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STABLE PROPAGATION OF A HIGH-CURRENT ELECTRON BEAM: 

EXPERIMENTAL OBSERVATIONS AND COMPUTATIONAL MODELING 

Experimental s t u d i e s  of se l f - focused ,  high-current  electron-beam 

propagat ion phenomena a r e  compared w i t h  t h e  r e s u l t s  of computat ional  modeling. 

The model i nc ludes  t h e  r a d i a l  s t r u c t u r e  of t h e  beam-plasma system, a f u l l  

e lec t romagnet ic  f i e l d  d e s c r i p t i o n ,  primary and secondary gas  i o n i z a t i o n  

processes ,  and a l i n e a r  theory  of t h e  hose- l ike  d i s t o r t i o n s .  Good agreement 

between t h e  experimental  r e s u l t s  and t h e  computations s t r eng thens  t h e  premise 

t h a t  hose i n s t a b i l i t y  is  t h e  p r i n c i p a l  l i m i t a t i o n  t o  propagat ion  a t  h igh  

p re s su re .  

INTRODUCTION 

Hose i n s t a b i l i t y  s e v e r e l y  l i m i t s  t h e  propagat ion  of se l f - focused  e lec-  

t r o n  beams i n  n e u t r a l  gases ,  a s  has  been amply demonstrated i n  t h e  Astrom beam 

experiments.  The obse rva t ion  of s t a b l e  propagat ion  w i t h  a high-current ,  
i, 2 

1.5-MeV, diode-produced beam is ,  t h e r e f o r e ,  q u i t e  s i g n i f i c a n t ,  s i n c e  i t  

demonstrates  t h a t  s t a b i l i t y  a g a i n s t  hose d i s t o r t i o n s  can  b e  achieved under t h e  

proper  cond i t i ons .  

Recent ly,  a computional model of beam propagat ion  and l i n e a r  hose  

i n s t a b i l i t y  has  been developed. This  model s u c c e s s f u l l y  d e s c r i b e s  t h e  behav- 

i o r  of ou r  pulsed-diode e l e c t r o n  beam a t  p r e s s u r e s  above 1 Torr .  Thus, t h i s  

r e p o r t  p r e s e n t s  (1) some of t h e  most r e c e n t  exper imenta l  obse rva t ions ,  (2)  a 

d e s c r i p t i o n  of t h e  above computat ional  model (EMPULSE code) ,  and (3 )  a 

comparison of experimental  and code r e s u l t s .  

EXPERIMENTAL OBSERVATIONS 

The e l e c t r o n  beam used i n  t h e s e  experiments  was genera ted  by a n  FX-25 

dev ice  manufactured by Ion Phys ics  Corporat ion.  The beam c u r r e n t  has  a r i s e  

t ime of approximately 4 ns  t o  7.5 kA, and t h e n  a s lower r i s e  reaching  1 5  kA 

a t  1 5  ns .  The beam c o n t a i n s  about  500 J a t  a peak v o l t a g e  of 1 . 5  MeV. The 

experimental  appa ra tus  i s  shown i n  Fig.  1. The e l e c t r o n  beam passes  through 





a 0.0025-cm (1-mil) titanium.anode i n t o  a Lucite d r i f t  tube and i s  col lected 

by t h e  4.8-cm Faraday cup/calorimeter described i n  previous reports .  192 A 

0.0025-cm aluminized Mylar f o i l  placed over t h e  Faraday cup/calorimeter 

Y excludes the  plasma current  and a c t s  a s  a witness p la te .  The dis tance between 

! t he  anode and t h e  Faraday cup/caforimeter was adusted t o  cont ro l  t h e  beam 

1' propagation length. 
I8 C 

Figure 2 shows open-shutter photographs of t h e  e lectron beam propagating 

i n  neon in s ide  a 180-cm, 25-cm i . d ,  Lucite tube. For t h e  upper photographs, 

the  tube was l i ned  with a copper screen t h a t  connected t he  Faraday cup t o  t he  

FX-25 and terminated t h e  electromagnetic f i e l d s  generated by t h e  beam ins ide  

the  tube. For t he  lower photographs, t h e  tube was not  l ined  with a copper 

screen. I n  neon, t he  beam propagates very s t ab ly  a t  5 Torr, while hose 

i n s t a b i l i t y  can be seen even with open-shutter photography a t  t he  higher 

pressures (=50 Torr). Note t h a t  t h e  presence o r  absence of t h e  copper screen 

l i n e r  has l i t t l e  e f f ec t  on beam propagation a t  t h e  pressures shown. 

