
3. 
4. 
5. 

6. 

I. I. Sobel 'man,  Introduction to the Theo ry  of Atomic Spectra ,  P e rg am o n  (1972). 
S. A. Schaaf, "Mechanics  of r a r e f i ed  gases , "  in: Handbuch der  Physik,  Vol. 8, Ber l in  {1963). 
A. A. Bochkarev,  V. A. Kosinov, V. G. Pr ikhod 'ko,  and A. K. Rebrov,  "St ruc ture  of a supersonic  jet  of 
an a r g o n - h e l i u m  mix tu re  in vacuum,"  Zh. P r ik l .  Mat. Teor .  F iz . ,  No. 5 {1970). 
E.  Goldman and L. S i r . r i c h ,  "The s t ruc tu re  of shock waves in gas m i x ~ r e s , "  J .  Fluid Mech.,  35, 
P t .  3 (1969). 

U N I F O R M I T Y  O F  A V O L U M E T R I C  D I S C H A R G E  

C O N T R O L L E D  BY AN E L E C T R O N  B E A M  IN 

A T R A N S V E R S E  M A G N E T I C  F I E L D  

Y u .  V .  A f o n i n ,  A .  M.  O r i s h i c h ,  
a n d  A.  G. P o n o m a r e n k o  

UDC 525.6 

The unique p rope r t i e s  of e l ec t r i c - ion iza t ion  CO 2 l a s e r s ,  the possibi l i ty  of the d i rec t  convesion of the 
ene rgy  of an e l ec t r i c  field into coherent  radiat ion with an eff ic iency of ~ 30%, and the high specif ic  cha rac -  
t e r i s t i c s  of the active medium open up broad  p rospec t s  in the field of the c rea t ion  of powerful  instal lat ions 
with energ ies  of 1-10 kJ  pe r  pulse [1-3]. The use of superpowerful  CO 2 l a s e r  sys tems  for  the solution of a 
number  of scient i f ic  and technical  p roblems  [4, 5] imposes  r a t h e r  s t r i c t  l imi ts  on the quality of the opticat 
cha r a c t e r i s t i c s  of the beam of coheren t  radiat ion,  de te rmined  p r i m a r i l y  by the uni formi ty  of the vo lumet r ic  
d ischarge ,  The invest igat ion of the main  physical  p r o c e s s e s  responsib le  fo r  the uniformity  of the absorp-  
t ion of e l ec t r i ca l  energy  in the voltune of the d ischarge  gap is urgent in this  connection. 

It  was shown in [6, 7] that in vo lumet r ic  d i scharges  of high power  exci ted by an e lec t ron  beam it is 
n e c e s s a r y  to allow for  the influence of the in t r ins ic  magnet ic  field of the cu r r en t  of the p r i m a r y  discharge  
on the dis tr ibut ion of ionization losses  of the beam of fas t  e l ec t rons .  Actually,  the magnet ic  f ield produced 
by the c u r r e n t  of a vo lumet r i c  d ischarge ,  with allowance fo r  i ts  typical  geomet ry  d ~ h << l (d is  the dis-  
tance between the e l ec t rodes ,  h is  the width of the d ischarge ,  and 1 is i ts  length), is  desc r ibed  by the r e -  
lat ion 

h/2 

i H : . .~  - -  -.~ ]oh, 

O 

where  J0 is the average  cu r ren t  densi ty  of the vo lumet r i c  d ischarge .  Consequently,  in the approximation 
J0 - const  ove r  a c r o s s  sect ion of the d ischarge  H grows l inea r ly  f rom the cen te r  to the boundary of the d is -  
charge .  F o r  typical  p a r a m e t e r s  of an e l ec t ron  beam of 0.2-0.5 MeV and a size d ~ 10 cm fo r  the discharge 
gap a magnet ic  field of 0.5-1 kOe can as su re  the capture  of e l ec t rons  into L a r m o r  orbi t s  of r L < d r ega rd -  
l e ss  of ionizing col l is ions with neut ra l  gas molecu les .  In this  case  the dr i f t  of the injected e lec t rons  must  
lead to cons t r ic t ion  of the beam into the region of the minimum value of H. 

