - n - n - n - n -  si’n-e n -m t h into the requi c c -d  p a ra in - n - n - l i c  f n - n - m n - n - n -  -

i - I  m n - n - i n - n - n - n - n - -  - i s  a d e t r i m e n t a l  p r u a l c - r n  to n- in - c n - n - n - r n - n - u n - n - i c  insu ln -ntor. ~l n - n~~s

n- n- n- n-s due- n - n - n - n-i vn - - r n - n -  hi gh e l e c t r i c  f i e l d  at  a sha rp  c- n- n - m n n -- r .  The f l n -m s h o v e - r

would crack the ins em laror and then t h e foliowing disc -ham -n--en- b i n - n - s  t ime c r i J - n - n- -n - i

ins u l n - m t , n - n - r i n - u n - n - )  n-n- n - n - n - d e r  . \~i ie m n - this probl eun -n - un -c - s i d e n t i f i e d , t i n e  space b e n - n - - n -n- -n - - n -n

t he  p L e x i g lass  and the  c e c u r n - i c  i n s u l a t o r  was f i l l e d  w i t h  RTV (a s i i i e n - n n - -

rubber  p r o d u c t  f c n - ’- n-n-n-  General E l e c t r i c ) .  S i n - n e c -  t h e n , mn - a c r a c k i ng  n - n - f  t h e

i n s u l at o r  d u n n - n -  to f l a s h o v e r  was o b o c -r v e - d .

The inductance of then - p lasma gun u-n- -ms de n - c - rn - n -n- in - ne d  b y i t s  p - e n -n- n - n - m e n - c - n -  n - i n - i d

d i m e n s i o n s .  In A ppe nd ix  A , t ine-  i n d n - n - c - t ance p e r  u n i t  l e n g t h  of a n-n-un n-n-- n- n- s

c - s n - i O n -n- n - c - u i  The t e n - t a l  i n d n - i n -  tn - n - n c - c -  n - n - n -  t i n - n -- n - n - n - n i in ttln s  e n - n - c - n - c - r  i n - - n - c -n - n t  n-n - n - n - S 3 n -  . 1Y rio ,

as cn -n - nn -m p n - 3 r n - -n - i to the  n c - a s - u r n -n - U n - n -a l  ue n- n - f  31.6 nH -

n - . -4 ~n - n -~~~

Tim -- t a r g e t s  u m s t n - d  in t h i s  e x p e r i m e n t  n - n - n - n - c e -  spher  n - e n - n - il n-n- n - n - u s  n- n - I ’ various

mat erials: aluminum (Z = 13 ) ,  n i c k e l  (7 = 2I~) , i ) l - H C  e m n - : n - p n -  c ( 2  = 2 n - n - )  , It - - i d

(Z  = 82), and stainless at e - c- i Type AISI n-/n- n- i — I , . An ‘- n - i - - ’ n-u n - c - c - tm - n -i mn - n i l : sis

n- n - f  t i me sn - ain ln -- sa- .-sn -n -n - r- l composition was shown in Fig . — . / . t i n - n - n - n -  r n - n - j o  of

t in e  K l i - n - n - - s  of e , h m n - - m m m i u m  ( Z  = 24)  tn - n - inn - n - mn - ( Z  n-n- b I n ) u n -  - i : b . a i n - . - n - n -  t m r p - n - t

hn - m I 1 s In - n - i d n-n- d i  inc t n - - n -’ n - n - n -  1 m n - n - n - (n -n h ~ n - n -  ‘i n - n - n- ti rn - n - n - n - n -  t in - e n -  d--w E n - n - n - n -  1 - l n - n - U - - in - n -  i - m n - n - m m  - P - n -  I I

C o m l n - i n - n : _ ’ , k i n s t e d  , (n - n -n - n n - m n -- c - t i n - n - ut). T i n t - d i am etn - -r I n - n - i n -n - m a n e - i  n - n - n -  t n - m e - sn - m n - n - i l l  n--n- n-n- m n--n-

n - n - n -  t i m e  n - o l e - c n n - n - n - c p e r t - n- - m n - L i p - c  w i n - n -  0. U S .  ~I un - - m n - n - in - n - n - mn - — n - n - r n - n - ce  1 n- iUp -l n - n - i e-n - n - n -

wn - ns v i  t h i n  t i n - c n -,- n - - n - n - n i c c n - n -i m n - n - - i n - m , - s. t I n - n -- s u n - i c e  a r m - , m n - n - n -  n- n - n n -  n- n t  t n - n -- n - - n -  a n - l i s  v m s

n-n- ~II ) - n - n - n - .

An n - n - m c i  n- a t t n -n - n - n - p - - I  i t ; m - - s i t i n - - n - n  t m n - p -  n - i n n - -  n - m r  n - n - - i  u n - t n - u  n - n -  n - m e -  n - I n -  i n - S i n- t n - n- n - i~~

r e p - n - n - n - n -  d c m n - g i n - n - - d  t i n - n - n -  - n -i n -~n n - - n i n - . i l  i n - n - m i  i s  i n n - n - n -  n - I n - c  n- n- n - n - n - i n - i n - n -n- SV S( n - “ . n-\ p u n t  i -  In - -
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l a u n c i m n --r was designer - i a b r i c a t e d  f o r  t h i s  p u r p n - n - s e  ( F i g .  5. l~~) . l i n e -

b n n - n s s  p l a t e  jn - r cmvid e d  n - I n - en- ine n - n - h a n i c a l  su n - n - - n - - ct  f u n - c  t h e  t n - n -n- I l et  r n - ,- se c v n - n - i r  and

n - n - an - I  a d i n - m n - n - c - n - e r  s m al l cr  n - u n - n - i n - n -  t i n - n - -  sp a ci n g  i n - c -  n - n - u n - n - e r  n - I n - n - -  c - l a in -ups  s u c h  t h a t  ti un -~

~n - n - n - r t  i c I c -  i n - n - n - i n - n - c -n - c - r  moun ted  on n - n - i n -, - p i n - n - n - c -  c ou ld  be pos ’i t ioned in t h i n - -  X and Y

di n - c - n - n -Lions with 1/1” adj n - n - n - n -n- n - n - n - n -n n - ts in e n - n - in n - n - a n - . Tin -c- pci lot m ’ n - s e r n - n -, n - m r n - - n - u  I d

ho u sen -  30 pe - I l e ’t s  o n - I mn -n-rn n- n - i  i n-n-n- n- n - e r  n-~n- n - r e. A shut n - n --r m n - n - dc- of  cm n - i n - i n  s n - - u  I n - n -  I c - s c - —

steel 1n-late h-i d - i  I n n - n - I t -  o n -  1 . 3  n-n-n-rn d i n - u n - - m n -- n - c r and cou ld  be opened by  n- n- s o l e n o i d .

A spr in - np - was n - mr tn - m n --he- n - i - - tine s in - n - i l in i n - n - ’ sole -inn -n - id n - n - nd t n - u s s p r i n g  c o u l d  
I

n- n-n-n-

r c - set  n - i n - e s - n - - t n - e r  a f n - e r  n- a - n - n - n -  p e m i s e .  n-/ c- n the shutter n - n - i s opened , a p e l l e t

n-n- n - s  d n -  e n - I  d n - m i  n- ne t u b e  n- n -o n- is e e l  i i  n - i n -5 n- n- set n - n -f  n- t i m l  n - t n -  t n - n - r h

n - n - n e l e c t r o n - n - i c  c i r n -  ul n- was dc-- s i  n- ;nn -n-d to n - In - t n -- ct  t n - i c  p r n - - sence  or  t i n - c  tar c t

n- n- n - h o t  (F i g. - ‘4 .10). A 1 i g l n L~~ - n - u i n - t 1 n - n - p -  d iode , M n - n - o r — l a  n - / ED 93u , was p lan --ed

