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The k ine t i c s  of the p r o c e s s  through which vapor  r e l e a s e d  f rom the su r f ace  of a sol id  is  hea ted  
by l a s e r  rad ia t ion  a r e  ca l cu la t ed .  The da ta  indicate  the ex i s tence  of t e m p e r a t u r e  and i o n i z a -  
t ion d i s equ i l i b r i um (for A1 at incident  flux dens i t i e s  q over  50 M W / c m  2 in t i m e s  of the o r d e r  
of 1 t tsec or  l e s s ) .  T r e a t m e n t  of this  d i sequ i l i b r ium lowers  the " c r i t i c a l "  flux dens i ty  q ,  
co r r e spond ing  to the onse t  of s c r een ing  within a spec i f i ed  t ime  t ,  or  within the t ime  t .  r e -  
qu i red  for  s c r een ing  to develop at a spec i f i ed  flux dens i ty  q, app rec i ab ly ,  as c o m p a r e d  to the 
values  obtained in the equ i l i b r ium theory  of the p r o c e s s .  Some of the other  phys ica l  p r o -  
c e s s e s  that  might  have some effect  on " f l a re"  behav ior  a r e  a lso  d i s c u s s e d .  

The effect  of l a s e r  r ad ia t ion  on the su r f ace  of a so l id  can be brought  about under  two ve ry  d i s t inc t  
se t s  of condit ions : 

1) Vapor  pos se s s ing  a t e m p e r a t u r e  T c lose  to the t e m p e r a t u r e  T V of the phase t r ans i t i on ,  vapor  
weakly  ionized and p r a c t i c a l l y  t r a n s p a r e n t  to the incident  r ad i a t i on  (evaporation wave with no " sc reen ing ,  n 

no evapora t ing  su r f ace  [1-4]); 

2) Vapors  a r e  hea ted  to T >> T v, a r e  s t rong ly  ionized (at l e a s t  s ingly  ionized),  and abso rb  a subs t an -  
t i a l  por t ion of the incident  r ad ia t ion ,  only a s m a l l  p a r t  of which manages  to r e a c h  the evapora t ing  su r f ace  
(the su r f ace  is  t he r eby  " sc reened"  [4-7]). 

Since the d is t r ibu t ion  of the p a r a m e t e r s  in the l a y e r  of vapor ,  the pa t t e rns  of the va r i a t ions  with 
t ime  t ,  and the c h a r a c t e r i s t i c  values  of the p a r a m e t e r s  pe r  se  (the t e m p e r a t u r e  T, the p r e s s u r e  p, the den-  
s i ty  p,  and the r a t e  of outflow u, etc .) d i f fer  subs tan t i a l ly  depending on the condit ions under  which the e f -  
fect  is  brought  about, it  would be of i n t e r e s t  to find out m o r e  about how a t r ans i t i on  f rom one se t  of condi -  
t ions to the other  is  e f fec ted .  

The phenomenon of breakdown in cold gases  through the action of a bombard ing  l a s e r  beam is quite 
f a m i l i a r  (a r ev iew of the l i t e r a t u r e  may  be found in [8]). One of the p r e s e n t  authors  [9, 10] developed a 
a theo ry  of the equ i l i b r ium f l a re .  The f l a re  d i f fe r s  f rom breakdown f i r s t  in the fact  that  the vapor  
is  a l r e a d y  a p p r e c i a b l y  ionized because  of the suff ic ient ly  high vapor  t e m p e r a t u r e s .  F o r  ins tance ,  at  
T v values  co r r e spond ing  to p of the o r d e r  of 102 to 103 ba r ,  a typ ica l  value of the deg ree  of ionizat ion c~ = 
10 -4 (of the to ta l  number  of p a r t i c l e s  p r e sen t ) .  The number  Vee of co l l i s ions  between e l ec t rons  mud the 
number  Vaa of co l l i s ions  between ions,  and a lso  the number  Via of ion -a tom co l l i s i ons ,  is  t h e r e f o r e  such 
that  we can speak  of the ex i s t ence  of an e lec t ron  t e m p e r a t u r e  Te,  an a tom t e m p e r a t u r e  Ta, and an ion t e m -  

p e r a t u r e  T i .  

