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The relaxation of a dense low- tempera ture  p lasma during cooling of the e lec t rons  on heavy 
par t ic les  and during dispersion of a p lasma c lus te r  into a vacuum is examined. The popula- 
tion kinetics is analyzed in the l imiting ca se s  of free escape and radiation capture.  The r e -  
sults are  presented  for  a numer ica l  solution of the se l f -consis tent  (with respec t  to t e m p e r a -  
ture  and concentrat ion of free electrons)  problem of the relaxation of an atomic hydrogen 
plasma.  

1. Relaxation Times.  The study of the nonstat ionary p roces s  of decay of a dense, nonequilibrium, 
low- tempera ture  p lasma requi res  taking into account the variat ion with t ime of a large number of p a r a m -  
e ters  connected amoung each o the rby  nonlinear relat ionships.  In many cases  the relaxation t imes  of dif- 
ferent  p lasma cha rac t e r i s t i c s  differ sharply.  This can be used to simplify the problem by taking the 
fas te r  p roces se s  as having become established and descr ibing them in a quas i - s ta t ionary  approximation 
when consider ing the relaxation of the re la t ively  slowly vary ing  cha rac te r i s t i c s .  

The following is a possible c lassif icat ion of relaxation t imes.  The fas tes t  p rocess ,  whose c h a r a c -  
te r i s t ic  time is on the o rde r  of the t ime of severa l  e l e c t r o n - e l e c t r o n  coll is ions,  is the WMaxwellW velocity 
distribution of the free e lectrons,  i.e., the formation of the e lec t ron t empera tu re  T e. In this t ime a Boltz-  
mann distribution united with the continuum is establ ished for  the upper d iscre te  levels of excitation of the 
a toms whose ionization potential is on the o rder  of Te or  less.  We determine these levels as belonging to 
the quasi-equi l ibr ium spectrum.  

The next somewhat s lower p roces s  is the establ ishment  of a s ta t ionary sink of e lect rons  with respect  
to levels.  In this case  a quas i - s ta t ionary  nonequil ibrium population distribution of the lower excited levels 
is formed,  determined by the instantaneous values of the t empera tu re  T e and concentrat ion N e of free e lec -  
t rons .  The p roces s  of equalization of the t empera tu re s  of the free e lec t rons  and heavy par t ic les  has a 
somewhat longer cha rac te r i s t i c  t ime.  

The slowest p roces s  is the dec rease  in tke density of free e lect rons  through recombination and filling 
of the ground state of the atoms.  It leads to the establ ishment  of an equil ibrium distribution of e lect rons  
over  all the levels,  if there  are  no steadily acting sources  maintaining the nonequlllbrtum. The p rocesses  
of associat ion of a toms into molecules  and the relaxation of excited molecules  will not be discussed here.  

If at the initial t ime the p lasma is far  f rom an equilibrium state then in the course  of relaxation it 
passes  through a se r ies  of s tages cor responding  to the p rocesses  enumerated above. The t imes  of e s tab-  
l i shment  of each stage of p lasma decay depend strongly on the p a r a m e t e r s  of the plasma.  In a dense low- 
t empera tu re  p lasma at high enough N e the electron coll is ions play the main role,  so that a t o m - a t o m  col l i -  
sions can be ignored in this case .  The contribution of photorecombination and photolonization can also be 
neglected in compar ison  with recombination during tr iple col l is ions  and ionization by electron impact. 

2. Statement of the Problem.  We will confine ourse lves  to a study of a spatially homogeneous model 
of the relaxation of a low- tempera ture  p lasma consis t ing of e lectrons,  singly charged  ions, and neutral  
atoms. Suppose the concentrat ion N of heavy par t ic les  va r i es  with t ime by an exponential law 
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N (t) = No (to / t) :~ (2.1) 

Thus does the density va ry  in the inertial stage of dispersion of a p l a sma  cluster .  The pa rame te r  t o 
is connected with the initial dimension r 0 of the c lus ter  and the dispersion velocity u by the equation t o =r0/u. 
The exponent /~ cha rac te r i zes  the dispersion geometry  (g = 1, 2, 3);/~=0 cor responds  to a s tat ionary plasma 
cluster .  