Figure 3 shows the  energy propagated by t h e  beam through a 120-cm long, 

8.8-cm i.d. tube a s  a function of preseure f o r  various gases. Here t h e  

presence of a propagation window a t  a few Torr is c l e a r l y  demonstrated; the  

pressure range of t h e  propagation window depends on t h e  gas. 

Figure 4 shows oscillograms of t h e  beam current  delivered t o  t h e  Faraday 

cup/calorimeter a t  a propagation dis tance of 100 cm a t  pressures from 0.05 t o  

20 Torr a i r .  The da ta  w a s  taken with a 120-cm long, 8.8-cm. i .d ,  tube with a 

copper screen l in ing .  A t  t he  lowest pressure,  t h e  beam does not propagate 

u n t i l  t h e  gas is su f f i c i en t ly  ionized t o  sho r t  out  t h e  r a d i a l  e l e c t r i c  f i e l d ,  

thereby allowing t h e  beam t o  self-focus. A s  t h e  pressure  is increased, t h e  

beam self-focuses e a r l i e r  i n  t he  pulse, with an  increase i n  t h e  t o t a l  energy 

transmitted. These phenomena a r e  cha rac t e r i s t i c  of t h e  "low pressure window" 

mode of propagation f i r s t  i den t i f i ed  i n  experiments with t h e  Astron beam. A t  

0.2 Torr t he  time of space charge neu t ra l iza t ion  occurs approximately halfway 

through the  pulse. A t  t h i s  pressure, t h e  peak current  measured by t h e  Faraday 

cup/calorimeter is grea te r  than t h e  current  generated by t h e  FX-25. This i s  

C 
t h e  "current amplification" phenomwulu a l s o  seen i n  t h e  Astron experiments. 

A t  pressures up t o  5 Torr, t he  beam propagates w e l l ,  with near ly  a l l  t h e  

energy transmitted t o  the  Faraday cup/calorimeter. A t  1 0  Torr, t h e  t a i l  of 

t he  pulse  is s t rongly eroded, and only about 40% of t h e  beam energy is col- 

l ec ted  by the  Faraday cup/calorimeter. A t  20 Torr, t h e  degree of t a i l  erosion 

is even greater .  Other experiments have shown t h a t  a t  pressures of 1 0  o r  



5 Torr 50 Torr 

Fig. 2. Open-shutter photographs of electron beam propagating inside a 180-cm 
long, 25-cm i . d .  Lucite tube, with copper screen (upper) and without copper 
screen (lower), a t  neon gas pressures of 5 Torr Cleft) and 50 Torr Cright) . 
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Fig .  3 .  Energy propaga t ion  window f o r  v a r i o u s  gases  as a  f u n c t i o n ' o f  
p r e s su re ,  f o r  120-cm long ,  8.8-cm i . d .  t u b e ,  w i thou t  copper s c r e e n .  
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Fig.  4 .  Beam c u r r e n t  d e l i v e r e d  t o  Faraday cup/ca lor imeter  a t  
prvpagat ion d i s t a n c e  of 100  c m  and a t  a i r  p r e s s u r e s  of from 0.05 t o  
20 Torr ,  f o r  120-cm long,  8.8-cm i . d .  tube ,  w i t h  copper s c reen .  



-20 Torr  t h e  t a i l  e r o s i o n  a l s o  i n c r e a s e s  r a p i d l y  w i t h  propagat ion  l eng th .  

F igure  5  shows a n  open-shut ter  photograph of t h e  beam propagat ing  i n  a i r  

a t  2  Torr  i n  a 550-cm long,  8.8-cm i . d .  tube.  (The l e n g t h  of t h e  t u b e  was 

l i m i t e d  only  by t h e  space  a v a i l a b l e  i n  t he . expe r imen ta1  a r e a . )  Here, t h e  beam. 

energy d e l i v e r e d  t o  t h e  Faraday cup/ca lor imeter  exceeded 250 J. Moreover, t h e  

beam w a s  w e l l  focused a t  t h e  c o l l e c t i o n  p o i n t ,  as evidenced by a  h o l e  i n  t h e  

wi tnes s  f o i l .  The.beam c u r r e n t  o s c i l ~ o g r a m  was very  s i m i l a r  t o  t hose  obta ined  

a t  s h o r t e r  p ropaga t ion . l eng th ,  i n d i c a t i n g  t h a t  t h e  energy l o s s  h a s  r e s u l t e d  

from a  l o s s  of t h e  average  e l e c t r o n  energy and n o t  from a  l o s s  of  beam 

e l e c t r o n s .  A t  t h i s  p re s su re ,  t h e  energy l o s s  i s  p r i m a r i l y  due t o  t h e  co l l ec -  

t i v e  e l e c t r i c  f i e l d  (ohmic l o s s )  and n o t  t o  t h e  d i r e c t  impact w i t h  gas  

molecules.  The a x i a l  e l e c t r i c  f i e l d  p r e d i c t e d  by t h e  EMPULSE code (descr ibed  

i n  t h e  fo l lowing  s e c t i o n )  ranges from approximately 6 kV/cm near  t h e  p u l s e  

