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ABSTRACT 

An experimenkal determination i s  

- 
..F - 3 1 

made of the his t r ibut ion of 

energy losses suffered by a beam of energetic test electrons 

traversing a dense, high temperature plasma. 

e n e r a  is 3,000 electron vol ts  and the plasma density varies from 

5 x d 5  t o  1x10 

col l is ional  theory i s  developed t h r o w .  the ad hoc extension of the 

The test electron 

16 at a temperature of -. 40,000 OK . A 

-- 
V maximum impact parameter, P = - , and agreement is found 

with the resul ts  of various other authors. 

average energy loss is larger than the theoret ical  prediction, 

indicating a minimum discrepancy of a.pproximately an order of 

magnitude between theory and experiment. 

energy loss and spread i n  energy are both found to vary proportional 

t o  the plasma eleetron density. 

not substantiate a proposed energy gain mechanism. 

max ‘D wt 

The experimental 

The experimental average 

The experimental measurements do 

i 
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CHAPTER I 

INTRODUCTION 

The problem of the interaction of a t e s t  par t ic le  with a plasma 

is  a very old problem which has been t reated extensively from many 

standpoints i n  the 

stimulated primarily by the advent of the controlled thermonuclear 

program, especially the interaction of test electrons with a plasma 

through the in te res t  i n  calculating the phenomenon of "run away" 

electrons l7,l8. 

of this  problem to the  kinetic theory of ionized gases. Many authors 

have derived expressions f o r t h e  energy loss 7-l' of an energetic t e s t  
19 electron i n  a plasma. Kahn 

which would apply t o  the present experimental conditions. 

phenomenon could accelerate charged par t ic les  t o  the energy necessary 

for  the Fermi mechanism 

Interest  i n  t h i s  problem has been 

A more basic interest  stems from the relationship 

has proposed an energy gain mechanism 

Such a 

t o  become operable so as t o  explain the 

pvi .--x.AubGl~~c e+-.--- of' extremely high energy cosmic rays. If such a process 

existed it could be a source of energetic protons ( -- 1Mev) which 

would explain the synthesis.of uncomon elements i n  certain s t e l l a r  

atmospheres . 20 

Much of the theoretical-and experimental work which has been 

done i n  connection with the charged-particle-plasma interaction has 

been concerned with the plasma interaction of a dense beam of 

e le c t rons 21,22 rather than w i t h  single t e s t  electrons. The resu l t s  

1 
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are  considerably different and of larger magnitude due t o  the 

coherent interaction of the-beam particles m n g  themselves. 

paper w i l l  not be concerned wi th  beam effects .  

a r i s e  due t o  applied magnetic 

a r t i e l e  which contains an extensive bibliography of the theoretical  

and e x p e r w n t a l  work on the interaction of charged par t ic les  and 

beams of charged par t ic les  with a plasma, is presented i n  reference 

This 

Further complications 

An excellent review 

C211' 

The experiment.wbich is described-in t h i s  report was performed 

fo r  the purpose of providing a n  experimental comparison with the 

various test-electron theories mentioned above. 

conditions are described reasonably.well by the theoretical  models 

so that a r e a l i s t i c  comparison can be made. 

The experimental 

A br ief  su~lpnasy is given i n  Chapter II of the present theo- 

r e t i c a l  results obtained for collisional interactions of energetic 

test electrons with a plasma. These include the derivation of the 

2vemge ezsra- ivss rate, the distribution of energy losses, and 

the transmission through a plasma. 

comparison of the theories by the various authors is presented. 

I n  Chapter I11 the spectroscopic methods which were used i n  this  

experiment for the diagnostics.of high temperature plasmas are 

discussed. 

apparatus. 

and a comparison is  made with the available theories. 

Finally, a brief discussion and 

Chapter IV contains a description of the experimental 

The results of the experiment are described i n  Chapter V 

Chapter V I  



contains a summa.ry of the results and sugest ions f o r  f’uture 

work. 



CHAPTER I1 

THEORETICAL CONSIDERATIONS 

2 .1  Introduction 

An expression fo r  the average rate of energy loss of an 

energetic electron traversing a plasma i n  t h e m 1  equilibrium is  

derived on the assumption that the dominant mechanism fo r  energy 

loss is  the Coulomb interaction. It w i l l  further be assumed that  

the dominant Coulomb interactions for  energy loss are electron- 

electron coll isions,  since an electron-ion or electron-neutral 

col l is ion w i l l  degrade the eiectron's energy by a negligible amount. 

The average energy loss rate is derived i n  general fo r  an a r b i t r a r y  

dis t r ibut ion of plasma electrons, f(5) . In  order to obtain a 

numerical resu l t  f ( w )  - must be specified. An i n i t i a l  calculation is  

performed for  a stationary plasma with a Maxwellian dis t r ibut ion of 

electron velocit ies.  This calculation is  then extended to the case 

or̂  a translat ing plasma with a Maxwellian dis t r ibut ion of electron 

veloci t ies  ( t h i s  i s  a model applicable t o  the plasma behind a moving 

shock f ront ) .  

translating plasma indicates that, for  laboratory conditions, the 

effect of the t ranslat ion is  negligible. 

* 

The calculation for the average loss rate through a 

In  a laboratory experiment 

* 
For a complete derivation of the theoret ical  resu l t s  presented 

i n  t h i s  chapter, the reader i s  referred t o  Reference [24]. 

4 
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I 

1 
2 - -  R A E ( ~ ,  w,, e,) = -mlv-wl2 sin2 8 

(which will be described i n  a subsequent chapter) one must usually 

deal with a beam of electrons rather than a single electron; 

however, i f  the beam density is  made suff ic ient ly  small so that 

there ex is t s  only one beam electron within the interaction volume 

during the time of the interaction, the beam can be considered as 

being composed of singly-interacting electrons. 

statement results from specifying tha t  there are many Debye lengths 

between beam electrons. 

A n  equivalent 

Using a binary col l is ion model, a Boltzman equation for  the 

dis t r ibut ion of beam electron energies i s  derived and solved. 

solution describes the distribution of energy losses of an i n i t i a l l y  

monoenergetic electron beam after traversing a f i n i t e  slab of 

plasma. The plasma is assumed t o  have a vacuum boundary. 

same conditions described above, an expression is  derived for  the 

transmission of an energetic electron beam through a f i n i t e  plasma 

slab using multiple scattering theory. 

!The 

Under the 

2.2 Average Energy Loss for an Energetic Test Electron i n  a Plasma 

The energy loss of an energetic electron of velocity v - 
after coll iding with a plasma electron of velocity w i s  given by - 

where m is the electronic mass and e k  is  the laboratory 

scat ter ing angle. 



6 

!&e average e m q g  loss per collision is obtained by averaging the 

typic& loss A E ( ~ ~  e a> over the. scattering angles eR . 

Tne weighting function is the Mobt-scattering cross section 

The total cross section, at is given by 

and the integration limits are f'rom e t o  8% 
'min max 

The result for A E ( ~ ,  w) - is 
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‘Ihe deBroglie wave length of the relative motion V is taken as 

the minimum impact parameter. 

