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A volumetr ic  d ischarge  exci ted in a gas  by an e lec t ron  beam has  found wide application in e l e c t r i c - i o n -  
ization l a s e r s  [1]. A number  of r epo r t s  have recent ly  appeared  inwhichthe  influence of the magnet ic  field of 
the d ischarge  cu r ren t  and the e lec t ron  beam on the  uni formi ty  of such a discharge is invest igated [2-9]. 

If the d i scha rge  power  is e x p r e s s e d  through the e lec t r i c  f ield s t rength  and the L a r m o r  radius  of the e l ec -  
t ron  beam [4], then the radiant  energy Q taken f rom a unit length of a l a s e r  pulse  in one pulse can be wri t ten  
in the f o r m  

= 2  t E  Q ~l "7- ~ ptpu]/Ub (Ub -]- 2mc 2) L 1__ 
rL ~o 

where E is the e l ec t r i c  f ield strength;  d, dis tance between e lec t rodes ;  p, p r e s s u r e  of the  l a s e r  mixture;  Ub, 
energy of the beam e lec t rons ;  tpu, t ime  of pumping of the act ive medium of the l a se r ;  7, eff ic iency of conve r -  
sion of e l ec t r i ca l  energy  into radiant  energy;  T0 = ( g o / e ~  I/2; go and e , ,  magnetic  pe rmeab i l i t y  and the p e r -  
mit t ivi ty of a vacuum; r L, min imum L a r m o r  radius of b e a m  e lec t rons  with an energy U b in the magnet ic  field 
of the d ischarge  cur ren t .  Means of inc reas ing  the radiant  energy are  obvious f r o m  the express ion  for  Q: an 
inc rease  in the values  of the  p a r a m e t e r s  E / p ,  ptpu, d / r  L, and U b fo r  the opt imum 7- Real is t ic  poss ib i l i t i es  
for  vary ing  these  p a r a m e t e r s  have essen t i a l  l imi t s ,  however:  E / p  is l imi ted  to the vicini ty of values  where  
the pumping of l a s e r  levels  is eff ic ient  and the quantity ptpu is l imi ted by gas  heating and by re laxat ion  of the 
upper  l a s e r  level  [1, 10]; the use  of h igh -ene rgy  b e a m s  with an energy of 0.5-1 MeV requ i r e s  special  technical  
equipment and cons iderably  reduces  the eff iciency of the ent i re  l a s e r  sy s t em.  There fore ,  d / r  L is the only 
f ree  p a r a m e t e r  pe rmi t t ing  an inc rease  in the radiant  energy .  Consequer~ly, a detai led invest igat ion of the uni-  
fo rmi ty  of a s e m i - s e l f - m a i n t a i n e d  d ischarge  in i ts  own magnet ic  field must  p recede  the c rea t ion  of s u p e r -  
powerful l a s e r  s y s t e m s .  

The influence of a magnet ic  f ield on the dis tr ibut ion of beam ionization losses  was f i r s t  s tudied t heo re t i -  
cally in [2, 3] by the Monte Carlo method.  The se l f -cons i s t en t  p rob lem of the uniformity of a d ischarge  in its 
own magnet ic  field was analyzed in [6], a nonsteady solution without allowance for  sca t te r ing  of beam e lec t rons  
was obtained in [8], and a model  kinetic equation fo r  beam e lec t rons  was invest igated in [9]. In [5-7] it was 
shown that  for  a given magnet ic  f ield the re  exis ts  a l imiting beam width, and an inc rease  in beam width beyond 
it does not r e su l t  in a change in the active region of the d i scharge .  The exis tence of an opt imum magnet ic  field 
providing the bes t  uniformity of ionization losses  of the beam and the p romi se  of the use of re la t ive ly  nar row 
e l e c t r o n  b e a m s  (h < d, where h is beam width up to the foil) to c rea te  superpowerful  l a s e r  s y s t e m s  a re  d i s -  
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cussed in [9]. It must be noted that actual laser constructions have not been considered in any of the theoreti- 
cal reports devoted to the unifomity of a discharge in its own magnetic field, i.e., several important factors 
affecting the picture of the process were ignored. For example, in [6], where a statement ofthe problem best 
approaching reality was studied, the scattering of beam electrons in the foil and anode of the discharge is ig- 
nored. At the same time, the essential influence of scattering in the anode on the distribution of beam ioniza- 
tion losses was shown in [II]. Therefore, the study of a semi-self-maintained discharge in a typical laser 
construction is of considerable practical interest. The question of the optimum parameters of a laser system 
enabling one to obtain the maximum ~aser power without significant degradation of the spatial uniformity of 

the discharge also remains open. 