1/ n - n - n - n - n - n -- f r -n - rn - n- p h-  n - n - n -n- t n - - n - ins  i c - t n -n - c , Mn - n - torola MIu P 550 . / m c - t n  a p a r t  in -  I c -  r n - n c - s e - u

i n n  b c - t u e - n - -n - n - t he  n - n - n : t n- - t  s n - n - n - n -  iconductors , p a r t  of n - h e  l i p - n - i t  n- rom tin - c - LL!) mn-n-is

b l oc k ed n - n - n - n - I  t i t u s  n-n - n e n - n - n - n - n -  i ye in- n - S e ’ - n - n -n- a b n - - n - u n -  100 mV was n - n - c - n - i c r - i  t tn - d  b t i n - c -

p h n - n - t o t r n - i r n s i s t  or .  n -hi , s pmi I n - u n - -  n-n-n-is t n - n c t h c r  a m p l i f i e d  In-v n - h e  o n - - n -  c n - t  l o on -m i

amp l i f i ers  to p -L y e  a 5 V - - - n - - n - i t  i n - c- p u l s e .  T i n - i s  p n t  n--n - c -  n- n - n - n -s t i n - n - n - n - n -  used t n-n-n-

s v - n - c - I i r e n -n-’n i z e  t h e  d i n - - u - -h a r p - n - - o t  t u t n - n- c n - n p a c i n - n - n - r  in - _ i c _ n - , , n - n -~L in - t i n - n - n -i t i n - c -  p c - l i e n -  wn-— .ld

be inn - n - i n - c  p r o p e r  p o s i t  i n - -n - n -  when  t h u - , U n -- n - n - s e  p i n - I sna f o e - n - n - s  u n - u n - s  t n- ’ n - r med .  Hn - n - ; n - n -n - v e r ,

n - n - in - c - rn -  t h  i p a r t  in-ic I au ncn - h t - r u -n - is t e s t n -  n - u i n  t i n - e n -  t n -n- I r n - m n - i s , t i n - n -- sn - m i n - - n - n - n - d u c t’ or s  in-
_n-

n-n-n- n- n - n -, ’ n - c - s n - r n - n -y e n - i n - n y n- t i c -  tn - l cn - _ t d n - n - r n - n - n -,n 4 m h c - n - I c -  n - n - u n - s n -c- f n - u n - m  L i n t d n - ’ -n- i n - , m r n - n - n - -,c , n u n - n - k - n - n - n - c

n - i n - i s  n-i n-’n-~n- r n - n - a c F n -  m n - n m - u -  t n - - n - n - h  1 n - n _

u\ n - l j n - f c~~c n - n - n -  n -n - n- n - c - in-c- i cr  n - n - n - S n - t i n n I n g  n - u n - -  - n - i n n -  n - t’ l c  n-n-~~~ i I - m m s ~~r n - n - c - n - l  in - n

- , . , - ‘ i ) . P i n - n - t n -n - n --u n-n -n - i n - i n  s l at s  n-n- e i c - n --U m n -  p - m n - n - n - - i n - i n - n -  n - i e I l n - n - n - n - n t n - n - n - n - n - -- n - i f  1 2 ’

- h i  t I n  7 n - u n - U  n n - i i c e n -u t i n - n -u s .  n-\ . n n - r~ - n - i n - I n -n - - n - I  r n - - n - i  n - n - oul d Sn -’ - n - n -~~n - au-n - tn - d in - n  t tm n - m .-

n - n -  - n- -i n - in n - I  - n - n -  S b e - u  n- ny  n- , n - ,~~~. s n - n -  I n - I c - r i- i n -  t o t i n - c r i - U  n- - - u n - r n -  n - - n - f t  t I n - n - ’ n -n -n - i cun - r -

n- -n - nd n - n t  t i n - i s  n - n - n - n - I  n - n - - i - - n - n - n - n - i n - n - n - I  n - n - n - n - t i n - n - c  n -n -- i  t I n -  ~m n - n -  n - u n - n - n - n - n - u n - u n —  I n - i n - n - t n -  n - n - H i  n - n -  — 
n- —n-
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was epo xin-~n-d to a Pyrex glass stalk. The glass stalk was made by pu lh i n - n u

n - i I n c i t e - n- I g lass  rod and l a t e r  was en - i t to the  r e q u i r e d  l e n g t h .  The t a r p - n -- t n-

a spin-eric-al ball , was glued to the tapered end of the stalk n-n--i n - h as li -ti e

c- p n - n - x y  as possible. The epoxy m a t e r i a l  used W n - n - 5  T U R R — S E A L ( n - u  low v a p o r —

p r - n - c - s n - n - c c -  e p n - n - x v  f r o m  V an i a n , Pai n- n - A l to , C a l i f n - - r n - n i o )  - ‘ li me - t n - ip c - r c d end o n -  t h e

g lass s n - n - i l k  had a d i a m e te r  n-n-— 0 . 1 2  mn-n . l I e - n - n e c -  the  n - m r e a  n - n - f  n - h m n -- c-nd n- if tin - e

n-- p - In - n - n - n -s s ta lk  was only 1.5 p e r c e n t  of tha t of  n - n - p art/ - in - c- n - n - f 1 non- d i n - n - r.n - n - c - ter.

A lie-—Ne laser ( M n - n - n - i n -- 1 155 f r o m  S ; n - n - n -c t m - n — P i n - v s  l e n - s )  n - n - n - mn -- u u sc -n - i  t o  i n d i c a t e-  t i n - n -

[mart ic- Ic- position in the chamber. Tin-is alignment pr on -- n - - d u r c -  was n - ne- c e - c - s n - n - r n -

to  i n - n - s u r e  t in - a t  a l l  t a r p - I t s  were  in he sn-n-ce posit in - n - n  ti ucn - n -n - np -imn - n- n m t tin - c-

e x p e r i m e n t .  The p o s i t i o n  of t in -c f o c u s  rn - n -p - ion u n - n - s  m e a s u r e d  n - n - n - n -  t h e  o p t i c - n - m i

I
’n - i c -  t u n e s  t a k e n  fn -n -r n - i n n - n -  c ~ n - - n- t n  c - n - I  U i c - n - n - I n n - u r n - c - c - s  , i n - n - n -, E n - n - n - n - n - n -  m b o u t  5 n-n -mm f r - n- n - - n - t i n - n -n-

s u r l n - n - n - e  n- n - f  t h e  anode .  I - ic -n c - n - c - t in e  t a r g e t was p - - n - it i - ’n - n n - -d S n un - n - n - fr - n -n - n n - In - n -- an - - n - n - n - in- ’

s n - u t / n - c e - .  n - n - n - r n - n - n - n p -I n - n - c - n - m t  n - I n - n - n - e n - - n - h - n - r i m e - u t, w i n - c - n - n -  t n - n - n - n -  p- i n - s n -  c - n -  1k l u — n-n - c - t n - c r  - -n - i t  a n- in - c

ta r g e n -  was s w c - j n - t  n - n - w a r , a n - nc - u n -  t a r n - n - n - - n -  was n - n - n - e n - n  i n s t a l  l e n - I  f o r  ce~ n - l  n - n - c - c - m n --n - n - n - i

5 . 5  : n - ~~
-
~ gnn -n -~~ t i c -  I n - n - s trn - i n - ’ n -emn- t n -mtion

i l - n - n- diagnostic in st ru rn -n -n- - n - n - t at i o n emplov n--d in t n - n - i s  s-n- n -ck inc- I n - tn - c - n- - n-I

p - n - n - n -’ n - n - w s k i  coil , a vol tn - n -n - n - c - divider , a set o f solid— c - t n - n -t n-- X — r a y  d e t e c t or s ,

and a 1- n - n - i aroid ca rnerm.

4.5.1 Rogowskl n - n - u n - i l

n-\ Rn - p- n -w n -~ki n - n - n - i l  u n - m s  cn - sc - cm n - ti a l ti n - n - n - n - c - m s n - i c n - n -  h e n - t t n -  n - I n n - -  m n - n n - m g m u i t u d e -  01 t I n - c

n - t i n - n - u  i c - u r g e  c m n r r e -n t  i n  t h e -  p l i - - n - n - - n - n -  n - i n - n - U t i n - c -  n -n - ove n- n - n - c n n - , w i n - i n -  n - n -  n - n - n - n - c -  im pcn -  c t a n  t, f n - n - r

t u r n i n g  t h e  — u v s t n - n - m n - n -  t i n -  oh L a i n - n -  t h e  f u n - e n - i c -, . ‘tI n - c  b a s i c  p n i n - n - e  i j n -  n-n- n- n - f  n -h is

I n - n - s n -  rn -n - - n - -  c - n -, n - n - m n - n -  t n - n -  m e n - i n - n - n - n - r n -, - n - i n n -  n - - m p id u y  n - i n - n - mn- -- - n- - n - i r v i n n -  n - n - . m n - n - n - n - c t  ic  i n d u c t  i n - f l

n - s c - n - n - n -  i a n - e d  n - n - i  t i n -  n - n -  i n - m gi— and t n - n - n - i sed n- n- n - u n - ’  mn - -n - n t j u n t h e  in- I n - n - —n- n- n - n - n - .  ‘ I ’ m -  I n-n- t in ’.- —

n - In - m n - ic ing n - n - - n - n - n - m n - n - n -  i n -  I i n - i d  n - n - n - n - n - i  Id  p - c - n c - r a t  n- i n - n -  n - i n - n - ct rn - - n - : u - n - n -  ive  f o r - v — , n - n - l n - ’ t ’-

n-n - u ,  n - n - n -n- n - n - n - n - i n - n - l i e -n- n - u n -  h un - -n - i n - n n - i n - n -  n - c n - i l .  h i —  i-I u n - g n - n - n - n -n- ,- - n - k n -  n- - en - i l  n-n- ’ n- , n--n - m m ‘ n - n - n - i  inn-

F i g .  4 . 2 1  i n - n - n - i  i n - s  &n - q n - u i v n - n - l e n - m n -  n-/ rn - -n - n - i t  n - m m  P i g  . .n- .22.