The maximum angle of deflection 0 , will then be given by 
’ Qmax 

the scattering angle corresponding to bdn . 

or 

tan2 0 can be found. Using these.expressions the average amax 
- 

energy loss per collision for velocities, and E , is given by 

2e2h2V2 + 2 - 1 .  e4 
i- En ( h2V2+4e 4> % h2V2 

( 2-7 



8 

I n  a small t h e  interval,  6t , the  number of col l is ions that 

the incident eleetron makes with plasma electrons having veloci t ies  

i n  the range dw - is given by 

The t o t a l  average energy loss of the incident electron i n  a 

time, 6 t  , due t o  many collisions with plasma electrons i n  the 

velocity range, dw , i s  

Hence the rate of average energy loss becomes 

The t o t a l  energy loss rate for  coll isions with plasma electrons of 

all veloci t ies  is obtained by integrating over the plasma electron 

dis t r ibut ion f'unction, thus 

A Maxwellian dis t r ibut ion f'unction is  assumed. 

n w . w  - -  
exP (- )2rw2sin 4 d 0 dw (2-9) e f ( w >  dw = 

W 2  t 



. 
9 

where I$ i s  the velocity space azimuth angle coordinate fo r  a 

spherical coordinate system and 

T is the plasma electron temperature, m is the electronic mass, 

and 

n =  e 

C a p r y i n g  out the intemation 

of the dhensionless speeds 

I f(E) dw . 

formally the resu l t  i s  obtained i n  terms 

W - 

01 ,  B , defined below: 

(2-10) 

W where a = - 
t W 

and 

where the 4 's  are the appropriate averages of the  terms i n  

equation 2.7 . 
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The reader is  referred t o  Reference 24 

evaluation of the G functions. The evaluation of G l ( B )  requires 

a value f o r  the minimum Moratory  scat ter ing angle i n  the col l is ion 

process. 

impact parameter. O r d i n a r i l y ,  following Cohen, Spitzer and Routly, 

the maximum impact parameter would be the Debye radius. Physically 

the reason for  t h i s  is  that  the charged par t ic les  i n  the plasma have 

adjusted themselves so tha t  the Coulomb potent ia l  of the plasma 

eleetron has been shielded at distances greater than the Debye 

length. The resu l t  is  tha t  the incident electron feels no net 

potential  unless it passes within a Debye length of the plasma 

electron . 

f o r  details of the 

This is  equivalent t o  considering the maximum allowable 
25 

This procedure w i l l  give fairly accurate resu l t s  when the 

incident electron has a velocity approximately equal t o  the plasma 

electron thermal velocity. 

incident par t ic le  velocity exceeds the thermal velocity, the maximum 

impact parameter must be increased t o  include correctly the energy 

l o s t  i n  polarizing the plasm with  the resultant excitation of 

plasma oscil lations.  The effect  is  completely analogous t o  the 

Cerenkov ef fec t .  

However, i n  the present case, where the 

A fast electron can transfer energy t o  a polarizable medium 

over a characterist ic length w h i c h  w i l l  be taken as the effective 

maximum impact parameter. 

, where bm i s  the the fast electron with the plasm is - 
The characterist ic time of interaction of 

bmax 
V 
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maximum impact parameter. 

period of plasma osci l la t ion in .order  f o r  enera t o  be transferred 

t o  the plasma through polarization. 

This tw m u s t  be of the order of one 

Thus 

where o = plasmahequency: Since 
P 

it follows that 

b-u-  V Ad = BAd . 
^/Wt 

The Debye length m u s t  be increased approximately 

include polarization effects .  

(2-11) 

by the factor  B t o  

The minimum scat ter ing angle can now be written i n  terms of the 

maximum impact parameter calculated above. Thus 

?he scat ter ing angles, e,,min , 

r e l a t ive  velocity, 

e , are functions of the ,max 

Il-w_l , and hence depend upon, p = cos(v, w )  . - -  

A 
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The final result f o r  the average energy loss r a t e  becomes 

If the energy loss i n  a distance, dx , is much smaller than the 

incident energy, E , the energy loss  r a t e  can be transformed as 

follows, 

and 

(2-14) 

1 
2 P 

where E = - mV2 and w = (y 

shown i n  Figure 2.1 . 
The resu l t  derived above for  the average energy loss r a t e  iisin~ 

a eol l is ional  theory through the -- ad hoc extension of the maximum 

impact parameter is  ident ical  t o  the resu l t s  derived by various 

. The resu l t s  of a few different authors are shown authors 

i n  Table 2. The expression f o r  (2)  shown i n  the table d i f f e r  

only i n  the choice of minimum impact parameter. For the  conditions 

of the present experiment the deBroglie wave length of the re la t ive  

motion is larger  than the closest distance of approach, b , and 

henee should be used f o r  the minimum impact parameter. 

7-16 



<dE/dx> for an energetic test electron 
traversing a plasma 

Fig. 2.1 
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where n = plasma electron density 
E = test  par t ic le  energy 

rn = electronic mass 

Table 2.  



The average enew loss bras calculated 

Mamellian plmma. The result indicates that 

fer 

the 

a translating, 

en@= loss rate 

i n  a translating plasma is givenby a function, S ( a  ) , of a 

dimensionless pemneter, 

stationary plasm. 

S 

as , t imes the  energy loss rate i n  a 

The parameter, as , is the dimensionless t ranslat ion speed of the 

Vs is the translation. velocity 

thermal veloeity. The function 

plasma. 

of the plasma and wt is the plasma 

S(as) is shown i n  Figure 2.2 . 

? - 2  
---I 

w f l l  lose on the average an energy ( A )  . However there will be a 

s t a b i s t i c a l  f luetuation of energy losses so  that on t raversal  of the 

slab of plasma. an i n i t i a l l y  monoenergetic electron beam w i l l  emerge 

d t h  a dis t r ibut ion of energy lasses which w i l l  be denoted by 

f(x, A ) , where f is  normalized so that 

1 f ( x , A )  d 4  = 1 
A 



t 

16 

S( a 3 )  for  the effect  of the plasma 

translation on the energy loss 

Fig. 2.2 
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Let w(E, E )  be the probahility per  unit path length that an 

incident eleetron of energy E . w i l l  suffer  a loss E. . Tnroughout 

t h i s  ealculation it will be assumed-that E << E so that E w i l l  

be taken t o  be constant, Eo . 

A kinetie equation f o r  f (x ,  A ) is obtained by equating the 

change i n  f along a path length, dx , t o  the change produced by 

coll isions.  

number of par t ic les  which acquire, due t o  col l is ional  losses, an 

energy, E, and the number of particles which leave the volume i n  

ener@y space. 

with no externally applied forces. 

The collision integral  expresses the difference i n  the 

This is essentially a steady flow Boltvnann equation 

Pw(Eo, c)[f(x,  A-e)-f(x, A ) I  de ax o (2-16) 

* 
The probability of losing an energy greater than Eo i s  zero so that 

the upper limit of the integral  can be increased t o  inf in i ty .  

Since the kinet ic  equation does not c m t n i n  the indepe~dmt  

variables x and A expUitQ-, a solution can be obtained by 

using the Laplaee transfarm.technique. 

given by 

The formal solution is 
26 

* 
I n  th i s  theory e n e r a  gain mechanisms are not allowed. 
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00 

-s A-x I w ( ~ ) C l - e * ' ] d ~  
0 i -+a 

f ( X ,  A )  = - 1 I e  ds (2-17) 2" -i -+a 

where S is the Laplace transform variable. The initial condition 

for f (0 ,A)  is chosen t o  be a.delta function f ( 0 , A )  = 6(0)  . The 

inveme transform i s  carried out along a l ine  para l le l  t o  the 

imaginary axis of the complex plane and shif ted t o  the right by 

o > o .  

