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The method is descr ibed  and the resu l t s  a re  p resen ted  for  numer ica l  calculations of a sys tem 
of equations of nonsteady gasdynamics ,  radiation t r a n s f e r  in the continuous spectrum, and the 
kinetics of coll isional ionization and ionization by radiation, which descr ibe  the dispers ion and 
cooling of a spher ical  volume of He. A compar i son  is made with calculations pe r fo rmed  on the  
assumption of thermodynamic  equilibrium. 

In the study of nonsteady gasdynamic  effects in real  gases  it is  neces sa ry  to take into account the ratio 
between the ra tes  of change v M in the m ac roscop i c  p a r a m e t e r s  E, p, and u and the ra tes  v E of p r o c e s s e s  
leading to the establ ishment  of thermodynamic  equilibrium (ionization, excitation, etc. ). In many prob lems  in 
regions of continuous flows the inequality v M << v E is satisfied. In this case  each gas par t ic le  at a given t ime 
is in a state of equilibrium corresponding  to the slowly varying macroscop ic  pa rame te r s .  The quantities 
cha rac te r i z ing  a rea l  gas a re  functions only of E and p, and they can be calculated separa te ly  f rom the cal-  
culations of the gasdynamic  motion. In regions of a sharp change in the gasdynamic  quantities, such as in 
regions of shock waves,  the c r i te r ion  for the onset  of equilibrium may be violated. In this case there  is a 
nonequilibrium zone in which the state Of the gas is de termined by the kinet ics  of the physical  p r o c e s s e s  tak-  
ing place  in it. If the extent of this zone is insignificant in compar ison with the charac te r i s t i c  dimensions of 
the ent i re  problem,  where  the condition of equil ibrium is satisfied, then its effect on the motion of the gas as 
a whole can be neglected and the gasdynamics  can be calculated from equilibrium theory. 

With a s t rong dec rease  in v E o r  an inc rease  in v M the equilibrium condition v M << v E may  be dis-  
rupted in the ent ire  region of continuous flows. This is real ized,  for  example,  in p rob lems  of the s t reamline  
flow over  bodies by a ra re f ied  gas [1], s ince v E changes sharply with a change in density, and in problems on 
the heating of a gas by focused radiation,  when a dec rea se  in the cha rac te r i s t i c  dimensions to f ract ions of 
mi l l ime te r s  leads to an inc rease  in v M and the fulfillment of the condition v M > v E. Because  of the in te rac -  
tion of  the kinetics and gasdynamics  in these cases  the joint solution of the corresponding equations is neces -  
sary.  In [1] the fac tor  simplifying the numer ica l  calculations is the steady nature  of the p rocess .  P rob lems  
on the heating of a gas by a powerful  source  of radiation and its subsequent dispersion,  which include the 

studies of the p resen t  work, a re  nonsteady. 

The p r o c e s s  of d ispers ion and cooling of a spherical  volume (with cha rac te r i s t i c  dimensions of ~1 ram) 
of h igh- tempera tu re  He p l a sma  (T ~ 10 eV) is studied in the p resen t  work with allowance for  the kinetics of  
ionization and energy t r ans f e r  by radiation in the continuous spectrum. The stage of formation of  the p l a sma  
under the  effect of radiat ion i s  not cons idered  in this case. It is a s sumed  that i ts heating occurs  so fast  that 
the gas is not set into motion during the action of the radiat ion pulse. The sys tem of equations describing the 
d ispers ion and cooling is close to that der ived in [2], but in cont ras t  to [2, 1] a m o r e  complex mechanism of 
emiss ion  and ionization p r o c e s s e s  is a ssumed  here.  

The sys tem of gasdynamic  equations has the form 

~p/Ot -~ Opu/Or = - -  2pu/r;  

Opu/Ot -I- Opu2/Or = - -  Op/Or - -  2pub~r; (1) 

OE/Ot -~ O(E ~ p )u /Or  = - -  ( E  ~ p ) 2 u / r  - -  q. 
e 
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The  fo l lowing  un i t s  of  m e a s u r e m e n t  o f  t he  q u a n t i t i e s  a r e  a d o p t e d  h e r e  and b e l o w :  T, I1, I2, and  ~, eV; P0 = 
1.77" 10 -4 g / c m 3 ;  r0, cm;  u 0 = 0.5" 106 c m / s e c ;  t o = 2" 10 -6 sec .  The  s y s t e m  (1) i s  s u p p l e m e n t e d  by  t h e r m o -  
d y n a m i c  e q u a t i o n s  in  w h i c h  the  e l e c t r o n  e x c i t a t i o n  e n e r g y  of  t he  a t o m s  and ions  i s  not  t a k e n  in to  accoun t :  

e = 3/2Tp + a : I : p  + ~2(I: + I2)9, p = Tp(t + a~), a~ = a :  + 2~z. (2) 