' head ( ~ 0 . 5  n s  p o i n t )  t o  approximately 0 .2  kV/cm i n  t h e  body of t h e  pu l se .  I f  

we average  t h i s  e l e c t r i c  f i e l d  over  t h e  p u l s e ,  an  energy l o s s  of 200 t o  

300 keV per  p a r t i c l e  over t h e  550-cm d i s t a n c e  i s  p red ic t ed ,  which i s  i n  

reasonable  agreement w i t h  t h e  experimental  obse rva t ion ,  cons ider ing  t h e  uncer- 

t a i n t y  i n  t h e  mean p a r t i c l e  energy a t  t h e  anode. 

I n  summary, t h e  d a t a  show t h a t  i n  a i r  a t  a  p r e s s u r e  of 2  Tor r  t h e  beam 

propagates  w i t h  no evidence of i n s t a b i l i t y .  A t  h ighe r  p re s su re s ,  t h e  beam i s  

l o s t  by a n  e r o s i o n  t h a t  proceeds from t h e  t a i l  of t h e  beam toward t h e  head 

when e i t h e r  p re s su re  o r  propagat ion  l e n g t h  i s  inc reased .  A t  lower p r e s s u r e s ,  

t h e  beam is  n o t  w e l l  guided by a n  unscreened L u c i t e  tube .  The a d d i t i o n  of  a  

conduct ing w a l l  i n s i d e  t h e  tube  improves t h e  propagat ion  a t  lower p r e s s u r e s  

and we s e e  evidence of t h e  "low p r e s s u r e  window" and "cu r ren t  ampl i f i ca t ion ' '  

phenomena p rev ious ly  observed i n  experiments w i t h  t h e  Astron beam. 

COMPUTATIONAL STUDY 

The beam-propagation code, EMPULSE, h a s  been used t o  simlate t h e  FX-25 

experiments performed i n  low p r e s s u r e  a i r .  The main purpose of t h i s  s tudy  i s  

t o  determine whether t h e  code model i s  c o n s i s t e n t  w i t h  t h e  obse rva t ions  of 

suppressed hose growth a t  t h e  lower gas  p r e s s u r e s  ( 1  t o  5  Tor r ) ,  and t h e  d i s -  

r u p t i o n  s e e n  a t  h igher  p re s su re s .  A s imple  a n a l y t i c a l  model of hose growth 
3  

has i n d i c a t e d  t h e  important  r o l e  played by t h e  avalanching of c o n d u c t i v i t y  by 

e l e c t r i c  f i e l d  breakdown, b u t  d e t a i l e d  modeling of t h i s  phenomenon can  on ly  b e  

made w i t h  EMPULSE. 



Fig. 5.  Open-shutter photograph of beam 
propagating a t  an a i r  pressure of 2 Torr 
inoide a 550-cm long, 8.8-cm i,d. ttlhe, 
without copper screen. 



C l e a r l y ,  t h i s  exper imenta l  s t udy  p rov ides  a n  important  t e s t  c a s e  f o r  t h e  

code; a  s u c c e s s f u l  s imu la t i on  of t h e  d a t a  would g i v e  a  h ighe r  degree  o f  con- 

f i d e n c e  i n  t h e  p r e d i c t i o n s  i t  makes i n  o t h e r  regimes. 

It must b e  emphasized t h a t  t h e  experiments  a t  p r e s s u r e s  below 1 Tor r  a r e  

n o t  p rope r ly  s imula ted  by EMPULSE. The code  cannot  t r e a t  m i c r o i n s t a b i l i t i e s  

(e.g. , '  t h e  two-stream mode), wh i l e  t h e r e  i s  c o n s i d e r a b l e  evidence t h a t  propa- 

g a t i o n  i s  a c t u a l l y  l i m i t e d  by such phenomena a t  p r e s s u r e s  o f  about  1 Torr  and 

below. The code is designed t o  t r e a t  t h e  h ighe r  p r e s s u r e  regime i n  which 

r e s i s t i v e  e f f e c t s ,  such  a s  t h e  hose  i n s t a b i l i t y ,  a r e  expected t o  p l a y  t h e  

dominant r o l e .  