?he probability of energy loss .> W ( E )  ,can be derived from the 
3 cross section fo r  energy loss . . The di f fe ren t ia l  cross 

section for an energy loss, E , is given by 

( 2-18 ) 

where E is  the energy loss of the t e s t  electron of energyJ E,. It 

is assumed tha t  the test eleetron is considerably more energetic 

than the plasma electron. The probability of losing an energy 

between E and E t d E  per coll ision is  

re4 d E  -- - = -  do 1 
at at E € 2  

where at 
is the t o t a l  cross section fo r  energy loss and is  given 

by 



?he number of coll isions per unit length traversed by the t e s t  

electron i s  utne ; s o  .that ..the probability of losing an energy 

between E and ~ 3 . d ~  per unit. length of t ravel  i s  

Performing the integrations, the solution fo r  f (x, A ) reduces 

t o  

where 

and v = ss 

and 

71 e k e  
E s = x  

c = 0.577 is 

The dis t r ibut ion of energy 

t w s  a universal function of a 

( 2-20) 

(2-21) 

(2-22) 

(2-23) 

Ner ' s  constant. 

1 losses, f , is found t o  be - 5 

dimensionless parameter A . The 

m c t i o n  $ ( A )  , shown i n  Figuse 2.3 ,is given by Landau i n  his 

paper 

most probably energy loss is given by (see Figure 2 . 3 )  

. The func t im has a maximum at A= -.@ so that the 26 
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L a n d a d s  universal f’unction, $ ( A )  

Fig. 2.3 



t 

I 

-5 0 e IO I8 

( dimenaionleaa ) 



2 1  

Most probable -energy loss as a f’unction 
of beam energy.and plasma density 

Fig. 2.3a 
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= c(Rn + 0.37) . 
min h o  

(2-24) 

A plot  of f(x, A ) as a funetion of plasma electron density, 

electron beam energy, and distance traversed is shown i n  Figure 2.4, 

and Figure 2.5 . 
The solution which has been obtained describes the interaction 

of an init ially monoenergetic beam of energetic test  electrons 

traversing a plasma. 

i n  energy o f t h e  test par t ic les  does not depend upon a temperature 

It is important t o  note tha t  the spreading 

f o r  the test par t ic les  since, i n  fact, they have been assumed t o  

entepwith zero temperature (delta function init ial  condition). 

spreading i n  energy emerges from the solution of the Boltzmann 

The 

equation and is  due physically t o  the binary coll isions which were 

assumed as the model. In each b i n a r y  col l is ion there is  a possible 

variation of energy losses due t o  coll isions at  different angles. 

Most of the coll isions occur at very small scat ter ing angles so 

that the -spread i n  energy .losses should be small and, indeed, the 

solution indicates tha t  this i s  the case (see Figure 2.5) . 
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Energy relaxation of an energetic test  
electron beam i n  a plasma 

Fig. 2.4 
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Distribution of energy losses a s  a function of electron 
density for 1500 ev test electrons 

Fig. 2.5 



n 

0 a 
I 
4 

k 

W 

0.3 

0.2 

n m  
U . 8  

X =  2 .5  C U  

E = 1500 E V  

80 66 40 2 0  0 - 20 

A -Ao( ev ) 



25 

2.4 Transmission of the Electron Beam 

When an energetic t e s t  electron traverses a slab of dense plasma, 

the test electron experiences a large nuanber of small angle 

sca%terbgs  result ing in  a net angular deviation from its original 

trajeetory.  Sinee the individualscat ter ings are at small angles, 

0 << 1 , the problem can be treated s t a t i s t i c a l l y  i n  a reasonably i 
simple manner. ’( 

theory prediets an accumulated deflection a n g k ,  0 , distributed 

about BE0 according t o  a.Gaussian l a w ,  0 is measured f r o m  the 

entrance.plane of  the beam. Thus 

For small. scattering angles, multiple scattering 

where p(0) do is the pmhakUQ-af  realizing a..net deflection 

angle between 0 and 0 t do, and- < 02> is the average squared, 

accumulated deflection angle. 

that a beam of independently inlxracting-test par t ic les  w i l l  have an 

empgent current distribution. (proszided the- energy change of the 

par t ie les  is small, i . e . ,  A E <<.E ) given by 

This-is- equivalent t o  the statement 

0 

where jd0 is the beam current emrging between an angle of 0 and 

o+do . Solving fo r  the constant, 

(2-26) 
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where Jo is the incident beam current and 

?he transmission of' the beam through an-exit aperture defined by Oo 

(see Figure 2.6) is cdlculated -by taking- the ratio of the beam 

current exiting through Oo to the total incident beam current, J . 
(0 

A diagram of the transmission is shown in Figure 2.6 . 

PLASMA 

J 
0 

Fig. 2.6 D i a g r a m  of Beam Transmission 



Then the transmission is given by 

where the total ourrent Jo is given by 

J = J(71/2) . (2-28) 0 

The average squared,. accumulated deflection angle, <02> is 

equal t o  the average squared deflection angle per coll ision times the 

t o t a l  ntnnber of coll isions.  ?“nus, 

where P is the average number of coll isions i n  a single traversal. of 

the plasma slab and <e2> i s  the.average squared angle of deflection 

per collision. For small angle-collisions P = atDn , where 

the t o t a l  scat ter ing eross section and is given i n  terms of the impact 

panmeter by 

is at 

D is the distance traversed, and- n. i s - t h e  plasma eleetron density. 

Performing the integration, 

P = 21T Dn $(x& - X L n )  . ( 2-30) 

%e maxbnun impact paraheter is the dominant term and 
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x2 - ) 2  , where +, is the Debye r a w ,  ~ v is the t e s t  max - ('D wt 

electron speed and wt is the saast-prahahle plasma electron speed. 

Substituting the expression fo r  +, and wt , 

P = DE/2e2 , (2-31) 

1 where E = 7 v 2  . 

The value for < 9  2, per coll ision is  calculated by averaging 

e over the scattering cross section fo r  8 . The Rutherford 

scat ter ing cross section is used. 

Making a small angle approximation, sin e zkl , the resu l t  i s  

- 2e2 - -  
max hv where 8 



2 9  

8 
The t o t a l  cross seetion is  

coll isions i n  one traversal  

and 

related.to the average number of 

of the slab by 

7 n 

Finally, the average squared,accumulated 

given by 

A calculation of the scattering .due .to..ions proceeds in  complete 

analogy t o  the eleetron scattering.ca1culati.m. The resu l t  i s  that 

the ions con t r ibae  another equal contribution to the scat ter ing of 

the beam. Since the mul t ip l e  scattering prof i le  is  Gaussian i n  

shape, the effect  of the ions i s  included i n  the beam transmission 

result by increasing the average squared, accumulated deflection 

angle by the factor two. 

~ 

8 
The t o t a l  cross section fo r  an inverse-square law interaction 

poten t ia l  as derived above has a peculiar dependenee on energy and 
density. In  fac t ,  the dependence is  the reciprocal of what one would 
expect 
the t o t a l  Coulomb interact ion cross section owes its magnitude to the 
small angle encounters and these are more numerous for  a tenuous 
plasma and a high velocity test par t ic le .  

at - E/n . The reason f o r  t h i s  peculiar dependence is  that  



CHAPTER I11 

DIAGNOSTICS OF HIGH "Pm 

The temperature of a plasma can be determined by making a 

re la t ive  l i ne  t o  continwan intensity measurement. 

conditions of local  thermodynamic equilibrium (LE), the Saha 

equation can be used t o  relate the number density i n  the upper state 

of the l i ne  t o  the density of ions and electrons. 

Under the 

IO 

I C  
- = F(T) 

The result is independent of density.  The atomic l i ne  radiation 

is  given by 

where hvif i s  the energy o f t h e  t ransi t ion,  gi i s  the s t a t i s t i c a l  

weight of the init ial  state, zo i s  the t o t a l  par t i t ion  function, Aif 

is the t rans i t ion  probability, and no is the t o t a l  atom density. The 

Sqha equation is  

i where E is the atomic ionization potential .  The continuum formula is 

30 



i n  equation (3-4). 