The  v a l u e s  of t he  n o n e q u i l i b r i u m  d e g r e e s  of  i o n i z a t i o n  e l  and  a~ a r e  d e t e r m i n e d  b y  the  fo l lowing  r e -  
a c t i o n s :  f o r  coLl i s iona l  i o n i z a t i o n  A + e --~ A § § 2e ,  A § + e ~ A ++ + 2e ;  fo r  i o n i z a t i o n  b y  r a d i a t i o n  A + hv 
A + + e, A + + hv -~  A ~ + e. P r o c e s s e s  c o n n e c t e d  w i t h  t he  e x c i t e d  s t a t e s  of  the  a t o m s  and  i ons  and l i n e  e m i s -  
s i on  a r e  not  i n c l u d e d  in  the  a n a l y s i s .  W i t h  t h e s e  a s s u m p t i o n s  the  e q u a t i o n s  of  i o n i z a t i o n  k i n e t i c s  t a k e  the  
f o r m  

o~0pat + 0C~opU0____ 7 = - -  %a~Notop~O0 v ( I : /Y  + 2) exp ( - -  I~/Y) (i  - -  L0) - -  j" .i c0v(v) dQdv 2paOU.r ' (3) 

co 

8a~p ~_ ,-)a~.pt+ = a~ae+Votog~o,v ( Io./T -:- 2) exp ( - -  I j T )  (t - -  L~) --  ~ I c: (v! dQdv - -  2.p%u . 

~ o + C t :  +~zo_= i ;  a z = a t  + 2 ~ ;  L o = %%,'K:~zo; L~ = ~u jK .~z~;  

, [ (exp(v/7)-- l).r E 
Co,i (v)=~Xo,:No(lOvA:. ( l - - L o , 2 e x p ( - - v , T ) [ L o , 2  ~ J v )  I (% Q)]; 

% = 0 . t 3 . t 0  - ~ .  T, crn~; ~: = 0.4t .10 - ~ .  i v, cmZ; v = 6.7.10 ~. T:fi; 

K:,., = (6.06- lO~g:,JNoPgo,~)T~/~ exp ( - -  J ,  j T ) ;  

go = t ;  g: = 2; g~ = 1; I~(~) = Cv:V[exp(v/r) - -  1]. 

C i n c l u d e s  the  f a c t o r  2 h / c  2 and q u a n t i t i e s  wh ich  m a k e  the  e n e r g y ,  t i m e ,  and  f r e q u e n c y  d i m e n -  The constant 
sionless; I(v, ~) is found from the radiation transfer equation, which in a nonequilibrium medium along a 
selected direction and in a unit frequency interval has the form 

dI(v, 9.)/ds = - - z ( l  - -  exp(--v/T))(IE(~. ) - -  I(v, ~)) - -  • - -  z:.C:(v); (4) 
:%v c r0vNo~oP;  X:v  (71v-~ o~l ,  , ~ : Xoe ~ Xle -4- x~e; 

-2 2 2 

The first term in (4) allows for processes of absorption and emission in free-free transitions in the 
fields of an atom and of singly and doubly ionized atoms. The cross sections for these processes, as for 
photoionization, were taken from [3]. The value used for %e is the same as that in [4]. With the assumptions 

made, the expression for q in the system of gasdynamic equations (i) becomes determining: 

0 P- I~ fl I2 f~ 

In the  c a s e  of t h e r m o d y n a m i c  e q u i l i b r i u m  the  fo l lowing  s y s t e m  of a l g e b r a i c  equa t i ons  i s  a n a l y z e d  i n s t e a d  
of  (3) : 

a:%/ao = K1; cz.~ae/a 1 = K~; 
a o + a  l + a o  = i ;  %---- a l  +2a . , -  (6) 

Th i s  s y s t e m  t o g e t h e r  wi th  (2), w i th  the  v a l u e s  of  E, p, and  u a s s i g n e d ,  deter~ Anes  T,  o h ,  and ~z- The  r a d i -  
a t ion  t r a n s f e r  equa t ion  (4) in a n o n e q u i l i b r i u m  m e d i u m  is  

dI(v, ~)/ds = - -  (z --: • -~ • - -  exp( - -v"T))( IE(v)  - -  / (v,  .Q)). (7) 