The equations of the population kinetics of excited levels of the atoms in a spatially homogeneous 
model can be written in the form [1] 

nt 
dNn Ix __ 
dt ----- 2 K~,~N,~ + Dn --  ---~ N,, = F~--  + Nn (2.2) 

m=l 
(n = 1, 2 ...... hi) 

where Nn are  the populations of discrete  levels and n 1 is the number of discrete  levels not joined with the 
continuous spectrum. The matr ix  {Knm} is called a relaxation matrix. The nondiagonal element Knm 
charac te r i zes  the number of t ransi t ions per  unit t ime f rom state m to state n. The diagonal element Knn 
is equal in absolute value to the number of t ransi t ions  per  unit t ime f rom state n to all the other  states.  
The quantity Dn is equal to the number of par t ic les  per  unit volume entering state n per  unit t ime f rom the 
continuum and the levels  of the quasi-equi l ibr ium spect rum joined with it. 

Collisional t ransi t ions  are  charac te r i zed  by a t ransi t ion rate,  i.e., the number of t ransi t ions  per  unit 
t ime normal ized to the concentrat ion of par t ic les  giving r i se  to the transi t ion.  

The nondiagonal e lements  of the relaxation matr ix  can be writ ten in the form 

Knm = VnmN, + An,~ (n # m; n, m = t ,  2 . . . .  nl) 

where Vnm is the transi t ion rate f rom state m to state n f rom the effect of electron impact,  and Anm is the 
rate of the spontaneous radiative t ransi t ion m ~ n; Anm =0 when m < n. 

By definition the diagonal e lements  are  

�9 ?in: ) 

where Ven is the rate of ionization by electron impact. 

The free t e r m  has the form 

D n = V~N,~N§ (n = t ,  2 . . . . .  nt) 

where N+ is the ion concentrat ion and Vne is the rate  of t r iple recombination. 

To Eqs. (2.1) and (2.2) must  be added an equation of balance of heavy par t ic les  
r~t 

N - - - N + +  ~, N,~ 
m=l 

(2.3) 

a condition of quas i -neutra l i ty  

N6 = N+ (2.4) 

and, since recombination in a dense p lasma leads to considerable  heat re lease ,  an equation of heat balance. 

F rom the point of view of the energy balance a low- tempera ture  dense p lasma can be considered as a 
collection of three re la t ively weakly interacting subsystems,  formed by the t ransla t ional  degrees  of f reedom 
of the p lasma electrons (A), the t ranslat ional  degrees  of f reedom of the heavy par t ic les  (B), and the energy 
levels of the bound e lect rons  (C). Subsystem (C) also loses energy through radiation. 

The exchange of energy between subsystems (A) and (B) is produced by the tempera ture  difference 
AT = T e - T  (where T is the t empera tu re  of the heavy part icles)  and is accomplished by elastic coll is ions 
between electrons and heavy par t ic les ;  equalization of the t empera tures  T e and T is a relat ively slow pro-  
ce s s  with a relaxation t ime TT on the o rder  of (vem/M) -1, where M is the mass of the heavy par t ic les ,  
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m is the electron mass ,  and v e is the effective collision frequency of e lectrons with ions and neutral  
par t ic les .  Inelastic coll is ions,  accompanied by a change in e lectron binding energy,  lead to energy  ex- 
change between subsys tems (A) and (C). 

Only a small fraction (~ m/M) of the change in binding energy is t r ans f e r r ed  to the heavy par t ic les  
during inelastic col l is ions of e lec t rons  with atoms or  recombination col l is ions with ions. The contribution 
of inelastic col l is ions between heavy par t ic les  is also small. Therefore ,  it can be assumed that d i rect  ex- 
change between subsys tems (B) and (C) is pract ica l ly  absent. 