31 

The eleetron density i n  a plasma can be obtained independently 

from the measurement of Stark-broadened l ine  prof i les  and from 

absolute continuum intensity measurements. Earlier work by Berg, 
et.a127 using a T-type shock tube and Weise, e t .  &., 28 using a high - - -* 9 

current s tabi l ized arc  have shown that these two methods yield 

electron densities which agree t o  within 5% . 

The absolute intensity of the continuum radiation per unit 

wave length interva1,AX , from a hydrogen plasma of thickness, II , 
is  given by 

E i H C  gfb A 1; 
+2-- - 

,3 p$1 exp(-- kT ( 3-4 1 

1 Watts 
cm2- sr- ~ n g  

c 

with the quasi-neutrality condition being ne= ni . T is the 

electron temperature, hv 

last observed discrete level  and the theoret ical  series l i m i t ,  

E i H  

free-f’ree end free-bound transit ions,  *’ 

is the energy difference between the 
g 

is the ionization energy, gff and gfo are the Gaunt factors fo r  

respectively, and the 
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sumnation is taken over all continua with lower states 

contribute at the frequency v . 
a correction fo r  the r e d u c t b n i n  

electron densit ies,  30 which -is 

The term exp(-A Ip/kT) 

the. ionization energy 

of the order of 5% . 
hydrogenic behavior, such-as the continuum from Hel ium,  

EA which 

represents 

at high 

For non- 

correct ions 

. These corrections are must be made t o  hydrogenic.relations 31 

rehtively small, being i n  the order of 20% f o r  the absolute value of 

the contLnuum. 

intensi ty  is  proportional t o  the square of the electron density and 

therefore the eleetron density can be calculated w i t h  approximately 

twice the accuracy as the combined experimental and theoretical  

accuracy of absolute continuum intensi t ies .  

Under quasi-neutrality conditions the continuum 

Measured Stark prof i les  permit the determination of electron 

densi t ies  i n  plasmas of almost any chemical composition. 

of theoret ical  Stark prof i les  with experiments indicate tha t  the 

Comparison 

calculated half-widths are rel iable  t o  within 10 

lines. 31 A standard procedure for  determining 

f’rom Stark broadening is based on the comparison 

per cent fo r  He1 

electron densities 

of measured and 

calculated f’ull l i ne  widths at half  

parameters, by which the l i ne  widths 

i n  G r i e m .  31 

maximurn intensity.  Calculated 

can be computed, are tabulated 



CHAPTER Iv 

EXPERIMENTAL APPARATUS 

4 . 1  Introduction 

4.2 Plasma Source 

The apparatus used for the experimental study of energetic test  

electron interactions with a plasma consists of the following 

components: 

temperature plasma; an electron gun t o  generate a low density beam of 

an electromagnetic shock tube t o  produce a dense, high 

energetic test electrons; a d i f fe ren t ia l  pumping system t o  allow 

access of the electron beam in to  the plasma while maintaining the 

necessary operating pressures; an energy analyzer t o  measure the 

dis t r ibut ion of energies of the emergent electron beam; a spectro- 

scc5ic analysis system t o  determine the plasma temperature and 

density; and f ina l ly ,  a data.recording system, t o  monitor the spectro- 

scopic and energy analysis data. 

apparatus i s  shown i n  Figure 4 . 1  . 
A photograph of the experimental 

A laboratory plasma is .obtained by means of an electromagnetic 
32 shock tube, more commonly called a "T" tube . The simplicity, 

r e l i a b i l i t y ,  and reproducibility of  the "TI' tube make it  an extremely 

convenient source of dense, high temperature, laboratory plasma. 

tube used i n  this experiment is constructed f'rom 1 in .  ID, precision 

bore, Pyrex glass tubing. 

The 

The driver section of the "TI' tube consists 

of a heavy wall, Pyrex glass tee with hemispherical, s ta inless  s t e e l  

electrodes epoxyed in to  the ends of the tee. The downstream end of 

33 
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Photograph. of the experimental apparatus 

Fig. 4.1 



... 
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the shock tube is  epoxyed in to  the "scattering bloek", and the 

s ta inless  steel scattering block contains apertures f o r  the electron 

beam and f o r  the  spectroscopic measurements. 

downstream f'rom the driver section. 

placed 5 m downstream from the electron beam apertures. An access 

port located i n  the side of the tee allows the working gas t o  enter 

the tube. 

A 14.7 mfd low inductance capacitor i s  connected t o  the bottom 

electrode through two ignitron switches connected i n  paral le l .  

capacitor i s  normally charged t o  10-15 KV. 

discharge eurrent from the electrodes t o  the grounded scattering 

block, the electrodes are isolated through 50K res i s tors  t o  ground. 

A n  overall  drawing of the shock tube and d i f fe ren t ia l  pumping system 

is snown i n  Pigure 4.2-.. 

c i rcu i t  is shown i n  Figure 4.3 

It is located 100 cm 

A brass, shock re f lec tor  i s  

Helim gas is  used at an ambient tube pressure of .35 to r r .  

The 

In order t o  avoid a 

The circui t  diagram fo r  the ignitron trigger 

4.3 Differenbid Pumping System 

A d i f fe ren t ia l  pumpin@;. sysLem is r e q ~ e d  t o  maintain the shock 

tube at the operating pressure of .35 t o r r  and the electron gun at 

t o r r  while providing an-enbry f a r  the electron beam in to  and out 

of the plasma. A t  pressures higher than lx10e4 to r r ,  the oxide 

coated cathode of the electron gun i s  destroyed by positive ion 

bombardment. A photograph of the effects of increasing degrees of 

posi t ive ion bombardment of the cathode is  shown i n  Figure 4.4 . The 

electron gun and the energy analyzer are connected t o  the shock tube 

through two dr i f t  tubes, located behind the electron beam apertures 
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Drawing of the shock tube and the differential 
ni imn i  nrr c ~ r c f n m  -.=-- ~ -~ - ---.- 

Fig. 4.2 
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Ignitron trigger c i rcu i t  

Fig. 4.3 





Photograph showing various stages of positive ion bombardment of the 
oxide coated cathode 

Fig. 4.4 



. 
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i n  the scat ter ing block (see Figure 4.5). 

1/16 i n  diameter hole and are 2 i n  long. 

connected t o  the drift tubes through a vacuum manifold system 

consisting of an 8 i n  diameter r i s e r  connecting the pump t o  the mani- 

fold, followed by two 6 i n  headers which connect t o  the drift tubes. 

In  the operation of the system, helium is admitted t o  the shock tube 

from a low pressure reservoir through an adjustable leak valve. 

steady flow is established wi th  the gas expanding, from .35 t o r r  i n  

The drift tubes have 

A 6 i n  diffusion pump i s  

A 

the shock tube, through the drift tubes t o  a pressure of lo-’ t o r r .  

The diffusion pump maintains the low pressure by pumping the gas out 

at a rate of 2000 l/sec at torr .  

by a 10 cu. ft./min. mechanical p q .  

shock tube is  measured with a McLeod guage. 

The diffusion pump i s  followed 

The s t a t i c  gas pressure i n  the 

4.4 Electron G u n  

A low current source of 1-3 kev electrons is  provided by a 

comercial  cathode ray electron gun. 

shown i n  Figi-re 4.6 . Th.e gum is of the e l e c t r ~ s t a - t i c ~  three ~ i n g  

focusing type with an oxide coated cathode.. Typical beam currents 

range f r a m  100 t o  300 p a  with a heater current of 600 t o  650 ma at 

6.3 vol ts .  