F o r  the  s y s t e m  of  e q u a t i o n s  (1)-(5) we  a s s i g n e d  the  b o u n d a r y  c ond i t i ons  pu  = 0 and u = 0 a t  r = 0; u =0,  
p = 1, T = 0.03,  and  ~ i  = a2 = 0 a t  r = oo and w e  a s s u m e d  the  a b s e n c e  of  r a d i a t i o n  f luxes  d i r e c t e d  t o w a r d  the  
c e n t e r  of  the  s p h e r e .  To c l a r i f y  the  e f fec t  of  i o n i z a t i o n  n o n e q u i l i b r i u m  on the  g a s  flow t h e  p r o b l e m ,  wi th  the  
s a m e  i n i t i a l  d a t a  and  b o u n d a r y  c o n d i t i o n s ,  w a s  c a l c u l a t e d  u n d e r  two d i f f e r e n t  a s s u m p t i o n s :  c o m p l e t e  e q u i l i -  
b r i u m  [the s y s t e m  of  e q u a t i o n s  (1), (2), (5)-(7)] and  the  a b s e n c e  of  i o n i z a t i o n  e q u i l i b r i u m  [ the  s y s t e m  of  e q u a -  
t i ons  (1)-(5)] ,  w i th  a l l o w a n c e  fo r  r a d i a t i o n  and  wi thou t  i t .  

L e t  us  go on to a b r i e f  d e s c r i p t i o n  of  the  m e t h o d  of  the  c a l c u l a t i o n s .  The  i d e n t i c a l  f o r m  of  Eqso (1) and  
(3) m a d e  i t  p o s s i b l e  to u s e  t h e  s a m e  a l g o r i t h m  fo r  t h e i r  so lu t ion .  The  b a s i s  of t h i s  a l g o r i t h m  i s  d e s c r i b e d  in 
d e t a i l  in [5]. I ts  s i m p l e s t  r e a l i z a t i o n  w a s  chose n :  an i m p l i c i t  s y s t e m  wi th  an  e x p l i c i t  an t id i f fu s ion  s t ep  which  
does  not  depend  on the  v e l o c i t y  u. The  s o l u t i o n  of  (1) a n d  (3) w a s  p e r f o r m e d  in the  s a m e  s p a c e  and t i m e g r i d s .  
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and G 2 known at each point of space and at each moment  of t ime from the 
solution of (1) and (3), de termined T and p. 

The emiss ion intensity I(v, s was found through the direct  numerica l  solution of (4) at each point of 
space. Here the frequency gr id  was not taken as uniform but was bunched in the regions of small  u (the 
region of f r e e - f r e e  t rans i t ions) ,  of f requencies  u ~ I1 (the region of photoionization of an a tom),  and of 
f requencies  u ~ 12 (the region of photoionization of an ion). In all 30 points were  taken. The gr id  of angles 
~vas taken as uniform and independent of the coordinate dO = ~T/12. Because  of the la rge  expenditure of 
machine t ime for the solution of the radiation t r a n s f e r  equation (4) it was solved with five t imes  wider  spac-  
ing than (1) or  (3). The value of I(v, s obtained in the solution of (4) for the preceding t ime was substituted 
into (1) and (3) in the in termediate  t ime layers .  In the case of complete thermodynamic  equilibrium the sys -  
tems  (2) and (6) were  solved by the i terat ion method. 

As the initial data in the vers ion of the calculation p resen ted  below we ass igned the following values of 
the quantit ies:  t empera tu re  profi le  (curve 0 in Fig. 1), p = 1, u = 0, a l  and a 2 a re  the equilibrium values 
corresponding to these pa r am e te r s ,  initial radius of heated region 0.375 mm. Before  going on to a desc r ip -  
tion of the resu l t s  of the calculations,  let us es t imate  the cha rac te r i s t i c  t imes  for  the establishment of t em-  
pe ra tu re  balance.  The principal  mechanism of t empera tu re  equalization in an ionized gas is e lect ron coll i-  
sions and the cha rac te r i s t i c  t ime of this react ion at the initial moment  is ~0.5 �9 10 -t~ sec, which is cons ider -  
ably less  than the cha rac te r i s t i c  gasdynamic  t ime of ~10 -s see. Therefore ,  the initial stage of d ispers ion 
can be considered in a one - t empera tu re  approximation. The t ime of establ ishment  of ionization equilibrium 
at the initial moment  is 10-s-10 "l~ sec, i.e., the ass ignment  of at and a 2 in the equilibrium approximation is 
justified. The determination of the distr ibutions of T, a l ,  and a 2 at the initial time, as was indicated above, 
goes beyond the f ramework  of the p resen t  report ,  and the algori thm const ructed  pe rmi t s  their  a rb i t r a ry  
assignment ,  in par t icu la r ,  corresponding to exact calculations of breakdown in He. 