Desc r ip t i on  of EMPULSE 

EMPULSE numer ica l ly  models a  h igh ly  r e l a t i v i s t i c ,  se l f - focused ,  e l e c t r o n  

beam propaga t ing  i n  a  gas  wi thout  e x t e r n a l l y  a p p l i e d  f i e l d s .  The c u r r e n t  i s  

assumed low compared w i t h  t h e  Alfvgn l i m i t ,  s o  t h e  p a r a x i a l  approximation i s  

adopted f o r  t h e  beam dynamics. The p r i n c i p a l  f e a t u r e s  a r e  a s  fo l lows:  

(1) The e lec t romagnet ic  f i e l d  i s  t r e a t e d  w i t h  two components of 

p o t e n t i a l  (Az and $1, where Maxwell's e q u a t i o n s  a r e  so lved  t a k i n g  t h e  beam 

v e l o c i t y  equa l  t o  t h e  speed of l i g h t .  A f u l l  d i s c u s s i o n  of  t h e s e  f i e l d  

equa t ions  is  g iven  i n  ano the r  r e p o r t .  
4 

(2) The plasma channel  i s  c h a r a c t e r i z e d  by s c a l a r  e l e c t r i c a l  conduct iv-  

i t y ,  genera ted  by t h e  passage of t h e  beam through t h e  gas .  The c o n d u c t i v i t y  

is  g iven  by 

where v is  t h e  momentum t r a n s f e r  f requency between plasma e l e c t r o n s  and gas  
m 

molecules ,  and n i s  t h e  plasma e l e c t r o n  d e n s i t y .  For t h e  se t  of r u n s  de- 
e 

s c r i b e d  below we t a k e  

where n  i s  t h e  number d e n s i t y  of  t h e  gas .  This  v a l u e  i s  a  good approximation 
g  

i f  e l c c t r o n  tempera ture  i s  i n  the expected range  L t n  l,Cl PV. 



The e l e c t r o n  d e n s i t y ,  n  is  generated by d i r e c t  i o n i z a t i o n  of t h e  gas  
e '  

by t h e  beam and by avalanching i n  t h e  induced e l e c t r i c  f i e l d ;  i . e . ,  

-18 2 
Here, J i s  beam c u r r e n t  d e n s i t y ,  and K = 2 . 3 6  x 1 0  , cm i s  t h e  e f f e c t i v e  

b  
i o n i z a t i o n  c r o s s  s e c t i o n  f o r  1 .5  MeV e l e c t r o n s  ( t h e  cascade  f a c t o r  is  taken  

i 
i n t o  account ) .  The ava lanche  r a t e  V i s  a  f u n c t i o n  of /P f i t t e d  t o  t h e  

5 
pu l se  breakdown d a t a  of F e l s e n t h a l  and Proud. We n e g l e c t  recombination; t h i s  

approximation i s  v a l i d  f o r  a l l  p r e s su re s  except  t h e  h i g h e s t  ones (-100 Torr ) .  

For t h e  undis tbrbed  c u r r e n t  d e n s i t y  p r o f i l e ,  t h e  t runca ted  Bennet t  form i s  

used : 

b  0 
J ( r ,  X) = N(a) - 

2 
na a  

wi th  r a d i a l  coo rd ina t e  r, s c a l e  r a d i u s  a ( x ) ,  and 'channel r a d i u s  R. Note t h a t  

a ,  Ib, and normalizing f a c t o r  N (a )  a r e  f u n c t i o n s  of t h e  Doppler-shif t ed  t ime 

v a r i a b l e ,  

but  a r e  n o t  func t ions  of z ;  i . e . ,  t h e  c u r r e n t  p r o f i l e  i s  a  f i x e d  wave form. 

The p a r t i c l u l a r  form used h e r e  i s  

= T t anh  (t) tanh f ~ )  , 
I b  0 

wi th  I t h e  peak c u r r e n t ,  L t h e  r i s e  l e n g t h ,  and L t h e  p u l s e  l eng th .  The 
0  r P 

r a d i u s  a  is determined from t h e  emi t tance  E (assumed c o n s t a n t )  by t h e  usua l  

pinch c o n d i t i o n  

.-# 

L 
E . . 
- 3 -  

2 
a  ymc 

wi th  t h e  averages  taken  over  t h e  beam c u r r e n t  p r o f i l e .  S ince  E and B cance l  
r 8 

a t  t h e  beam f r o n t ,  i t  i s  necessary  t o  impose a  maximum r a d i u s ;  we somewhat 

a r b i t r a r i l y  t a k e  a  5 1 0  cm. 