The intensi ty  control gr id  i s  always maintained at cathode potential .  

The accelerator grid is  operated at +350 volts with respect t o  the 

cathode and the focus voltage varies - +50 volts about the cathode 

potent ia l  depending upon the value of the cathode potential  (the 

focus voltage is  approximately 0 volts fo r  -3KV cathode potent ia l ) .  

A photograph of the gun is 

The electron gun i s  operated i n  the following manner. 
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Detai l  drawing of the d r i f t  tubes 

Fig. 4.5 



0 SHOCK TUBE 

@ END PLATE 

@ SCATTERING BLOCK 

@ DRIFT TUBE ASSEMBLY 

@ VACUUM PUMP LINE 

@ CONNECTION TO ELECTRON GUN OR ENERGY ANALYZER 

@ PRESSURE GAUGE CONNECTION 



41 

Photograph of the eleetron gun showlng the location of: (a) cathode 
and heater, (b) beam intensity control grid,  (c )  aceelerator grid,  
(d) three-ring focus, ( e )  anode. 

Fig. 4.6 



I .  
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Because of the necessity of maintaining the scattering block at 

ground potential  and referencing the energy of the electrons to the 

scat ter ing block, the anode i s  at ground potential  with the cathode 

being run at the desired negative potential .  

housed inside a metal vacuum container so a s  t o  be shielded f r o m  

The electron gun is  

discharge magnetic fields and the gun housing is connected, at the 

anode end, t o  the scat ter ing block through a metal bellows. 

4.5 Spectroscopic Apparatus 

The shock tube scatkring.block.contains a set of apertures for  

the opt ical  measurements located a t  right angles t o  the electron 

beam apertures. The bottom aperture is  enclosed with a curved light 

t rap  constructed of a copper reducing elbow wLth a blackened inside 

surface. The top aperture is  sealed for  vacuum purposes with a 

quartz optical  f la t  so that the plasma radiation can be v is ib le  

t h r o w  the scat ter ing block. For convenience the emitted radiation 

i s  deflected at right angles by a front surface mirror and is then 

I”ocused by a 24 i n . ,  r5.6 iens, on t i e  entrance slit or” the spectro- 

graph. 

is used. 

* 
A n  f24 grating spectrograph with a dispersion of 10.4 Ang/m 

The spectrograph was modified t o  perform time-resolved 

spectroscopy by substi tuting f o r  the 35 mn film back, a photo- 

mult ipl ier  box consisting of a beryJLhn-copper sheet w i t h  four slits 

milled i n  it. 1 ~ 2 8  photomultipliers are located behind the slits t o  

* 1.5 Meter Bausch & Lomb Grating Spectrograph, Model No. 1 2  . 
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measure l i ne  and continuum intensi t ies .  

wide and are located t o  monitor the ~5876  of He I and the ~4686 l ine  

of He 11. 

The l ine  slits are 16 Ang 

Two slits 33 Ang wide are located on either s ide of the 

A5876 line t o  measwe the-continuum h t e n s i t y .  Because of space 

l imitations,  the continuum radiation i s  displaced with a para l le l  

prism before entering the photomultiplier. 

movable by means of an external screw and the position of the s l i t  

The s l i t  system is 

system is  monitored by a d i a l  guage. 

f o r  se t t ing  the l ine  position. 

scopic system i s  shown i n  Figure 4.7 . 

This allows an accurate means 

A schematic drawing of the spectro- 

Line broadening measurements were obtained by using a scanning 
** 

monochromator of the Czerny-Turner type. The instrument used i s  an 
0 f6.8, grating monochromator w i t h  a dispersion of 10 A per m. and a 

resolution of 0.2 A . 0 

A 10 stage, end-on type photomultiplier is 

used t o  record the l ight  intensity.  Calibration of the instrument i s  

accomplished by scanning the helium spectrum from a suitable Geissler 

+,,kn 
c, UUU . 

** 
Spex Monochromator - 3/11 M focal length. 

Model No. 1700. 
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Schematic drawing of the spectroscopic 
system 

Fig. 4.7 
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4.6 Curved Electrostatic..Jbezgy Analyzer 
*** 

A curved e lec t ros ta t ic  analyzer  w a s  used f o r  the energy loss 

measurements described-in this experiment, 

responding direct ly  t o  the distribution of par t ic le  energies so tha t  

the output can be interpreted directly.  The principal disadvantages 

are the small beam currents accepted by the entrance s l i t  and the 

diff icul ty  i n  construction. 

It has the advantage of 

The theory 

elementary form 

of operation o f  the -curved e lec t ros ta t ic  analyzer i n  

involves a force balance between the centrifugal 33 

force on a charged par t ic le  moving i n  a circular  orb i t  and an 

oppositely directed radial e lec t r ic  force. 

s t a t i c  analyzer consists of two concentric cylindrical  segnents 

subtending an angle, 0 . 

In  general, the electro- 

For a given geometric ratio,-.r2/rl , and an applied m t e n t i a l  

difference, .Vo , between khe. cylindrical seggents, a charged par t ic le  

of the E. 
0 

and perform a circular  orb i t  wi th in  the curved plates  emerging at the 

same radius, ro . A n  e n e r a  dispersion about Eo resu l t s  i n  a radial 

dispersion of the emergence point about ro . If a s l i t  is  placed at 

*** 
A review of double focusing, m j y  spectrometers i s  presented 

i n  the work by Brunecke and Scherzer 3 . 
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the emergence point and the potential  between the plates is  varied, 

a dis t r ibut ion of energies, E - + A E  , can be measured, where the 

spread, AE , is  determined by the s l i t -w id th .  

be made t o  have a high resolution by using a small slit width and by 

ensuring that the par t ic les  enter tangentially at the mean radius r . 

Such an instrument can 

0 

A first-order focusing for  par t ic les  entering with small radial 

displacements from ro is  obtained by making the angle (p - 

The actual construction of a curved e lec t ros ta t ic  analyzer i s  

considerably more d i f f i cu l t  than the theoretical  considerations 

would imply. 

m u s t  be maintained within a vacuum housing. 

should be located as far away *om the plates as possible t o  reduce 

the effects  of the fringing fields. 

i n  the design of a pract ical  analyzer i s  the elimination of ax ia l  

e f fec ts  by making the height of the  curved plates  much greater than 

the spacing between plates.  The applied potential  on the  plates  i s  

generally balanced kVo/2 . 

The curved plates do not ex is t  isolated i n  space but 

The vacuum housing 

Another important consideration 

The most important consideration i n  analyzer construction is  

the location of the entrance and exi t  slits. The entrance sl i t  

system provides two functions. The first is  t o  r e s t r i c t  the angular 

spread of the entrance beam and secondly t o  provide a termination t o  

the fringe fields of the curved plates. 

terminate the fringe f i e l d ,  and i n  the case of the 

The ex i t  s l i t  a lso must 
IT analyzer 

also determines the resolution. Most of the considerations mentioned 



47 

above were discovered a f te r  construction was completed and are 

mentioned i n  retrospect. 

" I )  is  located 3 cm. from the 2= B The analyzer  entrance slit (S 

entrance t o  the deflection plates and is maintained at ground 

potential .  

copper and are gold plated. 

The curved plates  are constructed of spring beryllium- 

Lucite forms, cut w i t h  two curved 

grooves at radii rl, and r2, hold the deflection plates  i n  place at  

the top and bottom. 

behind the exi t  plane of the  curved plates and immediately behind 

The exi t  slit  (S - .O3O i n )  i s  located 1 i n  3- 

the  ex i t  s l i t  is  placed the first dynode of an .e le c t ron multiplier. 