The stationary, self-consistent, two-dimensional problem of the spatial distribution of electromagnetic 
field, electron density of the discharge, and discharge power is considered in the present articleJ The de- 
pendence of the spatial uniformity of the discharge on the magnitude of the magnetic field of the discharge 
current, the bean] width, and the energy of the beam electrons is investigated. The self-consistent system of 
equations [6, !2] describing the sernl-self-maintained discharge was solved by the iterati(m method. The dis- 
tribution of ionization losses of an electron beam in a gas was found by the Monte Carlo method, and the influ- 
ence of the electromagnetic field on the motion of beam electrons and of the process of scattering of fast elec- 
trons in the foil, gas, and anode of the discharge was taken into account. The length of the laser system was 
assumed to be much greater than the transverse size of the laser; up to lhe foil the electron beam was assumed 
to be monoenergetic and monodirectional; the magnetic field of the discharge current considerably exceeded 
the magnetic field of the beam current. The creation of discharge electrons resulted from ionization of the 
gas by the electron beam (allowance for self-ionization insignificantly alters the results [12]) while electron 

loss was due to recombination processes. The mobility of discharge electrons and the coefficient of recom- 
bination were assumed to be independent of the electric field strength; the cathode and anode layers were as- 
sumed to be infinitely thin and the voltage drop on them equal to zero. The stationary problem with allowance 
for the conditions enumerated above satisfactorily describes a real laser system if the time of beam injection 
considerably exceeds the characteristic time of development of the discharge. Test calculations through the 
program used showed satisfactory agreement with available experimental and theoretical data on the dis- 

tribution of beam ionization losses [12]. 

The majority of calculations were made for a gas mixture CO2:N 2 = 1:3 at a pressure of 1.01 . 106 Pa; the 
distance between electrodes was 20 cm; the distance between the aluminum foil with a thickness of 25 #m and 
the cathode grid with a transparency of 100% was 2 cm; the voltage drop U between electrodes was chosen as 
I00 kV; the anode of the discharge was assumed to be iron. 

A concept of the character of the influence of the magnetic field on the motion of beam electrons can be 
obtained on the basis of the results of [5, 8], where electren scattering was ignored. In a relatively weak mag- 
netic field the electron beam contracts, and several beam constrictions can form in the gap betwveen electrodes. 
A sufficiently strong magnetic field ~rns some of the beam electrons back to the foil, and there exists a limit- 
ing width of the discharge region which an electron beam can excite in a given magnetic field. Scattering of 
beam electrons inthe gas and on elements of the laser construction results in spreading of the beam [12], and 
therefore it is no~d in [2] that the influence of elastic scattering and of the magnetic field can be mutually 
compensating to a certain extent. This results in the existence of an optimum field providing the best uniform- 
ity of the discharge [9]. 

T h e i s o l i n e s  o f t h e f i e l d s  f~(x, y)----- D(x,y)dx D(x,y)dx and re(x, y) =~M(x,y)dx M(x,y)dx 
0 0 

[solid and dashed l ines  in F ig .  1, r e spec t i ve ly ,  h = 20 cm, U b = 180 keV, d / r  L = 0 (a), d / r  L = 3.6 (b), d / r  L = 
6.6 (c)] c l e a r l y  show the c h a r a c t e r  of t he  influence of e l a s t i c  s ca t t e r i ng  and of the magnet ic  f ie ld  of the d i s -  
charge  c u r r e n t  on the spa t i a l  d i s t r ibu t ions  of beam ionizat ion l o s s e s  D(x, y} and d i s cha rge  power  M(x, y) .  
H e r e t h e  y axis is  d i r e c t e d  along and the x axis a c r o s s  the d i rec t ion  of e l ec t ron  beam injection;  1 is  the d i s -  
tance f rom the middle  of the d i scha rge  to the wal l s  of the d i s c h a r g e  chamber .  Because  of the r ed i s t r ibu t ion  of 
the e l e c t r i c  f ie ld ,  the  i so l ines  of d i s cha rge  power  a re  l e s s  d i s to r t ed  than the i so l ines  of beam ionizat ion l o s s e s .  
The fo rma t ion  of a beam cons t r i c t ion  in the middle  of the gap between e l ec t rodes  (Fig.  l c ) ,  which was a lso  ob-  
s e r v e d  in the expe r imen t  of [4], is connected with cont rac t ion  of the beam in the magnet ic  f i e ld  and with s c a t -  
tering of beam electrons in the anode. The average distance which a beam electron travels in moving from 
cathode to anode and hence the energy losses of fast electrons in inelastic collisions grow with an increase in 
the magnetic field. The latter fact, together with the blocking of some of the beam electrons, results in con- 
siderable nonuniformity of the distributions, not only spatial but also averaged over the transverse coordinate, 
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of the discharge characteristics D o (y) = S D (z, y) dz (solid lines) and M 0 (y) = S M (x, y) dz (dashed lines) in a 
0 0 