, (3)  To t r e a t  hose i n s t a b i l i t y ,  t h e  f o u r  f u n c t i o n s  A , Q ,  0, and J a r e  
z b 

each decomposed i n t o  two azimuthal  components: 

+ A  s i n  0 , 
A Z = A Z ~  z l  

Q = Q0 + Q, s i n  8 , 

The d i p o l e  components ( t hose  wi th  s i n  0 dependence) a r e  considered t o  b e  

of smal l  ampli tude,  so  t h a t  l i n e a r  a n a l y s i s  a p p l i e s ,  b u t  t hey  va ry  r a p i d l y  i n  

x  and z  a s  a  m a n i f e s t a t i o n  of hose i n s t a b i l i t y .  The p a r t i c u l a r  form f o r  J i s  
396 

b  
t h e  r i g i d  beam express ion ,  which corresponds t o  a s imple  sideways d i sp l ace -  

ment of magnitude Y (z ,  x )  . 

( 4 )  The beam is composed of  300 t o  500 segments of  vary ing  th i ckness ,  

Ax, which do no t  i n t e rmix  a s  t h e  beam propagates  i n  t h e  +z d i r e c t i o n .  Each 

segment i s  i t s e l f  composed of 100 d i s k s  w i t h  d i s t r i b u t e d  r e l a t i v i s t i c  mass to '  

s imu la t e  t h e  phase mixing e f f e c t s  of p a r t i c l e  o r b i t s  due t o  t h e  anharmonic 

pinch f i e l d .  Each d i s k  i s  thus  propagated i n  z  and c h a r a c t e r i z e d  by d i sp l ace -  

ment Yi(z, x )  w i th  i = 1, ..., 100. The displacement  of a  segment a s  a  whole 

is a  d i s t r i b u t e d  mean, 

w i th  t h e  f ,  s e l e c t e d  t o  b e  i n  accord  w i t h  known p r o p e r t i e s  of t h e  Bennett  

p r o f i l e .  3  9 

(5) The f i e l d  equat ions  a r e  so lved  by s t anda rd  f i n i t e  d i f f e r e n c e  meth- 

ods. A l l .  s e n s i t i v e  c a l c u l a t i o n s  a r e  second o rde r  a c c u r a t e .  Boundary 

cond i t i ons  t~lust  be  imposed a t  R; f o r  t h e  c a s e  a t  hand, we cons ide r  t h a t  t h e  

conf in ing  d r i f t  tube  i s  a p e r f e c t  conductor ,  s o  A (R) + Azl(R) = 0. 20 
A t y p i c a l  run  of t h e  type  r epor t ed  h e r e  r e q u i r e s  about  30 min computing 

t ime on t h e  CDC 7600. 



Parameters  of  S imula t ion  

F i v e  runs  of  EMPULSE were made t o  s i m u l a t e  propaga t ion  i n  t h e  FX-25 

d iode  experiments  a t  p r e s s u r e s  of  2 ,  5 ,  1 0 ,  20, 200 Torr  a i r .  The d r i f t  

channel  was bounded by a  me ta l  w a l l  a t  R = 4.98 cm, and t h e  parameters  used 

f o r  t h e  model c u r r e n t  waveform w e r e  

The beam energy was chosen t o  correspond t o  a  peak v o l t a g e  of  1 . 5  MeV (y = 4 ) .  

Emittance was s e l e c t e d  such t h a t  t h e  ful ly-pinched r a d i u s  i s  a  = 1 cm (with 

f u l l  charge  n e u t r a l i z a t i o n  and peak c u r r e n t  I ). A s  mentioned, t h e  p u l s e  head 
0  

i s  expanded, w i t h  maximum r a d i u s  of  1 0  cm. Hence, t h e  a c t u a l  p r o f i l e  of t h e  
2  2 2  

head i s  determined by t h e  t r u n c a t i o n  f a c t o r  (1 - r / R  ) . 
A t  t h e  p o i n t  of i n j e c t i o n  ( z  = 0)  , a  p e r t u r b a t i o n  of t h e  form 

Y(z = 0, x) = cos  (') 
was a p p l i e d ,  The e n t i r e  p u l s e  propagated t o  z = 400 cm (corresponding t o  

max 
about  1 5  b e t a t r o n  wavelengths f o r  t h e  f u l l y  pinched beam; t h e  a c t u a l  b e t a t r o n  

wavelength i s  inc reased  by a  f a c t o r  of 1 t o  3 because of  c u r r e n t  n e u t r a l i z a -  

t i o n ) .  F i e l d s ,  conduc t iv i t y ,  beam r a d i u s ,  and beam displacement  were 

determined a s  f u n c t i o n s  of x and z .  