The r e su l t s  of p r e l imina ry  exper iments  on a study of the influence of a constant  t r a n s v e r s e  mangetic  
f ield on the e l ec t r i ca l  cha r ac t e r i s t i c s  and c u r r e n t  dis tr ibut ion of a vo lumet r ic  d ischarge  a re  r epor t ed  in the 
p re sen t  a r t i c le .  The magnet ic  f ield configurat ion was chosen as close to the actual one produced by the 
cu r r e n t  of the d ischarge .  

A schemat ic  diagram of the exper imenta l  instal lat ion is p re sen ted  in Fig. 1. An e l ec t ron  beam with a 
cu r r e n t  of up to 100 A, a maximum energy  of 150 keV, a durat ion of 10 -8 sec,  and a c ro s s  sect ion of 8 • 
80 mm ,  produced by a special  e l ec t ron  a c c e l e r a t o r  [8], was injected through t i tanium foil  12 ~m thick into 
the d ischarge  gap, fo rmed  by a high-voltage e lec t rode  1 and a me ta l  gr id  2 with a t r a n s m i t t a n c e . f 0 . 6 ,  The 
distance between the e l ec t rodes  was regula ted  within l imi ts  of 3-7 cm. To m e a s u r e  the cu r r en t  distr ibution 
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Fig.  1 

of the d i scharge  the h igh-vol tage  e lec t rode  was sect ioned lengthwise (eight sections}.  E lec t r i ca l  decoupling 
between the sec t ions  8 m m  wide was p r o d d e d  by d ie lec t r i c  s p a c e r s  2 m m  thick.  An e l ec t r i ca l  line 3 with 
a wave impedance  p << Rd (Rd is  the r e s i s t a n c e  of the d i scharge  gap} was connected to each  sect ion,  which 
made  i t  poss ib le  to ma in ta in  a constant  value of E / p  dur ing the en t i re  s tage of cu r ren t  flow through the vo l -  
u m e t r i c  d i scharge .  The chosen magne t i c  f ield conf igurat ion 2 (see Fig.  1) s imula ted  the actual  f ield of a 
c u r r e n t  sheet  with a length At  -~ 8 m m  and a width h ~ 80 m m .  The ex te rna l  magne t i c  f ield was produced 
with p e r m a n e n t  m agne t s  whose locat ion i s  shown in Fig.  i .  Influence of the magne t i c  f ield on the opera t ion  
of the e l ec t ron  gun of the a c c e l e r a t o r  5 was  e l imina ted  by magne t i c  shielding 4 and was moni to red  by in-  
dependent m e a s u r e m e n t s  of the cu r r en t  of the injected beam with and without the p r e s e n c e  of the magnet ic  
field.  The d i scharge  gap was  confined by d ie lec t r i c  p la t e s  6. 

The quantity H was de t e rmined  by  the n u m b e r  of magne t i c  p la tes ,  while the value of the field and i ts  
d is t r ibut ion  in the d i scharge  gap were  m e a s u r e d  with a Hal l -e f fec t  g a u s s m e t e r  with a spat ia l  reso lu t ion  of 
~ 3 m m .  The b e a m  c u r r e n t  I b was m e a s u r e d  with a F a r a d a y  cy l inder  with a t ime  resolu t ion  of ~ 2 �9 10 -9 
sec .  In an e x p e r i m e n t  the to ta l  d i scha rge  c u r r e n t  I d and i ts  d is t r ibut ion were  moni to red  by independent 
ohmic  shunts connected d i r ec t l y  to the d i scharge  c i rcu i t  of  the e l ec t r i c a l  l ines .  The r e s i s t a n c e  of each  
shunt was Esh  -~ 0.1 p .  The e r r o r  of the c u r r e n t  m e a s u r e m e n t  did not exceed  15%. In addition, the in tegra l  
e m i s s i o n  of the gas  in the v o l u m e t r i c  d i scha rge  was  r e c o r d e d  in the d i rec t ion  pe rpend icu la r  to the plane of 
p ropaga t ion  of the e l ec t ron  b e a m .  During the photography the magne t i c  p la tes  we re  only mounted on one side 
of  the d i scharge  gap.  