Let us examine a di rect  descr ipt ion of the resul ts  of the calculation. The following notation a re  adopted 
in Figs. 1-5:  curve 1 ) calculation by the theory of nonequilibrium ionization without allowance for radiation; 
2 ) the same with allowance for radiation; 3 ) calculation by equilibrium theory without allowance for rad ia-  
tion. The coordinates  r = 1, 2, 3, etc., co r respond  to the physical  dimensions 0.125, 0.250, 0.375 mm, etc., 
and the calculating step along the coordinate equals 0.0125 mm. The t empera tu re  prof i les  at the t ime 13.6 
nsec after the start of the dispersion are compared in Fig. i. The shock wave has the coordinate 4.2 and the 
contact discontinuity has the coordinate 3.5. The greatest difference between curve 1 and curve 2 is in the 

region of r < 2.5. The propagation velocities of the shock wave and the contact discontinuity are about the 

same for all the versions of the calculations (curves 1-3), as are the distributions of p and u. The distribu- 

tion of al for the same time is presented in Fig. 2. It is seen that in the central region of flow alE in the 

equilibrium case is about two times larger than ~I, which is explained by a decrease in the recombination 

rate during collisions with a decrease in temperature and density (by this time p is on the order of 0.i in 
the region of r < 3 ). In the region of r > 3 we have p ~ 3 and the ionization and recombination rates are 

fully adequate to maintain c~ I ~ ~iE- A detailed comparison of the a I and alE profiles is hindered, however, 

because these concentrations themselves depend on ~2 and ~2E,. the relationship between which at this time 

is shown in Fig. 3. The tendency toward "quenching' at a lower temperature and density is displayed more 

clearly for this component of the gas. It is seen in Figs. I-5 that the allowance for radiation does not strongly 

alter the profiles of the quantities obtained. This is explained by the fact that the temperature decreases 

rather rapidly and, in addition, the region is optically transparent for a large section of the spectrum u < I 1 
which includes the maximum of the equilibrium radiation at temperatures below 7 eV, and therefore the radi- 

ation emanating from it is much less than the corresponding black-body radiation. 

The distribution of T at the time 20 nsee is presented in Fig. 4. The shock wave has traveled to r = 5 
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About 450 calculating steps in t ime have been made by this 
t ime. The difference between the t empera tu re  calculated by the equilibrium theory and the nonequilibrium 
value is on the o r d e r  of 30%. The appearance of a compress ion  wave moving toward the center  is observed  
on curve 1 in the region of r < 1.4. Curve 3 shows the distr ibution of T in the nonequilibrium case at a la ter  
t ime, 23 nsec (without radiation). The compress ion  wave reaches  a lmost  to the center  and heats the gas to 
6 eV (p is ~0.3 at the center  in this case) .  Such a s trong wave is not observed in the equil ibrium version.  

The values of ~lE and at at the t ime 20 nsec a re  compared  in Fig. 5. One must  conclude from the 
calculations p resen ted  that allowance for the nonequilibrium nature of the ionization in the problem of the 
cooling of a spher ical  volume of He with T ~ i0 eV, r ~ 0.37 ram, and a normal  initial density leads, f i rs t  
of all, to lower  t empera tu re s  averaged over  the volume (by 30-40%), higher  degrees  of second ionization (by 
about two t imes),  and, correspondingly,  lower  degrees  of f i rs t  ionization for t imes corresponding to d i sper -  
sion to dimensions exceeding the initial dimensions by two t imes;  secondly, it leads to the appearance of a 
compress ion  wave moving toward the center ,  which is absent by this t ime in the equil ibrium calculations. 
The ionization nonequilibrium and energy t r ans f e r  by radiation do not have a significant effect on the velocity 
of expansion of the hot region and the propagat ion of the shock wave in the given calculation. 

CONVENTIONAL NOTATION 

u, gas velocity;  p, density; p, p r e s s u r e ;  E, total energy;  e, internal energy;  q, energy losses  of ma t t e r  
through radiation; T, t empera tu re  of the e lec t rons  and atoms;  a0, at, a2, a e, nonequilibrium concentrat ions 
of atoms,  of singly and doubly ionized atoms,  and of e lect rons ,  respect ively;  ~0E, ~lE, ~2E, SeE, equil ibrium 
values of these concentrat ions;  K1, K2, ionization equilibrium constants;  I t ,  I2, He ionization potentials;  go, 
gl, g2, corresponding stat is t ical  weights;  I(v, ~2), spectra l  intensity of the radiation p e r  unit f requency in ter -  
val pe r  unit solid angle; IE(V), its equilibrium value; v, frequency of the radiation; d~, f requency interval;  
d~2, element of solid angle; No, Loschmidt  number;  M, mass  of an atom; v, mean thermal  velocity of the 
e lec t rons;  ~0, ~l, collisional ionization c r o s s  sect ions for  atoms and singly charged ions; ~iv, photoioniza-  
tion c r o s s  section for  a toms (~40v is the corresponding spectra l  l inear  absorption coefficient) ;  ~0v, photo- 
ionization c r o s s  section for  singly charged ions (~Iv) ; e0e, ele, e2e, c ro s s  sections for b remss t r ab lung  ab- 
sorption by e lec t rons  in the fields of an atom and of singly and doubly charged ions, respect ively  (~0e, ~ e ,  
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