R e s u l t s  of  Code Runs 

Table  1 g i v e s  t h e  most s i g n i f i c a n t  computed q u a n t i t i e s  f o r  t h e  desc r ibed  

EMPULSE runs.  " N ~ L  c u r r e n t , "  " e l e c t r i c a l  conduc t iv i t y "  on a x i s ,  plasma 

" e l e c t r o n  d e n s i t y "  on a x i s ,  and "beam rad ius"  a r e  g iven  f o r  t h e  r e p r e s e n t a t i v e  

p o i n t  x  = 500 cm (roughly t h e  middle  of  t h e  pu l se ) .  These a r e  equ i l i b r ium 

q u a n t i t i e s  and,  a s  such,  a r e  independent  o f  z. The "pinch poin t"  i s  t h e  pos i -  

t i o n  i n  t h e  beam head a t  which s e l f - f o c u s  e f f e c t s  c r e a t e  t h e  p inch  equ i l i b r ium.  

This  i s  somewhat of a n  a r t i f i c e  of t h e  manner i n  which t h e  p r o f i l e  i s  handled,  

bu t  i t  i s  cons idered  a  r ea sonab le  i n d i c a t o r  of  t h e  " t r u e  beginning" of 

equ i l i b r ium.  "Maximum displacement"  g i v e s  t h e  l a r g e s t  displacement  Y (z , x) 

col~lputed near  t h e  p u l s e  midpoint  a t  x * 600 cm. S ince  t h e  per turbed  equa t ions  

a r e  l i n e a r ,  Y should be  compared w i t h  t h e  i n i t i a l  p e r t u r b a t i o n  ampl i tude  
max 

of u n i t y .  The "x p o i n t  where hose  a m p l i f i c a t i o n  begins"  g i v e s  t h e  p o i n t  i n  



Table  1. Computed behavior  of beam-plasma system a t  s e v e r a l  p r e s s u r e s .  Net 
c u r r e n t ,  conduc t iv i t y ,  e l e c t r o n  d e n s i t y  and beam r a d i u s  a r e  g iven  
f o r  t h e  p o i n t  x  = 500 cm. Conduct iv i ty  and , d e n s i t y  a r e  on-axis 
va lues .  Maximum displacement  i s  g i v e n  f o r  x  = 600-cm p o i n t .  

Maximum x p o i n t  
d i sp lacement  where hose  

Gas Net a E l e c t r i c a l  a Elec t rona  Beam a Pinch  n e a r  a m p l i f i c a t i o n  
p r e s s u r e ,  c u r r e n t ,  c o n d u c t i v i t y ,  dens i3y ,  r a d i u s ,  p o i n t ,  x = 600 cm, beg in s ,  

Tor r  A sec- I  cm- c  m c  m cm cm 

2  3960 4.9 x  1 0  l2 2 . 5 x 1 0  l4 2.01 9.4 1 .O - 
5 4980 3.2 x  1 0  l2 4 . 1 x 1 0  l4 1 . 6 6  8 .6  1 .7  4  00 

1 0  6250 2.3 x  1 0  l2 5 . 9 x 1 0  l4 1.39  8 .9  3 . 5  225 

20 7  790 3 .0  x 1012 8 .0  x  l 0 l 4  . 1.17  9.7 4 .5  175  

200 9600 9.8 x  1 0  l1 5.0 x  1 0  l5 1.02  12 .4  2OO-t 55 

a  Given f o r  t h e  p o i n t  x  = 500 cm. 

t h e  p u l s e  where t h e  o s c i l l a t i o n s  begin  t o  exceed t h e  i n i t i a l  p e r t u r b a t i o n .  

Prev ious  t o  t h i s  p o i n t ,  Y shows on ly  damped o s c i l l a t i n g  behavior .  

I n  Table  2,  t h e  d i p o l e  decay l e n g t h  f o r  t h e  p o i n t  x  = 500 cm is  g iven .  

Its mean d e r i v a t i v e  w i t h  x  i s  a l s o  e s t ima ted :  

These q u a n t i t i e s  a r e  u s e f u l  i n  t h e  i n t e r p r e t a t i o n  of  computed hose  growth. 

For comparison we n o t e  t h a t ,  w i t h  d i r e c t  i o n i z a t i o n  a l o n e  (v = O), t h e  
i 

c o n d u c t i v i t y  rise i s  such t h a t  

(dX/dx) = 0.1 . 
d i r e c t  

Discuss ion  of Resu l t s  and Comparisons.with t h e  Experiments 

We n o t e  f i r s t  t h a t  t h e  i n p u t  f o r  t h e  f i v e  computations d i f f e r  on ly  i n  

g a s  p r e s s u r e .  Fu r the r ,  t h e  laws governing t h e  g e n e r a t i o n  of  c o n d u c t i v i t y  a r e  

such t h a t  i f  d i r e c t  i o n i z a t i o n  were t h e  on ly  p roces s  producing n  , t hen  a l l  
e 

t h e  runs  would be  i d e n t i c a l .  The c o n s i d e r a b l e  d i f f e r e n c e s  among t h e  r u n s  can ,  