The amount of heat t ransmi t ted  to the heavy-particle gas (per unit volume and unit time) by free 
e lect rons  during elast ic col l is ions equals [2] 

Q, = 3 (m / M)v ,N~ (re - -  T) 

The heat re lease  in the electron gas through inelastic coll is ions is determined by the equation 

Q, = Ne ~ Nn  ~.j EnmV~,, + E n (Vn ,N  . '  - -  Ve.Nn) 

where E n is the ionization energy of the n- thlevel  and Enm = E m - E  n. 

The heat-balance equations have the form 

f t l  
3 . dTe 3 T~v.-zT =~-r~ ~ r~- N~T.-~-+Q~-- O. (2.5) 

3 dT p, (2.6) . .~  N - - ~  = Q~ - -  N T .-- i -  

Thus, the relaxation of a dense low- tempera ture  p lasma in the spatially homogeneous model of 
inert ial  diffusion is descr ibed by the system of equations (2.1)-(2.6). Cauchy 's  problem is solved for this 
sys tem with the following initial conditions at t = to: 

N~ (to) = N . o  (n = 1, 2 . . . . .  n,) ,  T~ (to) = Tr T (to) = To 

3. Method of Solution. Numerical  solutions of Cauchy 's  problem are  obtained with the help of an 
electronic computer  for a number of initial conditions both for  a s tat ionary plasma (~ =0) and for the case  
of spherical  dispersion (g =3). The calculat ions are  conducted for a par t ia l ly  ionized plasma of atomic 
hydrogen. The relaxation matr ix  is taken from [3]. Calculations with different values of n I showed that 
when n 1 >- 9 the resu l t s  differ little. The following values of the p lasma pa rame te r s  were chosen to an o rder  
of magnitude: t o ~ 10 -7 sec, Te0 ~ T  O ~ 1 eV, N O ~1017 cm -3, Ne~1016cm -3. 

The difference of o rde r s  of magnitude in the relaxation t imes  of the plasma cha rac t e r i s t i c s  was used 
in the method of solution. The differential  equations for the slowly vary ing  p a r a m e t e r s  N1, Te, and T were 
solved by the Runge-Kut t a  method with automatic step selection.  The populations of excited levels NA, 
(n = 2, 3, . . . .  nl) were determined in a s tat ionary sink approximation, i.e., f rom a sys tem of n 1-1  l inear algebraic 
equations which is obtained f rom Eqs. (2.2) if one sets the t ime der ivat ives  equal to zero in them when 
n ~ 2. This sys tem was solved at each t ime step by Seidel 's  integration method. 
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The use of a quas i - s ta t ionary  approximation in calculating the populations of excited levels is admis -  
sible ff the charac te r i s t i c  t imes  ~n for the establ ishment  of populations of levels with n -> 2 a re  small com-  
pared with rA - the minimum of the charac te r i s t i c  t imes  of variat ion of the plasma p a r a m e t e r s  N1, No, 
Te, T 

In the case  of a s tat ionary plasma 

Tn ~ ,~n o ~ ~I 

Tn ~ I:A (3.1) 

xa = xr ~ N~ l dNe / dt l -l 

where k n is the corresponding proper  value of the relaxation matr ix and r r is the charac te r i s t i c  r e c o m -  
bination t ime of the electrons.  In the ease of a d ispers ing plasma 

x~ ~ = (Tn~ -~ + ~ r ' ,  ~ = x~ 1 + ~t  -I 

and the condition (3.1) can be represented  in the fo rm 

(%-~ q- ~tt-') / ((Xn~ -x -t- ~tt -~) ~ i (3.2) 

In the approximation of a s ta t ionary sink for n -> 2 we obtain f rom (2.2) the est imate  

N. / N, - -  xr-' / ((~~ + ~t -~) 

which permi t s  us to rewri te  (3.2) In the form 

N , / N , <  i / (1  q- ixvn~ -~) (3.3) 

When /1 =0, i.e., in a stat ionary plasma,  this condition is conver ted into the cr i te r ion  of applicability 
of the stat ionary-sink approximation 

Nn / N, ~ I (3.4) 

It is seen f rom (3.3) that the inequality (3.4) occurs  when t > rn ~ In the case  of an optically thin 
p lasma the value rn ~ is l imited f rom above by the value AI~ ~ 10 -9 see, i.e., the approximation of a s ta-  
t ionary sink is valid in the entire range of pa ramete r s .  