Typica l  o s c i l l o g r a m s  of the d i scha rge  c u r r e n t  and the cu r r en t  of  the e l ec t ron  beam are  shown in Fig.  
2. The init ial  conduct ivi ty in  the vo lume t r i c  d i scharge  i s  c r ea t ed  during the inject ion of f a s t  e l ec t rons  fo r  
~ 10 -8 sec .  The dynamics  of the flow of the d i scha rge  c u r r e n t  i s  subsequent ly  de te rmined  by the r a t e  of  ex-  
t inct ion of e l ec t rons  in the gap. The influence of the magne t i c  f ield shows up in the t ime  va r i a t ion  of I d. 
This  effect  i s  man i f e s t ed  m o s t  s t rong ly  at  the boundary  of the d i scharge  where  the magne t ic  field s t rength  H 
r e a c h e s  the m a x i m u m  value .  

In  Fig.  3 we p r e s e n t  the dependence of the to ta l  d i scharge  cu r r en t  in r e l a t ive  uni ts ,  IdI-i/Id0, on the 
p a r a m e t e r  d / r L ,  where  r L  is  the L a r m o r  rad ius  of e l ec t rons  of the injected beam cor responding  to the 
m a x i m u m  value of the magne t i c  field; Id0 is  the d i scharge  cu r r en t  without a magne t ic  f ield.  The dependence 
of the to ta l  d i scha rge  c u r r e n t  in a un i form t r a n s v e r s e  magne t i c  field (points 1) is  shown h e r e  fo r  compar i son .  
A c h a r a c t e r i s t i c  f ea tu re  of  t hese  dependences  is  the p r e s e n c e  of a co r respond ing  value of the c r i t i ca l  f ield 
of the p a r a m e t e r  d / r L ,  exceeding  which leads  to a cons iderab le  d e c r e a s e  in the d i scharge  cur ren t .  In con-  
t r a s t  to a un i form magne t i c  f ield,  the influence of a nonuniform field (points 2) is man i fes t ed  in some growth 
of the to ta l  d i scha rge  cu r r en t ,  the value of which r e a c h e s  a m a x i m u m  at a value of the p a r a m e t e r  d / r  L of 
~- 2.3.  

The r e s u l t s  of m e a s u r e m e n t s  of the c u r r e n t  dens i ty  dis t r ibut ion of the vo lumet r i c  d i scharge  along the 
sect ioned e lec t rode  in a nonuniform magne t i c  f ie ld a r e  shown in Fig .  4 (1-3: d / r L  = 4.2, 2.3, and 1.7, r e -  
spect ively) ;  i t  is  seen  that  a magne t i c  field H ~ 400 Oe ( d / r  L -- 1.7) weakly  d i s tu rbs  the c u r r e n t  d is t r ibut ion 
of the d i scha rge .  With an i n c r e a s e  in H to 540 Oe one o b s e r v e s  i t s  red is t r ibu t ion ,  accompanied  by a con-  
s ide rab le  i nc r ea se  (by about twofold) in the c u r r e n t  densi ty  in the region of the m i n i m u m  value of the m a g -  
net ic  f ield.  A f u r t h e r  i n c r e a s e  in H leads  both to  d i s to r t ion  of the ini t ial  d is t r ibut ion and to a d e c r e a s e  in 