2  Table  2. Dipole  decay l e n g t h  v s  p r e s s u r e .  Here = Taa /2c and dX/dx = 

A1500 cm i s  a  rough mean through t h e  p u l s e .  
pp~ -~ - 

Pres su re ,  Torr  



t h e r e f o r e ,  be  a s c r i b e d  t o  t h e  degree  of  i o n i z a t i o n  due t o  avalanching i n  t h e  

induced e l e c t r i c  f i e l d s .  The ava lanching  p roces s  i s  found t o  dominate conduc- 

t i v i t y  format ion  a t  P = 2 Torr and i s  n e g l i g i b l e  a t  200 Torr .  

The i o n i z a t i o n  c a l c u l a t e d  by EMPULSE.is i n  good agreement w i t h  t h e  

experimental  measurements. I n  F ig .  6  t h e  computed r e s u l t s  from Table 1 a r e  

p l o t t e d  a long  w i t h  experimental  r e s u l t s  (from Ref. 2 . )  f o r  p re s su re s  up t o  

20 Torr  (at  200 Torr ,  recombination w i l l  beg in  t o  l i m i t  t h e  d e n s i t y ,  and t h i s  

i s  no t  included i n  t h e  v e r s i o n  of t h e  code used h e r e ) .  ' The agreement i s  b e t t e r  

than might be expected a t  1 Torr  and above, cons ider ing  t h e  f a c t  t h a t  t h e  

c u r r e n t  waveform, t h e  r a d i a l  p r o f i l e  of t h e  head, e t c . ,  i s  only  a n  approximate 

r e p r e s e n t a t i o n  of t h e  experiment.  We i n t e r p r e t  t h e  r ap id  i 'ncrease .of  e l e c t r o n  

d e n s i t y  seen  i n  experiments below 2 Torr  a s  t h e  o n s e t  of two-stream i n s t a b i l i -  

t y ,  a s  mentioned under Experimental Observat ions.  

The g e n e r a l  p a t t e r n  of t h e  p r e d i c t i o n s  f o r  hose a m p l i f i c a t i o n  i s  a l s o  i n  

agreement w i t h  t h e  experimental  obse rva t ions .  To i l l u s t r a t e  t h i s ,  we p re sen t  

i n  Fig.  7 t h e  exper imenta l ly  determined beam p u l s e  energy on a  t a r g e t  ( a t  

100 cm) v s  p re s su re ,  o v e r l a i d  w i t h  EMPULSE code p r e d i c t i o n  of t h e  ampl i f ica-  

t i o n  f a c t o r  (Y / Y  ), 600 cm i n t o  pu l se .  The presence  of  a  s t a b l e  "window" 
max 0 

around 2 Torr  can  b e  seen  t o  b e  i n  good agreement w i t h  t h e  code p r e d i c t i o n .  

Some a d d i t i o n a l  comments on t h e  code r e s u l t s  follow: 

(1) I n  a l l  r uns ,  i o n i z a t i o n  i s  due p r i m a r i l y  t o  t h e  d i r e c t  p rocess  f o r  

t h e  f i r s t  10 cm of pu l se .  Hence, t h e  p inch  p o i n t  i s  s i m i l a r  f o r  a l l .  

(2) . In  a l l  r uns ,  n e t  c u r r e n t  i s  c l o s e  t o  beam c u r r e n t  through t h e  f i r s t  

30 cm of pu l se ;  t h e r e a f t e r ,  i n  t h e  low p r e s s u r e  r u n s ,  t h e  avalanching of 0 

tends t o  f r e e z e  i n  n e t  c u r r e n t ,  caus ing  I t o  f a l l  w e l l  below I i n  t h e  body of  
b  

t h e  pu l se .  But f o r  h igh  p re s su re ,  I = I throughout  t h e  pu l se .  
b  

(3) Beam r a d i u s  should be  g iven  approximately by 

2 
l a  z cons t an t .  

This  i s  q u a l i t a t i v e l y  born ou t .  The d e v i a t i o n s  from t h i s  r u l e  r e f l e c t  t h e  

f a c t  t h a t  t h e  plasma and beam c u r r e n t  d e n s i t y  p r o f i l e s  d i f f e r .  



Pressure - Torr 

Fig. 6 .  Elec t ron  d e n s i t y  as a function of  p r e s s u r e  from bo th  experimental  
d a t a  (from Ref. 2 )  and p r e s e n t  EMPULSE c a l c u l a t i o n s .  