If the rat io v n / r  r is considered as a small  pa rame te r  with the derivative in Eqs. (2.2) for  n >- 2, the 
validity of using the stat ionary-sink approximat ion  in calculat ing the population of excited levels  can be 
justified f rom a mathematical  point of view [4]. 

The solution of the entire sys tem of differential equations by the Runge-Kut ta  method or  some other 
tradit ional  method without using the stat ionary-sink approximation would require  a t ime step much smal le r  
than r n (at n =hi). Since we a re  consider ing a variat ion In p lasma pa rame te r s  over  t ime Intervals  of 
At ~ TA, which exceed r a by three  to four o rde rs  of magnitude for  the p lasma p a r a m e t e r s  given above, 
this would lead to ext remely  long calculation t imes  and a loss of accuracy  caused by the aceumulation of 
rounding e r r o r s .  

4. Discussion of Results.  Some resul ts  of a numerica l  solution of the sys tem of equations (2.1)- 
(2.6) for  an optically thin stat ionary ( p =0) plasma are  presented in Figs. 1 and 2. The p lasma is cooled 
only through luminescence.  The calculations are  eonducted with the following inttialeondittoes.. Te0 =0.4 eV, 
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T O =0.1 eV, N O =1017 cm -3, N10 =0.99" 1017 cm -3 (Fig. 1) and Te0 =1 eV, T o =0.1 eV, N O =1016 cm -3, Nt0 =0 for 
the solid curves  and Nlo =0.9" 101G cm -3 for  the dashed curves  (Fig. 2); Nn0 =0 for n =2, 3 . . . .  , n 1. The t ime 
is laid out along the absc i ssa  in a l inear  scale in Fig. 1 and in a logari thmic scale in Fig. 2. A l inear  t e m -  
pera ture  scale in e lec t ron volts  is placed on the right in both figures.  

The initial t empera tu re  gap between T e and T dec reases  over a t ime 7 T ~ M (mve) -1. At a low 
degree of ionization (oz 0 =0.01) a cer ta in  t empera tu re  gap is p re se rved  ra ther  long since the cooling of the 
e lectron gas through elastic coll is ions Qe is compensated  for  by recombination heating Qi (in Fig. 1 Q is 
given in eV- cm -3 �9 sec -t on the logari thmic scale to the left). At a high degree of ionization the t empera -  
tures  T e and T are  pract ica l ly  equalized af ter  a t ime on the o rde r  of T T and subsequently remain  identical 
(in Fig. 2 the solid curve  co r responds  to s 0 =1 and the dashed curve to s 0 =0.1). Subsystem (C) continues 
to heat subsys tems  (A) and (]3) so that the electron tempera ture ,  having reached a minimum, begins to in- 
c r ea se  slowly while the populations of excited levels Nn correspondingly  decrease .  The values of Nn/g n 
in cm -3 are  given in the logari thmic scale on the left in Fig. 2 and the numbering of the curves  coincides 
with the principal  quantum numbers  n of the cor responding  levels (gn is the s tat is t ical  weight of the level). 

The calculat ions for  the case  of spherical  dispers ion (~ =3), the resul ts  of which are  presented in 
Figs. 3 and 4, are  conducted with the following initial conditions at t o =2.4 �9 10 -G see: Te0 =T o =0.88 eV, N o = 
5.2 �9 101G cm -3, NI0 =4.4 �9 1016 em -3 ( s  0 =0.15) for M =14MH, where M H is the mass of a hydrogen atom. 