The electron multiplier i s  constructed from a Du Mont type 6467, 10 

stage multiplier phototube by removing the photocathode, and is  

used i n  a conventional manner wi th  the first dynode at  -1600 VDC 

and the anode signal appearing across a 1K load r e s i s to r  t o  ground. 

The actual gain of the electron m u l t i p l i e r  w a s  not determined a f t e r  

removal of the photocathode, but it i s  estimated t o  be 10 -10 

A detailed schematic of the energy analyzer and electron multiplier 

is shown i n  Figure 4.8 . 

4 5  . 

4.7 Data Recording and Experimental Procedure 

Four channels of spectroscopic data are recorded simultaneously 

with the energy loss measurement so that the plasma conditions are 

mown during the time of the measurement. 

the data system is  shown i n  Figure 4.9 . 
A schematic drawing of 

An experimental data run 

is init iated with a t r i g e r  pulse t o  the ignitron after which the 
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Detail drawing o f  the curved, e lec t ros ta t ic  
energy analyzer 

Fig. 4.8 
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Schematic drawing of the data 
recording system 

Fig. 4.9 





capacitor discharge of the "TI' occurs. 

senses the capacitor discharge and t r iggers  the two oscilloscopes 

which record the spectroscopic data. 

ramp generator i s  triggered. 

allows the shock wave t o  arrive a t - the  scat ter ing block the ramp 

generator turns on and produces a positive and negative se t  of 

l inear  voltage ramps of - +120v for  a duration of 311 sec. which are 

applied t o  the energy analyzer. 

delayed synchronizing pulse coincident with the start of the ramps 

which is  used t o  t r igger  the.oscilloscope that records the energy 

loss. One of the ramps is displayed along with the spectroscopic 

data. A typical set of data traces is  shown i n  Figure 4.10 . In  

order t o  f a c i l i t a t e  the energy loss measurement, a calibration 

response curve is recorded on the fiLn previous t o  each data run. 

The relationship of the analyzer response to the voltage ramp i s  

shown i n  Figure 4.11 . 
maintained at the operating pressure by a steady gas flow through 

the d r i f t  tubes with the electron beam running continuously. 

A magnetic pick-up c o i l  

At the same time a delayed 

After a predetermined delay which 

The ramp generator provides a 

D u r i n g  a data run the shock tube is 

A l ine  prof i le  measurement of the H e I ,  x5016, l ine  was 

performed by scanning across the l i ne  using repeated firings of the 

shock tube. Because of the long shock tube used i n  this experiment 

(100 ern. ) and the low operating pressure ( .35 t o r r )  the shocks are 

not exactly reproducible from shot t o  shot. 

observed that shocks which have the same a r r iva l  time also exhibi t  

the same absolute continuum in tens i ty .  

However, it w a s  

The l ine  w a s  repeatedly 



A typical set of data t races  

I 

(1) Continuum intensi ty  at  5700 Ang 
(2 )  H e I ,  ~ 5 8 7 6  line radiation 
( 3 )  %TI, ~4686 l i ne  radiation 
(4 )  Analyzer ramp monitor .35 t o r r ,  

'1 mT !iqm/rrn timp scale 

Fig. 4.10 





Oscillogram showing the linear voltage ramp and the associated 
analyzer response t o  a 3 kev electron beam. The time scale is 

.5~tsec/cm. 

Fig. 4.11 
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scanned until suff ic ient  data-was obtained so that the traces could 

be grouped aceording t o - a r r i v a l  time. The line profi les  fram shocks 

with the same arrival time axe found t o  be reproducible. 

manner it is possible t o  obtain a - l i ne  prof i le  measurement t o  

c q a r e  with known conditions of the energy loss measurements. 

In  th i s  

A 

typical l i n e  prof i le  measured dmingthe experiment i s  shown i n  

Figure 4.12 , 
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Measured HeI, ~5016 line profile 

Fig. 4.12 
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CHAPTER v 

EX?ERl"AL RESULTS AND-ANALYSIS OF DATA 

5.. P Speetroseopie Determination. of Plasma Temperature and 

Electron Density 

The plasma conditions are calculated fromthe photomultiplier 

traces at a time coincident wi th  the ramp monitor signal (see 

Figure 4.10) . The measurements are performed i n  the reflected 

shock region so  that plasma conditions are essent ia l ly  constant 

during the energy analysis interval.  

The plasm temperature is calculated by a re la t ive  intensity 

measurement which does not require an absolute intensity 

calibration. 

intensity referenced t o  the same wave length, a temperature deter- 

mination is  made. 

from 35-40,OOO OK fo r  the data. 

From the r a t io  of the H e I ,  A5876 l i ne  t o  the continuum 

The temperatures determined i n  t h i s  manner ranged 

The plasma eleetron density. is determined by an absolute 

continuum intensi ty  measurement. 

calibration of the opt ical  system is made using a carbon arc as an 

intensi ty  standard . 

For th i s  measurement, an absolute 

Null and Lozier 35 show that, i f  the a rc  i s  operated i n  a 

specified manner, it is  possible t o  maintain the c ra te r  luminance 

55 



56 

equivalent t o  a var ia t ion. in  tenperatwe of less than + 10 OK , 
Under appropriate operating conditions the  spectral  radiance appears 

close t o  tha t  typical  of a blackbody of 3800 OK temperature through- 

out the spectral  range 3000 t o  42000 Angstrams, 

emissivity of the c ra te r  approaches..unity over t h i s  spectral  range 

with the true era te r  temperature close t o  3800 OK . 

- 

The spectral  

In  order t o  calibrate the entire optical  system with the carbon 

arc ,  it is important t o  maintain identical optical  geometries during 

the actual measurements as during the calibration. 

accomplished by locating the carbon arc  i n  l i ne  with the spectro- 

graph and lens system with the front surface mirror swung out of 

the way.  A schematic of the opt ical  system is shown in Figure 4.7 . 
Alignment of the optical system is accomplished by placing a light 

source at the e x i t  foeal  plane of- the spectrograph. The alignment 

light passes i n  opposite direction through-the spectrograph and 

lens system and is deflected down through the opt ical  flat so tha t  

f ina l ly  the focussed dot is  made t o  disappear in to  the light t rap 

d i rec t ly  below at the lower side of the scat ter ing block. 

procedure ensures aligntnent of the spectrograph and also ensures 

t h a t  the light t rap  is direct ly  behind the radiating volume of the 

plasma. The limiting aperture of the opt ical  system is  located at 

the entrance t o  the spectrograph. With alignmnt established, the 

mirror i s  swung out of the w a y  and the carbon arc  i s  positioned so 

t h a t  the test light is focussed at the center of the positive 

c ra te r .  

This is 

This 

A posit ive locking device is provided s o  that the mirror 
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returns t o  the same location each time. 

The photomultipliers are calibrated i n  s i t u  by using the -- 
carbon arc  and a light chopper placed M e d i a t e l y  i n  front of the 

spectrograph. 

time, are used i n  the calibration. 

multipliers i s  checked by removing the neutral  density filters and 

observing the variation of the output wave form of the chopped arc 

radiation. 

Neutral density f i l ters,  calibrated at the same 

Linearity of the photo- 

The ref lec t iv i ty  of the front surface mirror w a s  measured 

using a laser  beam and a photodetector, and it i s  80 per cent. 

The transmissivity of the quartz optical  flat was measured t o  be 

93 per cent. 