strong magnetic field [Fig. 2, h = 20 cm, Ub = 180 keV, d/r L = 0 (i), d/r L = 3.6 (2), d/r L = 6.6 (3)]. Although 
the isolines of ionization losses and discharge power give a qualitative idea of the character efthe spatial non- 
uniformity of the discharge, lhey do not permit a comparison of the uniformity of discharges with different pa- 
rameters. Therefore, it is desirable to have quantitative integral criteria characterizing the uniformity of a 
two-dimensional discharge. In the space occupied by the discharge we isolated regions in which 50, 70, and 
90% of the total discharge energy is absorbed, respectively, and the criteria of nonuniformity of the discharge 
in these regions were chosen in the form of the ratios Emaxd/U and iVima x/<IVi). Here Ema x, Mma x, and 
(M> = ffM(x, y)dxdy/S were found for a region with an area S in which a certain percent of the total discharge 
energy is absorbed. These criteria are not equivalent to each okher, but there is qualitative agreement be- 
tween them in the description of the nonuniformity of the discharge [Fig. 3, where the dependence of the non- 
uniformity of the electric field (a) and the discharge power (b) on the ratio h/r L is shown for different beam 
widths. The solid lines are the nonuniformity in a region where 90% of the total discharge energy is absorbed 
while the dashed lines are that for 70%; U b = 180 keV, h = 40 cm (i), h = 20 cm (2), h = I0 cm (3)]. The opti- 
mum magnetic field providing the best discharge uniformity for different beam widths can be determined from 
the relation (h/rL)ep t ~ 3-4 with the other parameters of the discharge and beam being fixed. It is interesting 
to note that the character of the dependence of the discharge nonuniformity on the magnitude of the magnetic 
field with h/r L ~ (h/rL)op t is determined only by the value of the parameteY h/r L and does not depend on h/d. 

3 3 2  



In a weak magnetic field the uniformity of the discharge is degraded with an increase  in h / d ,  and the condition 
h ~ (2-4)d must  be satisfied in low-power l a se r  sys tems  to achieve sa t is factory uniformity of the discharge 
[12]. Here the optimum energy of the beam elect rons  can be determined f rom the resul ts  of optimization of the 
pa rame te r s  of a one-dimensional  d ischarge .  In powerful l a se r  sys tems  an increase  in the energy of the beam 
electrons pe rmi t s  a dec rease  in the influence of inelastic scat ter ing on the motion of the fast  e lectrons and 
hence an increase  in the value of (h / rL)op  t [Fig. 4, where the dependence of the nonuniformity of the d ischarge  
power on the rat io h / r  L is shown for  different energies  of the beam elect rons .  The solid lines are the non- 
uniformity in a region where 90% of the total d ischarge energy is absorbed while the dashed lines are that for  
70%; h = 20 cm, U b = 150 keV (1), U b = 180 keV (2), Ub = 210 keV (3)]. An increase  in the e lec t r ic  field s trength 
gives a s imi la r  effect. 

To achieve satisfactory uniformity of the discharge for the maximum radiant energy from a unit length 
of laser one must satisfy the condition h/r L ~ (h/rL)op t. Then the expression for the radiant energy can be 
written in the form Q ~ (d/h)(h/rL)op t. For a given (h/rL)op t, therefore, the radiant energy can be increased 
by increasing the ratio d/h. The strongest lower limit on the width of the electron beam is connected with 
the dependence of the efficiency of conversion of the energy introduced into the discharge into radiant energy 
on the specific density of applied energy, d/p = (l~I)tpu/P. In [i0] it was shown that the efficiency of a laser 
system declines at d/p ~ (q/p).. Starting from the ratio d/p = (q/p)., the expression for the optimum width 
of the electron beam can be written in the form 

ha = 2I~oe (E/p) tpu]/ Ub (Ub + 2mc ~') (h/rL)op t (q/P),~. 