�9 the total  cu r r en t  of the vo lume t r i c  d i scha rge .  
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The p a t t e r n  of in tegra l  e m i s s i o n  of the gas  in the vo lume t r i c  d ischarge  with H = 0 and 800 Oe is  shown 
in Fig.  5a, b, r e spec t ive ly ;  it is  seen  that  a nonuniform magnet ic  field p r o m o t e s  the cons t r ic t ion  of the 
e l ec t ron  beam into the region of the m i n i m u m  H and d e t e r m i n e s  and inc rea se  in the degree  of ionization of 
the gas  at the c en t e r  of the gap.  Under  the conditions of the expe r imen t  the p r o c e s s  of ene rgy  loss  of fas t  
e l ec t rons  leads to m o r e  in tense  ionizat ion of the gas  at d i s tances  of ~ 2 r L f rom the side of beam injection, 
which is  in good quali tat ive co r re spondence  with the r e su l t s  of a numer ica l  calculat ion made in [7]. The 
cons t r i c t ion  of the beam r e su l t s  in growth of the total  d i scharge  cu r r en t  with an inc rease  in the gap d - 2r  L 
be tween the e l ec t rodes ,  but in this case  a lso ,  as  seen  f rom Fig.  4, the cu r r en t  densi ty  dis t r ibut ion along the 
length of the gap p r o v e s  to be cons iderab ly  nonuniform. A fu r the r  i nc rea se  in the magnet ic  field, which 
c o r r e s p o n d s  to the condition d > 2rL ,  leads  to the appearance  in the d ischarge  gap of a l a y e r  of weakly ion-  
ized gas ,  caus ing a sharp  dec r ea se  in Id. The f a s t e r  d e c r e a s e  in the d i scharge  cu r r en t  with t i t l e  obse rved  
in t e s t s  with a magne t i c  field p r e s e n t  is evident ly  connected with the cons iderable  nonuniformity of the gas 
ionizat ion and a co r respond ing  red i s t r ibu t ion  of the e l ec t r i c  field.  

Thus ,  the e x p e r i m e n t s  conducted showed that  s ignif icant  nonuniformity of the cu r ren t  densi ty  d i s t r ibu-  
t ion, and hence of the abso rbed  e l ec t r i c a l  energy ,  develops  in a nonuniform magnet ic  field s imulat ing the in-  
t r i n s i c  magne t i c  field of a h i g h - c u r r e n t  vo lume t r i c  d i scha rge .  

The amount of ene rgy  absorbed  in a vo lume t r i c  d i scharge  is  de te rmined  by the expres s ion  

ta f a 

0 O 

where  I d is  the d i scharge  cur ren t ;  U 0 is  the vol tage on the d ischarge  gap; t a is file durat ion of ene rgy  ab-  
sorp t ion .  

I f  as the c r i t e r i on  fo r  weak d is turbance  of the c u r r e n t  d is t r ibut ion of the vo lumet r ic  d ischarge  we take 
the value d / r  L -~ 1.7 e s t ab l i shed  expe r imen ta l ly ,  then, using the equation 

eU b - /" 2moC2i 2n t 
H ~  T Id"  T ,  
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for  the La rmor  radius of electrons of the injected beam with an energy of 200 keY, we can obtain the l imit-  
ing value of the electr ical  energy absorbed in a volumetric discharge uniform in cross  section: 

Q ~ 5" i~ (-~') taL (1) 

For  a non-self-maintained, volumetric discharge the parameter  E/p  is bounded. In CO 2 lase r  systems 
the value of the pa ramete r  E /p  -~ 5-15 V/cm -ram Hg depends on the composition of the working mixture and 
is chosen with allowance for  the maximum efficiency 7/ ~ 0.3 of conversion of e lectr ical  energy into radiant 
energy [9, 10]. Therefore ,  the condition (1) determines the limiting absolute energy modulus of a powerful 
volumetric discharge which it is desirable to use for  the uniform excitation of the active medium in the en- 
t i re  working volume. 

For  typical parameters  of a CO 2 lase r  system of the electr ic-ionizat ion type (working gas mixture 
1CO2: 1N 2 at p - 1 atm, beam duration ~ 2-10 -6 sec, efficiency 7/ ~ 0.3, E/p  ~ 10 V / c m - m m  Hg) we ob- 
tain, using Eq. (1) for  the emitted energy,  

Q/l ~ 2 l~/m, 

which is the energy limit for  a powerful CO 2 lase r  system with a uniform flux of coherent radiation, due to 
the necessi ty of allowing for  the intrinsic magnetic field of the current  of the volumetric discharge. 

An increase in the energy limit of a powerful CO 2 lase r  system to Q/l > 2 k J /m  can evidently be 
achieved in two ways: e i ther  by using high-energy electron beams with an energy of ~. 1 MeV or  by the c r e -  
ation of an external  magnetic field compensating for  the influence of the magnetic field of the current  of the 
volumetric discharge~ At present  both ways present  ra ther  complicated technical problems and lead to addi- 
tional unjustified energy expenditures, lowering the efficiency of the l a se r  system as a whole. 
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