-- — - ~~~~~~~~~ —-_- - —- -- - - - — - - , ~~~~~~~~~~~~~
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1(t ) R
Wv

L I

C~~~ v(t)

d4u/dt ~~.

Fig.  4 . 2 2 .  The equivalent circuit din -np -ram for n - I n - n -- R ’ n - p - u n n - n - s k i  co i l
and an RC i n-n -n -egrator.

n-i

F i g. 4 . 2 1 .  C u r r n -n - n t  w a v n -’- t  n - n - c m  t u o m  n-i n - n - I n - n - - n -  t n - n - I  c m i n - m u i t n - n -r n- n- n -n - -  n- Inn - -
co libr a t ion n - n - n -’ t h e  Rogowski n - m n - i l .  

~~~~n- .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - , - n - -~~~~~~~~~~~~~~~~—--~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ._ _  _ _ _
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ln Fig. 5.22, the circuit equation was

= L ± Ri + ~ 1(T) d-

where 1(n) = current flowing in the d r - n - n - u t

R = resistor of the Integrator

C = c a p a c i t o r  of the  i n n - n - n - p - r a n - n - n - c

L = induc n- n - n - n - ne e of the coil.

II’ R > >

r t
RI + — i ( T )  U

n-- I C J 0

un-I n n - - rn -- = h ighest, significant fc n -n-quen ey componen t of and for t - .
~~~ RC ,

- - I d~:
L ( t )  -

~~~~~~~~~~~~ -

T h e r e t n - n - r e- , t h e  o u t p u t  vo l - n - p - c -  was esn - -n - c m n t i a l l v

v(t) = 
~ 

1(t) dr = . ( . l )
- n-

n -\ s the magnetic flux wn -n-s proportional to tIn- c main current 1(t),

= KnI (t) (4.2)

where  n = nun -ni - er  of  t u r n - i s  of  t h e -  w i r e  on t h e  c o i l

K constant d c - p e o n - n - I  - ng on t i n - c  p - e n - n - m n - n -- t r n -n- n - n - f  n- mc c o i l  and n - In - n-

n-n - n u r r e - n t  di  ~ n - r i h u u t  i n - n - n - n.

Combination of Eqs. ( n - n- . [ )  n - n - nd ( n -. . 2 )  gave

Kn - 

-

v (t) = ‘~~~~ l i t )  ( ... 
~~~

v i  n - )  = K ’ I ( t )  ( . . -.
‘

w in - c r c -  K ’ = ne-n-n- 1n - r o p n - n - r  t i n - m n - i n - i  I c - n - n - T n - s n -  un - n t n - n -  t~ t h e -  i- n- n - i  i an-nd n- n - ut - in - n -! n- - n - n - n - - m n -  n- n - n -  -

_ _ _ _  - --
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Tine above conditions required that R >> .WIn - and t < <  RC .  ‘ Fi ne - sn - n -

-

n- 
in di c -an -cd large values for R and C. However , fq. (-- .3) sI n - n - n - w e d that the

output ye n - i n - n - n - g e signal was inversei’n-’ n m - n - p o r t  tonal to the RC pr ~~ i - . t and

n - i c -- u n - en - - - compromised caIne -s of R and C mn - n - ne t  be c ) m o s e n .

~n t i u i s  e - x p c - r i n n e n - n - t  , tine core of  t i n - c  Ron -n - o n - n - s i- n -I n - n - o i l  n - n - n - n - s  made of p l en - n - :i —

gi n- ic - s n - n - n - n - i c - h  e ss en - n - n t i a l i y  h~~d t n - u n -, r e l a t i v e  p e r m - n - c - a h i l ’i e  n - -  of 1. T l n - irn - ’n -—thrn - ’--

t u r n - n - n- o f  gauge number  50 c - i c e s n - n -  cn -n - evenly span -n -e d ar - n - n - n - n u n - i  the core. One end

n - n - f  tin - In - c n - n - iI u -m n - nn - I in g n- n-- i _ r n -,- was threaded back tm n - r omn - p -~u n - d c - turns of the coil to

th e  initial end so n - i un - n -t tin - c - f l u x  which threaded the m a j o r  o p e n i n g  o n -  t h e -

n - n - n -r e w n - n - n - u i_ d n - ne t n - n - n - n - - n - a d  n - in - n - n - ’  n - - . n - r t  n - n - -n - n of the  n-n-n-en- n - n o n - n - r i - nc c ir e u n t .  ‘j’ n-’n i s  n - u r l u n - n n -n- n - - —

menn - n- c- n - n - u n - i d  insure that t n - m e  s i gnals  measured wer n - n - Only Un -ic - to n - ho n - n -c- c- In-nrc -n -its

p n - n - s s i n - n~n-n - throup-in- the core. On n-op of tine n- n - n - cc , u n- -pper tn - m i - c - - c - -n- n-- rn - used to

n - n - rn - n - p arn --und t i n - n - n -’- corn- H u t  a slit wn -n -s cut longitudinally along tin - n - - copper

1 u\’in -r so n - ms to e l i f l h j u n - i r n -,- - mn - n - n- in - n - , n - n - n - ced current in tn - un - - n-~n -i n-en-s . Tmn - i~ i n - i n - n - - c un -f

copp er u-n - is ,n - n - n -’ n -n - u u n - - 1e-d n -n -nd - n - c t in -n -ned as an d ec - tm -n - s i n - n - tic shin - : l d i n . n -  op -n - i  n - n - n - c - n -

n-In : possible - c n - up adi t iv mn - - c e - n - n - n - n - lin g to i n - n - m g- n -n - v ol — n - p -n -n -n - - fl uctun --i t tons. ‘n- n--n-~~n - n - t~~— mil

th ick t n - - n  i O f l  tapes u-e-re put on-n n - - - ;  of the copper n - n -  n- n -r ov in - n -e- elc -ct ri cal

m n - n s m n - I a t i o n  i n - e t u c -, - c - m n- time g m - n - u n - n - n - S e - I  ce n -pp e-r shielding ami d tin e e m m c c e n t — c n -~i rr ’ n- ’ ing

t cn-un smi ssion -n- h u n - n- . An i n - n - n -  n - c - p - r n - n t  n - n - c  uS/ en -n - consis t c - - n - n-if a resistor and n-n-

cap aci tn - -r was chosen n - n - ’ sn-i t I c - n - ,  the design cr1-en -n- and n-n- n-n- s housed in a

grn - n - n - n n - nd e-n-I t n - o x .  Ti n - mn - n - n - n - un - n - - u t  vn -’n - l  t n- n - p - n - from tin - n - - capn --n-c n - t o n -  n - n - i s  t ransrn n - n - n -  n - n - n - I m y

n-yen- n- - n -m n -x in - n - I n-n- n-n- h icc - nn- t n - n - n - c - i n - n - n - n - n - n - t n - n -  un - f’ a d n - n - n - n -i - mn - n - n -i n - l i _ f n - e r c-n n - i n - -  I n - -k  n- r n - n - m i  x

osci I b c -com e , Ty p e  i n n - .  I 3 n - - t h  i n - n - - n - i n - s  w e - n - n- n - c r n - n -n - n m i n - m t n - c -d w i n - i n -  n-P n - n -n- n - n - n - s n - n - n - n --s

t n - n- mn -itch t n - ui n - n - lm n - n r n m n - n - e r i c - t i n -- i n-n - n- i n - e - c l ’ n - n - m n -.’ c- n - n - f t n - n - -  un - n - n - T n - i n - s .

l ’Iin - n - i n n - t n - m u - n - a n n -c- n - n - h  t n - m n -_ n- n - - n - n - n p - n - n -n - n -sin- n- n - n - n -i I u n - i s  g i n - n - - n -  t n - v

- n
2

u~

---- - _- - - - -  ,-~- . -~~~~~ -~~~~~~~~~~~~~~- - ~~~~ -~~~~~~~~~~~~—‘--— _-,--~~~~~~~ ---‘- 
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where  n-’0 = permeability of free space

A = cross—sectional area of the n - n - u r n -

S = axial In -  n - n p - t i n -  of the c-n - re.