The electron density was also determined during a separate 

experiment by a l i ne  prof i le  measurement of the Stark broadened 

~5016 l i ne  of He1  , as described i n  Section 4.4 . 
low iighi; levels iii-mlvec! LY this mas1~1-fient~ the entrance and 

e x i t  slits of the grating monochrmtor were opened, with a 

resul t ing sacrifice i n  resolution. 

was determined t o  be 0.6 Ang by measuring the f u l l  width at half  

maximum of the He,  ~5016 l ine  produced by an O s r a m  lamp. 

measured full width at half  maximum of the Stark broadened l i ne  

was corrected fo r  instrumental broadening by assuming tha t  the l i ne  

shapes were Gaussian. 

l i n e  w a s  found t o  be 0.6 Ang. 

Because of the 

The instrumental l i ne  width 

The 

The resolved l ine width of the broadened 

A plot  of the l i ne  measurement i s  
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shown i n  Figure 5.1 . 
reasonable agreement with the absolute continuum measurewnt and 

served the purpose of verif'ying-the electron density measurements. 

The eleetron density varied f'rom 5 x 1 ~ 1 ~ ~  t o  1x10l6 during 

the data runs, a5 determined by the continuum measurements. 

?"ne line broadening measurement w a s  i n  

5.2 Energy Loss Measurements 

The output of the energy analyzer indicates an energy loss 

ranging f'rom 50 t o  85 electron volts (ev) during the course of the 

experiment. 

t o  determine the energy loss (this i s  a measurement of the most 

probable energy loss). A typical energy ana lys is  trace is shown i n  

Figure 5.2 where a one millimeter division on the t race corresponds 

t o  a loss of 7ev. 

aceurately than 7-10 ev so that the er ror  i n  measurement i s  about 

20% . 
considerably more error .  

resolution of the analyzer by assuming that tne l ine  shapes a-e 

Gaussian. The resolved w i d t h s ,  which indicate the spreading i n  

energy of the beam, range f'rom 84 ev t o  133 ev. 

of the beam during the data runs ranged fkom 0.3 per cent t o  1.0 

per  cent of the incident beam current. A p h t  of the beam 

transmission as a f'unction of electron density is shown i n  

Figure 5.2a. 

The s h i f t  in the peak of the analyzer signal i s  used 

In general the shift could not be measured more 

The measurement of the width of the response curve contains 

The widths were corrected fo r  the 

The transmission 
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Measured l ine profile of HeI, ~5016 l ine 

Fig. 5.1 
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A typical-energy analpis data trace 

Fig. 5.2 
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Measured beam transmission a s  a flmction of 
plasma, electron density 

Fig. 5.2a 
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5.3 Comparison of Theoreticaland E q e q  hental Results 

In Figure 5.3 the most probable energy loss, as determined by 

the shift of the analyzer peak, is plotted versus the plasma 

electron density. 

proportional t o  the plasma electron density as the theory predicts. 

A comparison is made i n  Figure 5.4 of the experimental most- 

probable-energy losses w i t h  the theoretical  most-probable-losses as 

derivedfiom the Boltzmann equation solution. 

energy losses are approximately an order of magnitude higher than 

the theoret ical  predictions. The spread of energy losses as 

determined by the width of the resolved analyzer response is  plotted 

versus plasma electron density i n  Figure 5.5 . 
energy spread also obeys a . l i nea r  relationship with the density; 

however, the e r ror  i n  th i s  measurement is large and it should be 

taken only t o  have quali tative significance. 

Within exper-tal error ,  the energy loss i s  

The experimental 

It is  seen that  the 

In  relat ion t o  the prediction of Kahn regarding electrons 

being accelerated and emerging with an energy greater than the 

incident energy, no such effect  w a s  observed. 

5.4 Interpretation of the. Experkrental Results 

The experimental energy losses are almost an order of 

magnitude higher than the theory predicts. 

explanations which w i l l  account for the disagreement: 

experinental measurements are i n  error ,  B) the theoretical  model 

does not apply t o  the experimental conditions, C )  the theory is  

There are three possible 

A)  the 
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Experimental, energy loss as a f’unction of plasma 
electron density 

Fig. 5.3 
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C q a r i s o n  of experimental and theoretical 
energy losses 

Fig. 5.4 
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Experimental half width of the energy loss 
distribution a s  a function of plasma electron 

density 

Fig. 5.5 
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inadequate. 

sections. 

These poss ib i l i t i es  are discussed i n  the following 

5.4-A Experimental Error 

An error  of almost an order of magnitude for  the plasma electron 

density measurement i s  required for agreement with the theory. 

is  reflected as a required error  of two orders ( factor  of 100) of 

magnitude i n  the absolute continuum measurement. The l ine  prof i le  

broadening of HeI, ~5016 is  i n  g a d  agreemnt with the absolute 

continuum measurements. 

f’rm an absolute continuum measurement, neglecting the effect  of 

second ionization of the helium a t m .  

encountered i n  t h i s  experimnt (‘40,000°K) the fractional second 

ionization can be large enough t o  have an appreciable effect  on the 

continuum measurement and calculation. 

ionization increases the continuum intensity by 100%). The 

temperature w a s  determined by a relative,  atom-to-continuum 

measurement so  tha t  again, the second ionization effects  cause an 

e r ror  i n  the temperature determination. 

so  that the degree of f’ractional second ionization is d i f f i cu l t  t o  

estimate. 

neglecting second ionization provides an upper l i m i t  t o  the actual 

This 

* 

The p la sm electron density w a s  calculated 

A t  the  temperatures 

(e.g., a 6% fractional second 

These effects  are circuitous 

It is  important t o  note that the density determined by 

it 
The calculated rull width at half maximum of HeI, x5016 is -0.6 

15 16 -3 
Ang for ne=8x10 cm-3 and is approximately 5 Ang fo r  ne=5x10 cm . 
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electron density. 

broadening measurements. 

significantly lower. 

discrepancy between the theoretical and experimental energy loss is, 

somewhat uncertain. 

than the resul ts  which are presented i n  Section 5.3 indicate.  

This upper l imi t  is also substantiated by the l ine 

The actual electron density could be 

In  View of the discussion above, the actual 

However, thediscrepancy could be much worse 

In order t o  verify that  the calibration of the analyzer w a s  

correct, an energy analysis was performed i n  the quiescent region 

immediately preceeding the ar r iva l  of the shock front.  

procedure allowed a calibration t o  be made with no plasma present 

under ident ical  conditions of the data run. 

a zero energy loss. 

This 

The analyzer indicated 

5.4-B Applicability of the Theoretical Model 

The theoretical  average energy lass i s  &rived imder the 

assumption of a single test electron interacting with a one- 

dimensional, i n f ln i t e  plasma, The experimental conditions must 

coincide with this model i f  the theory is t o  be applicable. 

Typical efeetron beam-currents are 100 pa at 3 k v  energy and 

the corresponding beam density for a 2 mm diameter beam is 6x10 cm 6 -3 . 
The interaction volume for  electron-electron coll isions within the 

. For a plasma plasma, i s  o f t h e  s ize  of a sphere of radius AD ~t 

electron density of 10l6 cm-3 and a temperature of 40,000 OK the 

interact ion volume is 

V 

3 ~ 1 O - l ~  cm3 . The condition that only one 
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beam eleetron ex is t s  within the interaction volume is  certainly 

satisfied, implying that there are no "bunching" effects  i n  the beam. 

The beam diameter is 2 mm and the plasma diameter is 2.5 cm so  

that the experimental conditions are one-dimensional. 

The experimental conditions are accurately described as a plasma 

with vacuum boundaries since the existence of a sheath boundary is  

not feasible because of the extremely fast ambipolar diffusion rate 

at high temperatures. If a sheath is  formed i n  front of the d r i f t  

tubes with the a r r iva l  of the shock front ,  it w i l l  diffuse through 

the drift tube i n  .lusec resulting i n  a plasma vacuum interface at 
* 

the time of the measurement. If sheaths did ex is t  they should have 

a negligible net effect  because of the symmetry of the shock tube. 