If we take the typical pa r ame te r s  of a l a se r  sys t em as E / p  ~ 0.075 V / c m / P a ,  (q/p) ,  ~ 0.5 �9 10 -~ J / c m a / P a ,  
p ~ 1.01 �9 105 Pa, tpu ~ 2 �9 10 -G sec,  Ub = 200 keV, and (h / rL)op  t ~ 4, we can obtain a value of h ~ 20 cm for  
the optimum beam width. P re l iminary  calculations showed that by using an e lectron beam with an e lec t ron 
energy U b ~ 250-300 keV one can excite a semise l f -main ta ined  discharge with d = 40-50 cm having a sa t i s fac -  
tory  uniformity,  This permi t s  an increase  of about 5-8 t imes in the radiant energy f rom a unit length of l a se r  
with the optimum values of h and h / r  L in compar ison with the limiting energy given in [4]. Thus, the resul ts  
of the present  work  permi t  the choice of the optimum discharge geometry  and power in the construct ion of 
superpowerful,  e lec t r ic- ioniza t ien  l ase r  sys tems .  

The authors s incere ly  thank A. M. Orishich and A. G. Ponomarenko for  useful consultation and fruitful 
discussions.  

LITERATURE CITED 

I. N.G. Baser, E. M. Belcher, et al., nElectric-ionizatien lasers based on compressed carbon dioxide," 
Usp. Fiz. Nauk, 114, No. 2 (1974)o 

2. K. Boyer, D. B. Henderson, and R. L. Morse, WSpatial distribution of ionization in electron-beam-con- 
trolled discharge lasers, n J. Appl. Phys., 4__44, No. 12 (1973). 

3. D.B. Henderson, "Electron transport in gas discharge lasers," J. Appl. Phys., 4_~4, No. 12 (1973). 
4. Yu. V. Afenin, A. M. Orishich, and A. G. Ponomarenko, "Uniformity of a volumetric discharge controlled 

by an electron beam in a transverse magnetic field, n Zh. Prild. Mekh. Tekh. Fiz., No. 5 (1979). 
5. V.V. Vladimirov, V. N. Gorshkov, et al., nContractien of a semi-serf-maintained discharge excited by 

an electron beam due to the intr insic magnetic field of the p lasma current ,"  Zh. Tel~h. Fiz. ,  49, No. 11 
(1979). 

6. V.V. Vladimirov, V. N. Gorshkov, et al., "Magnetic mirrors in powerful gas lasers based on semi- 
self-maintained discharges," Fiz. Plazmy, 6, No. 3 (1980). 

7. V.V. Vladimirov, V. N. Gorshkov, et al., "Iniluence of the intrinsic magnetic field of the plasma current 
on the motion of a fast electron beam in a semi-self-maintained discharge," Zh. Tekh. Fiz., 50, No. ii 
(1980). 

8. G . V .  Gadiyak and V. A. Shveigert, "A paraxial  model of the development of a semi-se l f -main ta ined  d is -  
charge in its own magnetic field," Zh. Prikl .  Meldl. Tekh. Fiz. ,  No. 1 (1981). 

9. G .V .  Gadiyak and V. A. Shveigert,  "Influence of the magnetic field on the uniformity of a s emi - se l f -  
maintained discharge,"  Chislennye Metody Mekh. Splosh. Sredy, 12, No. 5 (1981). 

10. A . G .  Ponomarenko,  R. I. Solout~_hin, and V. N. Tishchenko, nThe optimization and limiting c h a r a c t e r -  
ist ics of CO 2 lase rs , "  in: Gas Lase r s  [in Russian], Nauka, Novosibirsk (1977). 

11. R . C .  Smith, "Use of e lect ron backscat ter ing fo r  smoothing discharge in e lec t ron-beam-cont ro l led  lasers :  
Computations," Appl. Phys.  Lett., 2__55 (1974). 

12. G . V .  Gadiyak, A. M. Orishich, et al., "Numerical  modeling of a gas discharge excited by an electron 
beam," Prepr in t  No. 29, Inst. Teor .  Prild.  Mat., Sib. Otd. Akad. Nauk SSSR (1981). 

333 