The physical dimensions were

= - i n -  lO~~ H/rn

A = 8.0645 x l0~~ m

- n- — lS = 4 . 5 1  - 10 m

n = 33

L = 0.2448 x 10
6 

H -

The period 01 t i n e  interest en-. signal was T = 2 ;n-secn- or = = iO
6

n - .  n-~ L = 0.7nq -

R was p icked to be 10 k’n- and C as 0.01 c-F n - n - n - 500 V. Or , RC = l Ot

‘Fin - c - nc - torn -- , R >> - ,~~L and RC ‘> T were satisfied .

Calibration of the Rogowski Coil

The Rogowski coil was calibrated by using it to measure tine snc n - rtn --d

current from a capacitor of known capacitance C , n-n -nd c-harp -cd to k n n n -wn - ’

voltage n-n-
n- The n -n - urr e - nt u ’ n - nn - ’n- form was tin -en disp layed on a c - t n - - c n n - n - c -

oscilloscop e- . A typ ical waveform was sin-own in Fig. 4.23. The r i u n - g i n g

period . T, was due to tine inductance and  dap ad ita m n -cm- of the- capacitor.

Fr om 1-1 g .  a . 2 3 ,

1(t) = 1~ s i n - n -  ,~t

n - n - nd
v ( t )  = v s i n - n -  - t -

l i m e - r n - - I n - n - r e- ,

K ’ - 
( i n - -~~

Li 

-_ _ -~~~~----— -- -
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As T and v() n - n -  m n -  mn e n-n- n -n- iured  I rn-n -- n-n -n - Fig. (- n -n- . 3) , n - n - n - n -  n - n - n - -n-n- i n - np - C an -n d V . K ’ 
n- 

-

io u/ i  be ca In -n -n -n -i a n - ed from Eqs. (4.0) and (~~.7).

,:n - 5 2  Voltage div2dcr

Inn n - n - rn - i c r to n n - n - n - - n - n - s n - n r n -n- t i n - n -- h i gm n - — v o l t a g e  -n- e m l s c s  assoc  i n - n - c-U with tn - n -  in- i_ n - i c- n- n -m o

discharges , a Vo l t - i n - n - n -- d i v i d e r was c cqu i r e d  n - - n- at n - c -: n - n - n -, n - tc - n - In -c mn -n -agnitude on-

c- n - men - n pul se-s to a V n - u  i _ n - ne c-a f~- en- mn - n - n - i n - n - n - n - for t i n - n - -  n c - c -  i l l  oscope on n- n-- h i _ c - l u  t i n - n - -

vol t n-ge - wavel- ’n - m n.n- un- - -r - .- d i s p l ac e d .  In t i n - i _ s  wo rk , a c a p - n - i c : tive divider was

desi gn-ned f n - n -  r tin -is ;n - n-irpose b in-- n-- n - n - n -~n-e an n - n - i-n-pen ’’ input i n - n - n - n - n - n - -n- I n- n n e c -  n-n- o n-- c - cn n - i re- n - h tn-n-

p - rn - -n -n-n - n - n t loading of tn - n - c - ci r uin - being m o n t — n - n - r n - - U  - i n - i s  e n - n - p - n- - i t  iv e  d i v i d e r

me cn - su rc - d  the vol -n-ip-c- wav e - n -  n - r n  n - i t  the p -cc - c - el i n-n - f  the- p i n-c-ma p - urn - and n-n - n -_n-s

c l ip p e d  n- n -n  t i n - e n -  n- rn-insmis sion l ines c - n - n - n - - i n -  t i - n- n - i t  the din - - ider c - m n - n - n -n- mn - n - s we- rn - pi n - n - c t-U

t n-n -mn -en -n - i  i - i t e  I n - ’  at tin -c m eas n-mr n--n -mn- , - n - n t sensing m n - — - : n - t  ion . g u c m n -  n - n - n -  a r t ~n - n - n - n - un - n , m n - n - n - - n - n - t  n - n -- i n ---

n e -e n -n - c - n - n - n - i n n -m n- to a c h i e v e -  u n - n -  n- n - 0 n - n -
~~~~

n- input i n - n - n - p c - d i n - m n - n - c  n - n - n - n - n - n - n - - n - n - n -  n-
_ n - , !  I n -n - C t i n - n - t n  ( i l S t n - n - T’t i o m n s

n - I n - n - n -, - n- . n - n -  i n p u t  c - n - n - i n -  i n -  under t n - n - s t  pu l se  n - n - n - n - n - n - d i t  i ons .

F i g u r e  4 - 24 s i n - u n - n - c-eU tlìe c - n - up - n - n e i n - i ye n-I l v i  - ic r n - - n - n - u n -~’ 1 en -c c - n - I  i n  n- n- i s  c - x e  r I ~~‘ n- ’~~ . -

Ti n- c n- - c - n - in - rn - i l co~n - n - n - c r rn - n - U , he- t n - - f  in - n -n d i n - - b e n - r i -’ - and t i n - n -n- n - l o u ’, u n - np - b r i s s

c v I n - - n - n - m  t n - n - r n-e U ti n - c n - h g  n- - n- n- - n - / t m -ge e n - i N n - c - i n - r n -n- ’ , (
~~~

. n - n - c -  f i n - n - m t  : n - n - p -  c v i i n n - I n-- r , t n - n - n -

t—mn - I m l  n - n - c c - i  - i t , i n - n c ]  n - I n - c  u n - r n - n - n - m m n - n - t n - n -n- hr ,ms s n- -i n - n - c t n-n- n- n- n - in- n - n - n - rn - n - n - n - - n- t o n - ’ i n - n - n - c— n-n-n - i n -  - in - n -n--

rd h n - n - u c i n - u n - r, ( , Th t wn - n - e u ] n - n - n - ’ i n - m n - r s  - - n - c -r e  n - o n - n c - n - r n - m e n - n - n - :  in e l m i n - / d e d  c n - n - n - n - - : i n -/

t ’.’ ; n - c-  t n - n -  c m - n - i n - u n - - c -  m n - n - n - n - s i n -  n - rn - n - i n - u n -n- i n - n - r n -  r n - n - ru t n - n - n-- i u i g m n - — n n - n n - n -n- ’ r n- n - n  i n - - n-n - -  c i r c u i t  - F n - - n- I n -  n - n

u n - n d  my n - n - n  - ‘ - “ n - -  n - i n - n - n - U n -ms th e- n - I i c - l i - n -  n - n c-s in - n - n- n-’n - n - n - n - c - e -  n- - n -  t I n - n -- i c  I n - n - n - n -’ ‘ n - u - i  t a p - n - -  n - m n - n - n - h  
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‘S
n - e n - n - n l n -n- ,- r n - i t u r e  coefficients , and independc -n--uce n - n - f  f c e q u n - n - n - -n- = v . h u n - n - s e -  d i~~ln-n - c t r ie

p rope r t i e s  were n c - c c - s n - u r n -  t n - n -  p m -  n - c - r n - n -.- t h e  i n - c - s t  n c - n -- n -  i n-n-ne r e n - n - p o n - n s c  .n - nn - n -  t o

n - m v o i d  an - n - v  l a rge  s c -r i l e  s h i f t - n -  in n - t n - n -- a n t e - n - i n - n - n - i n n -n I n - m e t

The i n - n - n - n - c ut and n-,n - n - n - t p u t  c o i n - O n - n -c t i e - n - is of n - i n - m s  n - n - n - n - n -- n - c n n -  l en - n - n-’i i v i U n -- r  n - n - r e ,

s I n - n - n - n - n - n - n  i n - n  l i p - .  4 .25. ~i t n-e n- ’n - n - u t p n - u t  n- n - n i  t n - n - p - n -- si gnal fn -~~rn-n- n - inn - n -  f l o a t i n g  n - I c c  r n - i n -

was feu into a ne-sic-tor R
0 

(50 P) , equal n - - n -  the c n - a c -- n - - n - c - r i  - n - n - Ic i n - n - n - n - n -n-n- U n - n - n-  n-n-

n - n - f’ th e  cab i n - -  win - ic - In - t ran -n-c-rn -nit t n - -d  tn - n - en- signal to t In e - osn-’ n - i  i n - n - s n - n - n - n - n - n -  - 
-l i n - i  s n - n - n - n - n - tn - in imn-

tec - i ufl iq n-n -c- pn-n -cn -~i tted o nly  one rel i c - c ti_ cn-n Ic-n -n fast pm ,n- ,Ises - n - n - n - u i ing n - n - n - i ’, c ln  t n - n - n - n -c

tine c a b l e  looked 1 i k e  a r e s i s t e r  e q u a l  t n -n- i t s  c h a r a -  t n - n - r i _ s n - i c  i r n -~ n- n - n - n - n -i n - ln -n -c- - u n - n d

n - li en - t n -n-n p - p c --n -n - red as a capa c in - n - n - n .  n - i n - c  at t e n n - n - , u t i o n  I n - n - n - n -  - -r n- n - f n-h is c - n - m p a -  In - e V n - ’

divider n-n-us:

- C - c - C
- n - n - n - i n - u n -  v o l t n - i p - n -’ - 1 1

n- \ t t e n - n - n - n - i t l O n  n - S c - t n - n -  r -’ -—— — ----—’~~ ’--. ‘
~~~o u t p - n - n - t  n - n - n - e n -- 1

1

I 
= i i  e n -  — V n -.n - I n - n- lLn -e- c - n - n - p - n - ic in -or

I n- I n - - n - n - — e n -n - I  t n - np - n -- c - n - n - p - n - n - n - n -  i n - o r .

- s i n g  t i n - n - -  e u n - o x i a l  c v h i n d n i n - n - u l  c - a p a c i t n - n - r  a p p c n - n - n - - n -i r n - n - n - n - i n - n - n - l. t in-c est imated

v n - n i u e n -c- i - n - c  C
1 

un - in - id 1n- un- n - n - r n - n -  l - n - . l  in -F n -n - nd  6.59 ni- , rn - - c-~ n- en - - t n - i v c -n - 1 v . t in - c  e n - n - n - n - n -e r r —

n - n - n -n- n - n - n - t n - u! v u / m e - c -  n - n - f  n-i nn-I H n - n - n -  500 k H z  w e r e  1 -  n- n - I n -  n -m id ‘n . h n - n - F , nc - -m n - n e - c t  ~v n -  n- n- ,

n - n - s  n-n -n - e n s u r e d  w i n - l i  a eec n - o r  impedance - n - er (it - n - n - In - - I ~n-n- -- - n- n- ’- , in -v Hen -n -b e t t — P a n - n -  kn - e -~d

i n - or e , t i n e  a t  t en  u - n - n -  i n — m n -  f a c - t n - n - c  n - n - f  t i n - i s  d t v m . d c - r  w i -  - - 1 2 . i J ~

) .  3 3 K — r o n - n -  dn -  t n - c - t n - o r

n-
n- - n - n -  t n - n - — s t a t e  - n - n - m i  e n - n - n - n - I n - n - ’ n - o r  in - n - us c- c ’  n- - n - - n - i l  - m d c  r t n - n - e e~~ n - n - -, n- r e -on - r

n - io n - n n - I c - t n - n - c - t n - n - r n - n -  I n c  n - — r n - n ’ ,-,. [an-- in - n -c ~3 i 1  - m n - n d e n - r n - n - n - - n -  n - n - s c - t i c - t n-

‘ I n n - , - — n- - n-n-n- n- ‘ n - u . n - lu rn c n- j u n - - s i -  m n - I n- ’ n - n - t n n - t n - S n -

1 n- m n -  n - ] n n - r c - c - u ]  u n - n -  n- i nn - n -  h n -’ - n -” - n- - n - i - tin - n - ’- n - n - i n - o n - n - n - n - n -  n-n - n - n - c - r n - -n- r n - n - n -  - t n - n -  p - i  n- n-

‘ - n - n - n - - n- - n- t ‘ n - n - n - ;- n - n n - ’ I m n - n -  in - I n - c - n -- n -  t I r n -  - n- u ’ - n- c- n-- n -  U t ‘n - r

- u n - t  r n - - n- - n - n - m n - ,, v - r - m I n - n - p - tm n- - n - r n -n- n - n - p - n - .

-- - - -  _ _ _ _ _ _ _ _ _ _
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(3) faster pulse risetime ,

(4) rela tive simplicity and convenient size ,

(5) and higher density which enables them to stop energetic : particles.

In the energy range between a few keV to 50 MeV , most of the inter-

actions of X—rays with matters are due to one of t h e three processes:

photoelectric effect , Compton effect , and pair production . In Fig. c .26 ,

the absorp tion coefficients of silicon due to different processes are

plotted vs. energy . At energy below 50 keV , photoelectric effect

predominates. In this process , a photon gives all its energy to a bound

electron , which uses part of the energy to overcome its binding to the atom

and takes the rest as kinetic energy . The electron—hole pair generated is

then collected by an applied electric field across the p—n junction of the

semiconductor , and a electrical pulse is obtained proportional to the en—

orgy lost by th e photon . Because of the high excitations that can be

produced h~ the collisions , the average energy required to produce an

electron—hole pair is greater than the energy separation of the bands.

For silicon the average energy per electron—hole pair is 3.66 cv and the

enor~ y separation is onl y 1.11 eV.

The semiconductor used as a pulsed X—ray detector in this work was a

double—diffused PIN silicon detector (Model No. l00—PIN—125 , from Quantrad

• C o r p o r a t i o n , Los Ange le .s , Cal i er a  i a )  . This  d e te c t o r  had a~ a r ea of

100 mm 2
; se n s i t i v e  depth l~~ u r n ;  e n t r a n c e  window 1 ~.n ; and n e g a t i v e

b i e~ing v o l t a g e  ot  V .  A~~ ord ing  ~o th e  m a n u f o c t u r e r  ‘ S c :nec  i f i c i t  i on

sheet , the ~~f f j c  I O f l c~ V of t h i s  d e t e c t o r  was a t  max imum v a l u e  ~or  ph o t o n

• energy below 10 k ey and d ropped  to on ly  1 p e r c e n t  f o r  energy  above 45 keV .

In l ie expe r i :ui t , two det c L o r s  w e r e  p laced  s ide  b y s i d e  in t h e

p l c ~ r n i  chamber. Each sem icond ’ic  tor  was m o n i t o r e d  b y 10 C i c c  t r o n i c  ci r o n  i t  

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ • •~~ •~~~~~~~ 
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Fig. 4.26. Partial and t o t a l  a b s o r p t i o n  c o e f f i c i e n t s  for gamma rays in
silicon , from dat a in Grodstein , C. W . , N.B.S. Circular 583
( 1957).
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• shown in Fig. 4.27. A negative 200 V supplied the biasing voltage to the

• semiconductors , and the 1 kV , 0.1 uF capacitor blocked this biasing voltage

from the input of the oscilloscope. The 50 Q resistor matched the cable

• which transmitted the signal pulse from the detector. The 1 k 2  resistor

• and the  2 . 2  u F  c a p a c i t o r  formed the passive i n t e g r a tor  w i t h  a t i m e  c cr1st~~nt

of 2 . 2  msec.  Wi thou t  th is  i n t e g r a t o r , the c i r cu i t  measured the  t ime—

resolved X—ray ou tput  of the p lasma focus .  With  the  i n t e g r a t o r , the  s i g n a l

was the  t i m e — i n t e g r a t e d  o u t p u t .

D i f f e r e n t  m e t a l l i c  fo i l s  were used as f i l t e r s  fo r  the X—ray

d e t e c tor s .  The m e t a l l i c  f o i l s  used were beryllium , aluminum , nickel and

gold (ob ta ined  f r o m  A. D. Mackay Incorporated , New York , New York). The

f o i l  t h i cknes s  was only a few m i l s .  These f o i l s  placed in front of the

d e t e c t o r s  b l o c k e d  o f f  the  o p t i c a l  li gh t  f rom the  focus  and also shielded

the s e m i c o n d u c t o r s  f r o m  any eroded m a t e r i a l s  emitted from the  plasma gun

e l e c t r o d e s .  Fi gure 4 .28 a showed a damaged de t ec to r  w i t h  a two—m u t h i c k

aluminum filter which was used in the t r i a l  r u n s  of the  e x per i m e n t .  Th i s

detect or was placed along the axis of the plasma gun arid at a distance of

‘ .S from the anode surface. The eroded materials from the gun eiect rodc s

p ierced through the foil and were deposited on the semiconductor surface.

Fi gure 4.28b compared a damaged semiconductor (left) with a good one

( r i g h t ) .  In o rde r  to avoid such damages , the  d e t e c t o r s  e r e  t hen  p l a c e d  a t

90° to the ~un ax i s  and it  a d i s t a n c e  of 6” f r o m  t h e  a x i s .

4 .  ~~~. 4 I I l 1 w 1 i ~

A Po laro i • d Land c i m e r l , ~to~ie l  l~fl , arid Polaroid b lac k—and—white f i l m

Type 107 , speed 3000 , were used to take the optical p ictures of the dense

- :1 P 1 a s j~~ i focus . The 1 ra was set next - th e  p lasm :i r imbe  r an d  i or used it

I p lasma gun anode  s ur t i c e .  Nc : i t r a l  d e n s i t y  f i l t c r - ~ up to neutral density

I (~ v i r e  t a c k e d  on th~~~ ~imc ra I ens such t h a t  t h e  opt  i a I c m i  ss ion s  from t
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P. Fig. 4.28a. A silicon detector with a 2 mu thick
aluminum fil ter , damaged by eroded

• materials from gun electrodes.

H
Fig. 4.28b. A damaged detector (left) and a good one (right).
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focus would not saturate the film . The camera shutter was set at the B

mode and a pneumatic cable release was used to manually control the

picture taking at a remote distance. The camera shutter was opened only

a fraction of a second before the capacitor bank was fired and closed ri ght

• after the discharge . The optical pictures of the focus obtained i n  thi s

way were time—integrated.

The experimental instrumentation is shown in Figs. 4.29 to 4 . i i .

In Fig. 4.29, the high—voltage power supply is in the background , th u

capaci tor bank and the plasma chamber are in the middle , and the overhead

cables lead to the screen room for diagnostics. Figure 4.30 shows thc

capacitor bank and the spark gap connected to the head of the plasma gun

and the voltage divider at the breech of the gun . Figure 4.31 shows a

wooden box built to cover the capacitor bank when the experiment was

running. This was a precaution against any possible exp losion of the

capacitors . Figure 4.32 is a top view of the p lasma gun at the breech.

The voltage divider is on the left side and the Rogowski coil on the ri ght

side. Figure 4.33 shows the electronic instrumentation housed inside the

screen room .
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Fig . 4.30. C o nn e ct i on o  c l  t h e  s~o c k  ~ap .-, i t h  the li e -id of the p lasma gun
and t i i o  capaL: I t o r  h o i k ,  t i l L  v o l t L ~ge i v  de r  is on the lef t .
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Fi g. 4.31. C a p a c I t o r  b i n k  c i c c !  w i  i b i  wc , leic hex d u r i n g  operat ion . 
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Fig. 4 . 3 2 .  Top view of the  breech of the plasma gun. Voltage
divider on the left and Rogcacsk i coi l on the right.
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5. RESULTS AND ANALYSIS

Like any other plasma focus experiment [11], [12] ,  [15], [23J, the

reproducibility of the data in this experiment was poor. Occasionally,

- 

* 
the sh t—to— shot variation was very large. In this work , ten dat~ points

were obtained for each set of conditions , but , out of the ten , only five

points with the higher ~ja1ues were used in analyzing the experimental

results. This was done because we were interested in changes in maximum

X—ray yields from the focus. These five points were averaged to obtain the

mean value , and the spread of these points was represented by an error bar .

5 .1 System Operation

Various factors like voltage , pressure , inductance and capacitance

affect the formation of a focus . These parameters were adjusted to obtain

the focus while a Rogowski coil and a capacitive voltage divider were used

to measure the current and voltage waveforms of the discharge , respect i v c ~~ • .

Fig. 5.1 shows the current (upper trace) and voltage (lower trace) wave-

forms of the p lasma focus , operating at 1 torr presnure and at 19 LV . 1 :0

dip in the current was accompanied with a voltac.: spike and occ ur red wh

the focus was formed . The decrease in current was due to pinching , and

the large change of inductance with time accounted for the voltage spike .

The discharge current , measured by the calibrated Ro:owski coil , was

“~ 400 A at 19 kV.

In the t r i a l  runs , the focus  mach ine  was np i a t . i at various pressure

levels and voltages. For the machine employed in this work . thi focus was

formed in the pressure range from o~ o 5 torr to ‘cc 2 torr. The time—

integrated optical pictures of the i en ae  p lasma f o c u s  wer e  taken by using

a Polaroid camera , Fig. 5.2 .i~~ . All five pi c tures \~c t i  t a k en  at  L i i . - 5 11110

f — number , ff45, with total neutral density filters N . D . 1 6 .  The s t r o a k i n g

____ - . A -



T~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

H ‘
— —