The sheath would decelerate the beam as it entered the plasma and 

cause an energy loss of the order of the plasma thermal energy. Xow- 

ever, as the beam par t ic les  emerge from the plasma they w i l l  regain 

the energ,' thmi-gih the ex i t  sheath. 

The possibi l i ty  exists of having an electron density within the 

drift tubes, thus increasing the effective length of the plasma 

column. A calculation, based on the assumption that  the plasma 

electrons would diffuse isotropically through the d r i f t  tubes at a 

* 
This result is calculated using an ambipolar diffusion 

3 2  36 coefficient scaled to 40,000 OK. Da= 8x10 cm /sec. 



69 

sound speed corresponding t o  the plasma temperature, indicated that 

the d r i f t  tube eleetron density would be two orders of magnitude 

lower than the plasma density within the shock tube. 

Another possibi l i ty  i s  .that the effects  are caused by a finite, 

bounded plasma. 

approxhate, as closely as possible, an in f in i t e  plasma. 

of plasma traversed by the electron beam i s  of the order of 10 

Debye lengths. 

lengths, it is  apparent that  boundaries would be important. 

ever, for  the present experimental condition it is  d i f f i cu l t  t o  see 

quantitatively how the "finite" plasma could have an appreciable 

effect. 

the plasma is  not ruled out completely, but it is  d i f f i cu l t  t o  

understand how sueh an e f f ec t  could produce the gross discrepancy 

between the theoret ieal  and observed results. 

Experjmental conditions have been chosen so as t o  

The length 
6 

If the plasma column width were only a few Debye 

How- 

The possibi l i ty  of an effect  due t o  the "finite" extent of 

5.4-C Inadequacy of the Theoretical Model 

The evidence which has been presented indicates that the 

experimental determination of the plasma electron density, although 

subject t o  uncertainty, provides an upper l i m i t  t o  the electron 

density. The energy loss measwements are correct t o  within the 

stated experimental error.  Arguments have been presented t o  show 

that there are no ef fec ts  due t o  the dr i f t  tubes or t o  the plasma 

boundaries. The conclusion is  that it would be desirable t o  review 

the theoret ical  considerations i n  search of additional energy loss 



mechanisms. 

There is- eer%ainly a strong Juskification for  reconsidering 

with eonsiderably more d e t a i l  both the theory and the experiment. 



SUMMARY AND SLI-NS- EDRmplTJRE WORK 

6.1 S m  of Results 

A col l is ianal  theory w a s  developed fo r  the average energy loss 

rate of an energetic t e s t  eleetron interacting with a plasma. Energy 

loss due t o  the excitation of plasma oscil lations is  accounted fo r  i n  

the theory through an ad hoc extension of the maximum impact para- -- 
meter. The expression fo r  the average energy loss rate obtained i n  

th i s  manner is i n  agreement with other available theories. 

expression for  the distribution of energy losses and for  the 

An 

transmission of the electron beam w a s  also derived using a collisional 

theory. 

A n  experimental determination was made of the distribution of 

energy losses of a beam of energetic t e s t  electrons traversing a 

plasma. 

spectroscopic diagnostic techniques. 

i n  energy losses wepe found t o  be proportional t o  the plasma electron 

density. 

approximately an order of magnitude larger than tha t  predicted by 

the available theory. 

electron density measurements, due t o  the effect  of doubly ionized 

helium, the resu l t s  obtained indicate a minimum discrepancy between 

theory and experiment. The actual discrepancy might be much worse. 

The plasma conditions were determined iriiepeideiitly -..sing 

The energy los s  and the spread 

The experimntal energy loss w a s  observed t o  be 

In  view o f t h e  uncertainty introduced i n  the 

71 



The prediction of a high energy t a i l  i n  the energy distribution, 

due t o  plasma acceleration mechanisms,was not substantiated by the 

experimntal data. 

6.2 Suggestion for Future Work 

The present experimental work is limited t o  an extremely narrow 

range of the experimental parameters.. 

this limitation. It would be desirable t o  extend the experiment over 

a larger range of the parameters, electron beam energy, electron beam 

density, plasma emposition, plasm density and length of plasma. 

The d i f f icu l ty  i n  detecting small currents during short time 

intervals ,  placed the res t r ic t ion  on the upper range of plasma 

electron densities i n  the experiment. A t  densit ies above l O I 6  

the analyzer output was extremly small, and at densit ies of the 

order of 1015 cm-3 the energy loss becomes comparable t o  the analyzer 

error. 

electron volts because at lower energies the beam transmission was 

reduced excessively. Energies much above 3 kev w e r e  not possfbie, 

simply because of inadequate high voltage connections. 

versa t i le  electron gun would be needed i n  order t o  cover a 

substant ia l  range of beam currents. 

traversed by the eleetron beams could be varied, within the same 

shock tube, by plaeing cylindrical inserts i n  the seattering block. 

In future experiments, an energy analyzer with a high energy 

resolution and with the capability of detecting smaller beam currents 

would allow the dis t r ibut ion of energy losses t o  be studied with 

Inadequate equipment forced 

The energy of the beam w a s  res t r ic ted  t o  a value - > 3,000 

A more 

The length of the plasma column 
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more precision. 

I 

I 

The most serious l imitation in the experiment w a s  the d i f f icu l ty  

i n  performing accurate spectroscopic diagnostics i n  helium at the 

temperatures and densities encountered (ne%l0l6 P40,OOO OK) . 
In  particular,  the high temperature was responsible fo r  low light 

levels from the atomic l ine radiation and for uncertainties i n  the 

continuum radiation due t o  the presence of doubly ionized helium. 

The diagnostics could be improved considerably by operating the 

shock tube at  higher ambient pressures and by reducing the 

temperature. By the addition of 5-10 per cent hydrogen t o  the 

helium plasma, the temperature can be reduced t o  approximately 

20,000 OK 

range and a precise determination of the electron density could be 

made from simultaneous l i ne  profile measurements. 

37 . The temperature can be determined accurately i n  t h i s  

The effect  of the capacitor discharge, magnetic f i e ld  on the 

t?lcubL’u11 - l - - L - - - - -  I---- ucdlll ---- W a 3  n l i m i n d - n A  G I L I I Y I A u v ~ ~  h x r  VJ iisinlr ---- 2 long shock tube and thereby 

performing the beam measurements af’ter the oscil latory magnetic f i e ld  

had been fully damped. 

f r o m  shot t o  shot, due t o  the long tube and low ambient pressures. 

A shorter shock tube could be used ( this  would improve shot-to-shot 

reproducibility) if a distributed parameter, pulse forming network 

were used, rather than a single capacitor, t o  provide the discharge 

current. 

discharge, magnetic fields would reduce t o  zero very rapidly. 

The shocks were not completely reproducible 

Such a pulsed discharge could be produced so that the 
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The discrepancy w h i c h  exists between the available theories 

and the experimental resul ts  obtained i n  t h i s  present work suggests 

that a theoretical  program should be initiated i n  an attempt t o  

explain the disagreement. 

satisa the conditions of an inf in i te  plasma it is  s t i l l  possible 

that the boundaries could influence the passage of energetic, 

charged par t ic les .  

Although the experiment w a s  designed t o  

After the refinements mentioned above have been thoroughly 

exhausted, and only then, the obvious extension of the experimental 

program would be t o  repeat the measurements i n  the presence of an 

applied magnetic f ield.  
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