The variat ion with t ime of a number of values is shown in Fig. 3 in the case  of an optically thin 
p lasma (a) and with complete  reabsorpt ion of the Lyman se r ies  radiation (b). The values T 2- 1018 eV 2, Qi" 
10 -6 eV" cm -3" sec -1, ~ �9 1032 cm 6. sec -1, and Nn/gn  cm -3, n =2, 3, 4, 5 re fe r  to a single logari thmic scale 
along the ordinate.  The t ime is laid off in relat ive units in a logari thmic scale along the abscissa .  

A charac te r i s t i c  p roper ty  of the kinetics of a d ispers ing p lasma is the appearance of a t empera tu re  
gap: T e and T dec rease  but the value ( T e - T ) / T  inc reases  with t ime. This is caused by the rapid shutting 
off of the mechanism of cooling of e lec t rons  on heavy par t ic les  because of the drop in density. The reab-  
sorption of radiation leads to an increase  in heat re lease  Qi in the electron gas and a dec rease  in the triple 
recombinat ion coefficient ft. At f irst ,  when T e is large and the recombination coefficient is small ,  Qi in a 
t ransparen t  p lasma can be l a rge r  than in an optically dense plasma,  while the rate of t empera tu re  drop is 
prac t ica l ly  the same in the two cases .  Then the heat re lease  becomes  g rea te r  under conditions of r eab-  
sorption of radiation than in a t r ansparen t  plasma,  while the t empera tu res  T e and T decrease  more slowly. 

The t ime dependence of the tr iple recombinat ion coefficient fl shown by solid curves  is obtained in 
the solution of the se l f -cons is tent  sys tem of equations (2.1)-(2.6), with allowance for the entire set of 
p roces se s  determining the populations of levels,  and the electron concentrat ion and t empera tu re  f rom the 
equation 

: ~], (V,,,, - -  V e m N , ~ / ( N , N + ) )  (4.1) 

The behavior  of the recombination coefficient  calculated f rom the equation [5] 

~- 8.75.t0 -~' T[';" (4.2) 

(T e is in e lectron volts), based on a model of diffusion of a bound electron in an atom along the energy axis, 
is shown by a broken line in Fig. 3a for  compar ison.  At the initial values of the p a r a m e t e r s  (T e ~ 1 eV, 
N e ~ 1016 em -3) the value of fl given by Eq. (4.2) is about five t imes  g rea te r  than the value obtained acco rd -  
ing to (4.1), and only at T e ~ 0.1 eV and N e ~ 101~ cm -3 do the two equations give c lose values of the 
tr iple recombination coefficient.  This conf i rms  the r e s t r i c t ed  nature of the region of applicabili ty of the 
"diffusion" model. (The region of applicability of Eq. (4.2) was d iscussed in [6].) 

The reabsorpt ion of radiation a l te rs  the nature of the population of levels especial ly  strongly.  If all 
the radiation f reely  escapes  f rom the p lasma an inversion occurs  in the population of the lower excited 
levels n =2, 3, 4, 5 in the p roces s  of dispersion.  If the radiation of the Lyman se r ies  is blocked, the inver-  
sion does not occur  and the population of level n =2 is anomalously large and drops more slowly than t -~. 
This is connected with the fact that the effect of the coll isional  mechanism which, solely in this case,  p ro -  
vides for the c lear ing  of this level is weakened in proport ion to the dispersion.  