~~~~~~~~~~~~~~~~~~~~~~~~:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1

~~~~~~

4-H-F H 444+ +4-H1 ~~
—--~ -- H---~

--—
H-if 141-F f-f + 1*1 ±m ~H-H f-H-I 

~~~
v~ -~~

Vertical scale : Time scale : 0.5 V/division

5 V/div ision for I
50 V/division for V

Fig. 5.1. The current (upper) and voltage (lower) waveforms
of the dense plasma focus .
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Fig. 5.2 (a).

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fi g.  5 . 2  ( b ) .

Fig. 5.2 a—e . Time—integrat ed optical h 3ictu res ot  the DPF , taken by a
Po laro id  It er a .  Pl asma gas : H 2 + 4 . 7 Z  Argon. The flare

- • in  t he  ‘ f t  t u r e  was due t o  r e f  r a c t i o i t  i t  the glass wal l  of
the p i - i s m a  c h a m b e r .  (i) & (b )  o p e r a t i n g  vo l tage  at 9 kV ,
p r i n s u r e  I ~r r ;  ( c )  v o l t a g e  a t  12 LV , pressure  1 tor r ,
( d )  v o l t  :~~~ i t  16 kV , p ressure  1 t o r r ;  ( e)  vo l tage  at 16 kV ,
p r c s s n r c  It 3 . 5  e r r .  l i l t  o p t i c  i l  p i c t u r e s  show tha t  the
hi ~ der  t i n a I t i g e  , t It bet t c i  t h e  f ocus  f o r m a t i o n .  At 9 kV ,
F l y .  (ti) . (b )  , the :,n no sos armed g or a d i c a l l y .  In
F l - c . (~~) , t i c  pr c ssur .-  was  h i - i c , •it 1.5 t o r r , and no focus

— —  
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Fig. 5.2 (c).

- -e . j  Fig . 5.2 (d).

- • . 
V u .~~~ 

-
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• jj~.1 Fig .  5 . 2  (e) .
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lines in the pic tures were due to refraction at the glass wall of the

p lasma chamber. In Figs. 5.2 a—d , the machine was operated at 1 tort

pressure and a foc us was obtained. But in Fig. 5.2e, the plasma chamber

pressure was 3.5 torr and no focus was formed . Instead , only a discharge

was observed . In both Figs . 5.2a , b , the coaxial tubes were operated

under the same pressure , 1 tort, and the same voltage , 9 kV. But the focus

was formed sporadically at this lower voltage . As the voltage , or energy,

of the capacitor bank increased , Figs. 5.2c, d , the focus seemed to be

• more stable and consistent . The total optical output , as observed in the

pictures , increased with the voltage . The trial—run results indicated

that the best data , in terms of consistency, were ob tained when the

pressure level was fl. 1 torr . Hence , all the data in this work were ob—

- - tam ed at this pressure .

5.2 Electron Temperature

The electron temperature of a dense p lasma focus can be es timated by

measuring the X—ray emission from the p lasma wi th X—ray detec tors wi th

fil ters of different thickness . When an X—ray beam passes through a

fil ter , its intensi ty is attenuated according to the exponential law

e
_ ) X  

(5.1)

F where I = Intensity transmitted through the foil

= incident Intensity

= absorp t ion coefficient of the fo il and is

a function of the wavelength of the m ci—

dent photon

x = thickness of the foil.
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For a thermal plasma, the electromagnetic emission is given by [39]

dI(X) = 6.01 x io—30 gN ~~ (nj
z
2
~
j 
T
e

l/2 
A
_2

exp (~J3~4~
) 

(5.2)

where dI(X) = power emitted per unit volume at wave-

length A , W/cm —angstrom

g Gaunt factor

= elec tron density, cm 3

= ion dens ity,  cm 3

Z = atomic number of the ions

T = electron temperature in keV

= wavelength in angstroms.