Pressure - Torr 

Fig .  7 .  Experimental ly  determined beam p u l s e  energy o n  t a r g e t  a t  100  cm and 
EMPULSE code p r e d i c t i o n  of  a m p l i f i c a t i o n  f a c t o r  v s  p r e s s u r e .  



2 
(4)  The product  n  a  i s  n e a r l y  independent  of P  f o r  t h e  low p r e s s u r e  

e 
runs ;  t h e  breakdown p roces s  appears  t o  remove a  c o n s t a n t  amount o f  energy from 

-1 m 
t h e  pu l se .  Hence, a and A vary  a s  P  , s i n c e  v a P. 

(5) I n  t h e  p u l s e  body, t h e  maximum hose  growth from p o i n t  x  t o .  x  i s  
3 0  

p red i c t ed  by s imple  a n a l y t i c  models t o  b e  
. . 

Valves of Y de r ived  from t h i s  formula,  u s ing  t h e  mean v a l u e  of  dA/dx, a r e  

given i n  Table  3 .  W e  t a k e  x  t o  be  t h e  p o i n t  a t  which growth i s  f i r s t  ob- 
0 

served ,  and w e  t a k e  x  = 600 cm, t h e  p o i n t  where Y i s  computed. Approximate 
max 

agreement between EMPULSE runs  and t h i s  formula i s  e v i d e n t .  

(6) I n  no run  except  P  = 200 Torr  i s  t h e  p u l s e  head u n s t a b l e .  Th i s  i s  

a  new f e a t u r e  i n  t h e  hose s t a b i l i t y  p i c t u r e  p r e d i c t e d  by EMPULSE b u t  n o t  y e t  

f u l l y  understood.  It is known t h a t  hose growth should be  s t r o n g l y  suppressed 

a t  ve ry  low c o n d u c t i v i t y  ( a a / c  < l ) ,  which p r e v a i l s  up t o  t h e  p inch  p o i n t .  It 

i s  p o s s i b l e  t h a t  t h e  r a p i d  dec rease  of  t h e  e f f e c t i v e  b e t a t r o n  pe r iod  fo l lowing  

t h e  pinch p o i n t  causes  a  "detuning" of t h e  i n s t a b i l i t y ,  w i t h  a  r e s u l t a n t  

suppress ion  of growth. 

(7)  Hose growth is  delayed by r a p i d  growth of  a; n o t e  t h a t  t h e  p o s i t i o n  

a t  which hose  a m p l i f i c a t i o n  begins  (x ) i n c r e a s e s  a s  P  i s  reduced.  Th i s  f a c t  
0  

is  probably expla ined  by t h e  compet i t ion  between phase mixing and u n s t a b l e  

growth. The damping always p r e v a i l s  a t  s m a l l  x ,  s o  a s  hose  growth is reduced,  

t h e  damped zone is  expanded. 

(8) F i n a l l y ,  i t  is impor tan t  t o  n o t e  t h a t  t h e  r u n  a t  P  = 2 Tor r  shows 

no hose growth a t  ; a l l .  EMPULSE can  b e  r u n  a t  y e t  lower p r e s s u r e s ,  b u t  a s  we 

Table  3 .  Comparison of  t h e  a n a l y t i c  e s t i m a t e  o f  hose  growth w i t h  t h e  growth 
computed w i t h  EMPULSE. 

-- . -. . 

Pres su re ,  Torr  2 5 .I 0 2 0 200 

~ n a l ~ t i c  e s t i m a t e  - 1 . 4  4 . 3  7.2 6  x '  1 0  
6  

EMPULSE - 1 . 7  3 .5  4 .5  20W 



have a l r e a d y  mentioned, t h e  r e s u l t s  a r e  n o t  i n  accord  wi th  t h e  experiment.  A 

pre l iminary  s tudy  ( runs  a t  z  = 0 only)  shows t h a t  t h e  t rend  of i n c r e a s i n g  A 

wi th  decreas ing  P con t inues  a t  l e a s t  t o  0 .1  Torr .  No " s t a rva t ion"  of t h e  

secondary, i o n i z a t i o n  i s  observed i n  t h e  computer runs ,  s o  t h e  poor p r o p a g a t i o n ,  

observed i n  t h e  experiments below 1 Torr  do  no t  appear  t o  be r e l a t e d  t o  hose 

i n s t a b i l i t y .  Rather ,  p ropagat ion  i n  t h i s  regime can  b e  expla ined  by t h e  two- 

s t ream i n s t a b i l i t y ,  a s  w i l l  b e  d i scussed  i n  a  s e p a r a t e  r e p o r t .  
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