The reabsorpt ion of Lyman-ser ies  radiation under conditions of dispersion leads to a continuous in- 
c r e a s e  in the effective relaxation t ime T 2 of the f i rs t  excited level, and T 2 becomes g rea te r  than the 
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charac te r i s t i c  t ime of dispersion at some moment t = t  1. This is 
especial ly c lea r ly  seen f rom Fig. 4, where the energy E * t r ans fe r r ed  
to the electron gas in one act of recombination is laid out in eV in a 
l inear scale along the ordinate; the horizontal lines cor respond  to the 
hydrogen-atom energy levels and the principal  quantum numbers n 
are  given on the right. In an optically thick p lasma when t < t 1 a l -  
most all the energy l iberated in one act of recombination is t r a n s -  
fe r red  to subsystem (A), i.e., goes to heating e lect rons  (curve 1), in 
contras t  to an optically thin plasma where a large par t  of the energy 
is radiated off (curve 2). When t > t 1 the heat r e lease  drops sharply 
to values charac te r i s t i c  for an optically thin plasma:  although r e s o -  
nance radiation remains  blocked the mechanism of coll is ions ceases  
to be effective and the  energy is tfrozenW in the f i rs t  excited level. 

For  a t ransparent  p lasma a calculation of the fraction of energy t r ans f e r r ed  to the e lec t rons  (curve 2), 
based oa a solution of the sys tem (2.1)-(2.6), gives a value close to that obtained in [7] using the model of 
e lectron diffusion along the energy axis (curve 3). The freezing of the nonequilibrinm population of the level 
during rapid expansion of the plasma,  accompanied by a decrease  in the heat re lease  per  act  of recombina-  
tion, should also be expected in those eases  where the atom has a metastable state with a large excitation 
energy (for example, in the case  of inert  gases). 

The dependence of the degree of ionizat ions  on time during the spherical  d ispers ion of a hydrogen p lasma 
into a vacuum is shown in Fig. 5. The initial conditions are  given at the moment of breakdown of ionization 
equilibrium t o =10 -5 sec, es t imated according to [6]. Curve 1 cor responds  to the case  of Te0 =To =1 eV, 
N o =1.7 �9 10 Is cm -3, s 0 =0.58 and curve  2 to the case  of Te0 =T O =1 eV, N o = 4 . 1 0  ls cm -3, s 0 =0.34. Curves 
calculated in the diffusion model with the same initial conditions are  presented in [7]. (In determining the 
moment of breakdown of ionization equilibrium in [7] /3 was calculated f rom Eq. (4.2), which leads to t o = 
2" 10 -6 see.) 

The degree of ionization dec reases  somewhat fas te r  in curve  1 (Fig. 5) and slower in curve  2 than in 
the corresponding curves  in [7], which there  represen t  two qualitatively different cases :  ~freezing m of the 
unrecombined e lect rons  and ions; recombination proceeds  to the end and the degree of ionization is a lready 
reduced to zero  at t ~ 10to (the authors  of [7] explain this resul t  by the approximate nature of the equations 
which they used). Curve 3 cor responds  to the same initial conditions as curve  2 but on the assumption of 
reabsorpt ion of radiation. Conditions are  possible where in a p lasma t ransparen t  for  radiation recombina-  
tion proceeds  pract ica l ly  to the end during diffusion, but f reezing occurs  in the case  of radiation capture.  

It should be noted that for  the resonance level n =2 inthe presence of reabsorpt lon of radiation the 
c r i te r ion  of applicability of the quas is ta t loaary  approximation (3.2) is satisfied only in the section t / t  o ~ 3, 
so that for longer t imes  the resul ts  for  an optically thick plasma may not be fully cor rec t .  

Daring rapid expansion of a dense low- tempera ture  p lasma besides ionization and t empera tu re  non- 
equilibrium a nonequlllbrium population of excited states can also ar ise .  Experimental  observat ions of these 
deviations from thermodynamic equil ibrium in an expanding p lasma of hydrogen in a mixture with other 
gases,  and in par t icu lar  the population inversion, a re  descr ibed in [8, 9]. The possibi l i ty of obtaining an 
inverted population of levels in an expanding p lasma was indicated in [10, 11]. Analogous resu l t s  were  ob-  
tained in [12] for  the relaxation of par t ia l ly  ionized xenon upon expansion in a nozzle. 
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