If Eqs. (5.1) and (5.2) are combined , the intensity of the radiation

t r a n s m i t t e d  through a f o i l  is

dI (A) A 2(T~~~~~
2
exp { 12.4 

- 
~~~~~)X~~ . (5.3)

A numerical  i n t eg ra t ion  of Eq . ( 5 . 3) was p e r f o rn e d  by Elton [40 ]  at

the Naval Research Lab . , CDC 3870 computer over a photon energy range

L 
f rom 0.1 keV to 1000 keV fo r  various electron t e m p e r a t u r e s . A normal ized

total transmiss ion is obtained by the integral of Eq. (5.3)divided by the

integral over the incident Bremsstrahlung radiation (x = 0), Append ix C.

A ratio of the normalIzed transmissions through filt ers of different

thicknesses is plotted against temperature in Fig. C—l3 , ~~pcndix C.

In this work , two silicon detectors were p lac ed s ide by side and were

covered by beryll ium filters of 2 19 .6 mg/cm j and 5 2 ’~ h g/cm nil
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integrated X—ray signals from these de tec tors were only relative in magni—
V 

tudes. However , the ratio of these two signals was compar ed with those in

Fig. C—13. At 19 kV, the value of the ratio was between 0.532 to 0.617.

Therefore , the corresponding electron temperatures were 1.06 keV and

1.45 key , and the mean temperature was estimated to be 1.15 keV. In

Fig. 5.3, both graphs of the elec tron tempera ture of the dense plasma

focus and the electron temperature of a lead particle , diame ter 1 mm, in

the dense plasma focus were plotted against the voltage of the capacitor

• bank. In this figure , there is a slight increase in electron temperature

as the bank energy is increased. But the two curves show no noticeable

change in the elec tron temperature when a lead par ticle is placed in the

focus region. The variations between the two temperature curves are well

within experimental uncertainties . The electron temperature i-s the same

regard’.ess of the presence of a particle in the focus region.

• 5.3 X—ray Results

The silicon detectors and the filters used in this experiment were

not calibrated on an absolute scale. Therefore , only the relative magni-

tudes of the X—ray emissions were measured and compared . Because of the

fas t response of the sem iconduc tors and the oscilloscope used , the time—

resolved X—ray pulses could be measured with the arrangement in F~~e. 4 . 2 7

without the RC integrator. Fig. 5.4a shows a typical X—ray pulse dote . ted

by a silicon detector with a 2-n il bery llium filter. The operating vol~ ogt

• was 16 kV. The duration of this pulse was about 0.5 usec. In Fig . 5.4b ,

the t ime—integrated X—ray pulse is displayed and its magnitude represents ,

relatively, the total X—ray emitted for all wavelengths and the life time

of the focus .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Fig. 5.4a. A typical time—resolved X—ray pulse as
detected by a silicon semiconductor .
Vertical scale: 1 V/division ; t ime scale :
0.5 ~isec /d1vision .

~~~~ —

• 

V 

Fig . 5.4b . A time—integrated X—ray pulse giving the
relative magnitude of total X—ray output .

• Vertical scale : 100 MV/division ;
I - t ime scale : 10 peec/division.
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the voltage of the capacitor bank in Fig. 5.5. These data were taken with

a silicon detector with a 2—mu beryllium window. The graph shows an in-

crease of the total X—ray output with the voltage of the capacitor bank.

The relative output magnitude increases from 252 units at 10 kV up to

477 units at 19 kV. The increase factor is 1.89. Previous ex p e r i i~ t-rta1

results [12], [15], [23] show that the percentage of bank energy converted

into X—ray energy is between 0.01 percent and 0.05 percent , depending on

the machine and the operating voltage. If the focus machine in t h i s  work

converts 0.02 percent of the bank energy , then the total X—ray emissions

V at 10 kV and 19 kV are 0.435 J and 1.57 J , respectively , and t h e  increase

factor will be 3.61 which is about twice the measured value of 1.89. The

discrepancy is due to two fac tors: the anisotrop ic distribution of the

X—ray radiation and the variation of the X—ray spectrum with the operating

voltage. The distribution of the X—ray emission from a focus devic e is

V 

anisotropic [11] and the pattern varies with the operating voltage . hit

radiation distribution is a strong function of the acceleration of charge~

particles which is, in turn , affec ted by the electric field in the focus

region. The X—ray spectrum also changes with the operating voltage . At

higher voltages , more hard X—rays are produced because more charged

par ticles are acc elerated to higher energies. At lower voltages , more

X—ravs are produced by thermal Bremastrahiung and resulL in the soft

reg ion. The d e t e c t o r  e f f i c i e n - - o f t he  s o l i d  s t a t e  d e t e c t o r s  is nonlinear

with photon energy . Tii .~ c h a r g e — g e n e r a t i o c  . I f i c i e i k c y  ol the  s i l icon

detectors decreases as the photon energy increases. This factor accounts

for the smaller increase factor of 1.89 as measured because the detectors

ire more effici ent in measuring the sott X—rays .

— 

In Fig . 5.6, the mean values of t he  d i~ e c i t  X — r a v  c i u t  ~~~~ s I ron. l i i i
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interaction of the dense plasma focus with particles of various materials

are compared . Besides stainless steel particles , target materials of

99 percent pure aluminum , nickel , copper and lead were used . All par-

ticles had a size of 1 mm diameter . The curves show that , within the

experimental uncertainties , there is no change in the relative X—ray out—

V 
puts due to plasma—particle interaction as compared to those of a dense

plasma focus. This result does not follow the prediction of X—ray

enhancement due to plasma—particle interaction , as repor ted previously

in Chapter 3. A possible explanation is that the energy of the capacitor

bank employed in this experiment was low, only 7.85 kJ at 19 kV . This

small amount of energy might not be able to generate enough high energy

electrons to bombard the particle. This situation is a “starvation”

phenomenon in which no extra high energy electrons are present to bombard

the additional target area. If a higher energy capacitor bank, e.g.

100 kJ, and a shorter discharge time, i.e., lower L and C values , were

used in this experiment, more energetic electrons would be produced as

more energy were available to be converted into the electrons ’ kinetic

V energy, and enhancement of X—ray emissions due to focus—particle interaction

should be observed . Fig . 5.7 is an optical picture of a lead particle in-

teracting with the dense plasma focus. The vertical glowing line was due

to the light reflected from the particle—supporting glass stalk.

The relative X—ray outputs from the plasma—par ticle interactions were

measured with different metallic foils as filters. The thicknesses of the

filters used were 0.002 inch (9.6 mg/cm2) for beryllium, 0.0003 inch

(2.025 cmicm2) for aluminum , 0.0001 inch (2.3 mg~ cm2) for nickel , and

0.00004 inch (2 mg/cm2) for gold . At different capacitor bank voltages ,

the relative X—ray emissions transmitted through these filters are compared

in Fig. 5.8 a—e. Because the transmission coefficient of materials for

____________ 
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Fig. 5.7. The optical picture of a lead particle interacting with
the dense plasma focus. The vertical girwing l ine was
due to the light reflected from the particle—supporting
glass stalk. Operating conditions : voltage , 19 kV;
press ure, 1 torr. 
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X—rays is a strong function cf the wavelength of the incident photon , any

change in the composition of the X-ray spectrum will be reflected by tht~

relative change in the magnitudes nf the t r ansm 1t t e .~ I - r ays  th roug h

different metallic filters. The results in Figs . 5.8 a-c- show no such

change for  X—ray emission from the interaction of the focus with differ ent

V 

par t i c l e s . This exc ludes  any sh i f t  in the X—ray spectrum as a result of

V plasma—particle interaction.
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6. CONCLUSION A1~D RECOMMENDATIONS

6.1 Conclusion

Recently the interest in dense plasma focus has greatly incr eased

because of the possibility of developing the device into an intense ,

pulsed radiation source of X—rays and neutrons f o r  test purposes . Various

experimenters [6], [15], [28] ,  have tried to scale up their  radia t ion

t intensities by using large capacitor banks . Yet Mather ’s [2] experi-

mental results show that besides the engineering problems associate.~ with

the machine as the bank voltage or capacitance goes up, the intensity

cannot be scaled up indefinitely by increas ing the bank energy . This work

proposed a new , alternative way to enhance the X-ray radiation by using

a macroscop ic particle to interac t with a plasma focus .

A theoretical study was carried out to predict the relative amount

of X—ray increase when a macroscop ic par ticle was placed in the focus

region. Two assumptions were made in this study: the particle essentiall y

had the same physical dimensions throughout the lifetime of the focus

because of enormous hydrodynamic pressure compressinc any ablated neutral

-
• 

cloud onto the particle; and the electrons were thermaliaed to assume a

Maxwellian distribution. Most of the X—ray radiation from a focus was due

to the electron bombardment of the anode surface and was accounted for by

the thick target Bremsstrah lung theory . According to this theory , the

X—ray emission was proportional to the first power 01 the atomic number ,

Z , of the t a r g e t  m a t e r i a l , but  not to the square of Z as in the therma l

Bremsstrahlung case. The percentage of X—ray enchancement expected was

calculated and tabulated in Table 3.1 for various particle materials .01 -

~~ 

sizes.
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An experiment was conducted to test this new approach . A dense

plasma focus device was designed and built. However , because of bud getary

and time limitations the device was not optimized as predicted by theorer-

ical studies of elec trical parameters. The capacitor bank did not deliver

the maximum available current because of the limitation of the system ’s

ringing frequency. The large inductance associated with the capacitors

V 

was critical to the current rise time . In addition , transmission line and

high voltage switch inductances proved to be limiting factors on current

rise time and circuit ringing frequency . Yet the 400 x lO~ A current at

V 19 kV was high enough to produce the plasma focus in a pressure raic ~-

between 0.5 torr to 2 torr.

The electron temperature of the focus is estimated to be 1.15 ± 0.

keV by measuring the X—ray emissions through beryllium foils of di:ferent

thickness. This value is in good agreement with that of other  focus

experiments.

The results of this work show that the total X—ray emission f ro n V t Ii~ s

dense p lasma foc us are not enhanced by p lacing a macroscop ic parti cic in

the focus region . Based on the thick t a rge t  ~cr t - n s s tr a h lu n g  theory ,

theoretical study predicts the possibility of X — r a y  enchancenient by such

an arrangement . However experimental results show no change in the total

X — r a y  eV n i~~sions f r o m  such p l a sma—par t i c l e  i n t e r a c t i o n .  An exp l ana t ion  is

the low energy bank emp loyed in this experh-~ent , onl y 7.85 kJ at 19 kV .

~~ot  enough h igh energy electrons were generated by this small amou~c~ 0

L
energy. This “~ tarvation ” phenomenon provided no extra high ene rgy

electrons to bombard the additional target area . If a higher energy cap~ c—

itor bank and a higher ringing frequency system were used , more energetic

I Ie-trons would be produced , and enhancement of X—ray emissions dut- to

- --_- - - - - - - — —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~
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focus—particle interaction should be observed .

Also there appears no apparent change in the X—ray spectra of various

plasma—particle Interactions , as measured by using different me tallic

- foils. This observation is different from Johnson ’s results [23]. In

his experiment, atomic particles of tungsten were introduced to interact

V with a plasma focus . His data showed that there was no increase in the

- 
- total X—ray output but a shift of the X—ray energy from the hard X—ray

It region to the soft X—ray region.

6. 2 Recommendations

More effort should be expended to investigate the plasma focus-parti-

cle interaction. An optimal plasma focus machine should employ capacitors

of low induc tance , e.g., Aerovox capacitors of 10 nH, and low capaci tance

V f or fas ter current rise time, and of high voltage for high bank energy .

-~ 
. 

Engineering techniques should be developed to drop particles freely

into the focus region. An earlier attempt in using a photoelectronic

detector had been unsuccessful because of the interference of the electro—

magnetic pulse associated with the gaseous discharge. The present

technique of supporting the particle by a glass stalk is not the best

-
~~ solution because the presence of the stalk may affect the current sheath

~ I at the collapse stage . Yet the small variation in the  electron temperature

indicates that the plasma focus was not significantly affected by a p •irti—

r- j
cle in the focus reg ion. A possible technique is to use a laser beam to

V detect the particle. Yet the requirements on the accuracy of partl ic-

positioning and system synchronization demand no trivial solutions .

Better diagnostic methods are required to provide more informative

experimental results. The Ross filter technique [15] can provide better

resolutions in the X—ray spectrum measurement. The absolute X - r a y

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —V
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intensity can be measured by using K—edge filters with solid state

detectors. Knowing the characteristic functions of the filters and

detectors , and the response from the experimental data , the excitation

(the X—ray detec ted) can be unfolded by the computer program , P k f i ( JCAL ,

developed at Livermore Laboratory [41]. Other time—resolved instruments

like an ultrafast X—ray streak camera [41] with subnanosecond resolution

and an optical streak camera are essential to provide the time history

of the focus—particle interaction process. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
VV ~~~~~~~~~~~ ~~~~ V 
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APPENDIX A

INDUCTANCE OF THE PLASMA GUN

To es timate the induc tance of the coaxial p lasma gun, the structure

V of the gun can be approximated as two coaxial cylinders , Fig. A—I. A

current I flows into the paper . App lying the Maxwell’s equation to find

the magne t ic intensity at position r ,

~ i~(r) • d~ = I = 2 r r H ( r ) .  (A . 1)

L _~~~~gun =

and~~~~= f B d A ~~~~~~~0
H ( r )  • d~

As dA I d r (
~

rb ~VI l~. (b Li
-

~ 0 dr 0
= 1 a 

ti
0
H(r) - Ldre T~ J a ~~ 

= 
~~~~~~~~~~ 

ln — . ( A . 2 )

Theref ore , the inductance per unit length of the gun is

= -~~-~~ ln Il/ rn . ( A . 3 )

- - 
V 

The dimensions of the p lasma gun are:

b = 1.9 0.04826 m
ii- I

a = 0.89” 0.02261 ni

- - = K .615” = 0. 21882 m 
V

= 4 x lO~~ H/rn -

The total inductance of the gun , L , is
gun

L = 4- In (~ -)H = 33.19 x l0~~ Hgun 2VV a

Also , the time derivati ve of the gun inductance is

r L I. /~ I.. 
~~ZY~!! 

gun  ~~~~in -

V Lgun 
= = 

~~ 
- = - - -  x v , where = velocity of t h c -  c u r ren t  in

p p

Tn / S I - .



t - - - - - --- -

I I~

/

/
I

a radius of inner cy line

a rad ius  of inner cylinder
4 -

b = radius of outer cy l inder

= l e n g t h  of the cy l inde r s

L = inductance of the gungun

= - 1 - -~c - n t - t i c  f l u x

Fig. A.l . Inductance of coaxial cy linth rs.

~ 

V - - - 

V
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Thus ,

~gun =(~:~
‘
~ ~~ 

in il/sec - ( A . 4 )

V
~ i- ‘I -.

V I

I
~ ~

V --

~

V

~

-- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V-- V  ~~~~~~~~~~~~~~~~~~~~~~~~~~
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APPENDIX B

ELECTRIC FIELD BETWEEN COAXIAL CYLINDERS

With  Gauss ’ law ,

! I~(r) - d~ = Q

D ( r )  = 
~(r)

2 r2.

or E ( r )  = 2-~~0
r;. . (B.l)

Since

V = E(r)dr = J: ~~~~0r ;  dr = ln . (d.2)

Combining Eq. (B.l) and (B.2),

E( r) V 

~ 
(B.3)

r ln (~ -)

To c i l c u l a t e  the average electr ic  f i e l d  between the two cy l i n der s .

t ak e

a +  b
r~~ 2

Th eref ore ,
V

Eavg 
— 

a +  bt a (h.-~.)

- ~~~2 ~ 
ln (~)

I f V = 15 kv

a O.-~’9’ = 0 .0226 n .

h = 1J~” = i .1 i — ~ --

= 5.582 x l0~ V / r n .
.~1 ~ g

Fi g. if.l shows the electric field between the coaxi I1 cvli:iUcFS .
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/ \
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~~~~~~~
__—

~~v \ \
/ / /~~ \

/ 7+ + Q EQUIPOTENTIAL
/ / LINE
I f
I r

— ‘ 1+ + — V

a

\ b /
/

+ + /
\

+ ,
,

V a = radius of inner cylinder

b = radius of outer cylinder

= length of the cylinders

V = voltage between the cy linders

Q = total charge on the inner cylinder

= s u r f a c e  charge on the  inner cy l inder

I
Fig. B.l . Electric field between the coaxial cy linders.
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APPENDIX C

V 
X—RAY TRANSMISSION THROUGH M E T A L L I I  FOILS

In this work , various metallic foils ci b e r y l l i u m , d1U1V~~iuUr1 , nickel ,

and gold were used with silicon detectors to TIICdS:I t~~ - r L - ! I L  ive  - - r a y

ou tpu t  from a dense plasma fords . The data of X-ray tran smis sion through

these foils of different t i i i  J i i e s s t-s  were obtainec from e t er e nV e  - .

Figs.  C—l to C— l 2 show the r a t i o  of the i n t e gr u t e d  Bre m ssLr ~~i~lu: g ym i s si o n

V 
transmitted through foils of the desicn~ite ~i mi t - :r iul to the :otal iii~~iUent

flux versus filter thickness , ii , for various temperatures . From Figs. C—i

and C—2 , the ratio of ordi u-i te v d u e s  f r  two differ ent thi~ knesses . - -~

ng/cm
2 

and 9.6 mg/cm
2
, is plotted --ers ~ s t e rp e r V t 1~~~ k V . as shown in

Fig . C—l3 , which is then used for plasma electron temperature de~ter::i~V1a~~ion .

ii
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