F o r  example ,  when a luminum is t a r g e t e d  by l a s e r  rad ia t ion  of flux dens i ty  q = 100 M W / c m  2, the da ta  
for  the vapor  a r e  T = 4500~ p = 10 -2 g / c m  3, a = 0.45 �9 10 -3, Tee = 1.5 " 10 -13 see ,  which is  much s h o r t e r  
than the c h a r a c t e r i s t i c  t ime  ~- in which the r ad i a t i on  e x e r t s  i t s  effect ,  or  the f l a r e  deve lopment  t ime t . .  The 
t r a n s i e n t  pe r iod  of the a tom t e m p e r a t u r e  at  those  same  p a r a m e t e r s  Taa = 1.5 �9 10 -12 sec ,  and we obtain 
1.5 �9 10 -12 sec  for i o n - a t o m  c o l l i s i o n s .  Consequent ly ,  the e l ec t ron  t e m p e r a t u r e  Te, the atom t e m p e r a t u r e  
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Ta,  and the ion t e m p e r a t u r e  T i a r e  a l l  e s t ab l i shed  within a t ime ~10 -12 sec ,  with T i p r a c t i c a l l y  equal to T a 
(so that  we can a s s u m e  in fact  T a = T i in the r e m a i n d e r  of the d i scuss ion) .  

The quant i t ies  T e and T i a r e  se t  equal by two d i s t inc t  m e c h a n i s m s .  The f i r s t ,  which p lays  an i m p o r t -  
mat ro l e  at high d e g r e e s  of  ionizat ion,  is  that  of co l l i s ions  with ions .  The c h a r a c t e r i s t i c  e l e c t r o n - i o n  r e -  
laxat ion t ime  Tea = 5 �9 10 -9 sec .  The second mechan i sm,  which dominates  in the ini t ia l  s tage  of the p r o c e s s ,  
involves encounte rs  with a toms ,  and the e l e c t r o n - a t o m  re laxa t ion  t ime Tea = 5 �9 10 -1~ sec .  At the s ame  
t ime ,  the typ ica l  dura t ion r of the l a s e r  action in the Q-spoi l ing  mode r anges  f rom 3 �9 10 -9 to 3 �9 10 -7 sec  
[6, 7]. The c h a r a c t e r i s t i c  durat ion ~- of a s ingle  spike  in the f r e e - r unn i ng  mode is  10 -6 sec  [1, 3]. Conse -  
quently,  a cons ide r ab l e  por t ion of the ene rgy  abso rbed  by the e l ec t rons  is  used  up not only in heating a c o m -  
pa r a t i ve ly  s m a l l  number  of e l ec t rons ,  but a l so  in r a i s i ng  the t e m p e r a t u r e  of the en t i r e  volume of gas as a 
whole ( ra is ing the ion t e m p e r a t u r e  and the a tom t e m p e r a t u r e ) .  We can as sume ,  in a f i r s t  c rude  a p p r o x i m a -  
t ion,  Te = T i = T, and the degree  of ionization a is then de t e rmined  by the equ i l ib r ium t e m p e r a t u r e  T of the 
m a t e r i a l  accord ing  to Saha ' s  equation.  That assumpt ion  was in fact  en te r t a ined  in [9, 10]. The re  the f l a re  
is seen to develop as fol lows.  Since the v a r i a b l e  a (when a << 1) depends exponent ia l ly  on the t e m p e r a t u r e ,  
with a l a rge  exponent ( inasmuch as the f i r s t  ionizat ion potent ial  I l >> T), a s l ight  r i s e  in the t e m p e r a t u r e  is  
suff ic ient  for  a m a r k e d  i n c r e a s e  in a .  F o r  example ,  when I i / T  = 10, it  is  suff icient  to r a i s e  T by 10~ for  a 
to about t r i p l e  in value,  so that  the abso rp t iv i t y  ~ ,  and with it the r a t e  of i n c r e a s e  in T, a ,  ~ ,  e tc . ,  wi l l  i n -  
c r e a s e  co r r e spond ing ly  (the w a r m - u p  p r o c e s s  is  " s e l f - a c c e l e r a t i n g "  in na tu re ,  with a sudden absorp t ion  in-  
c r e a s e  r e su l t ing ) .  

In c o n t r a s t  to breakdown,  this f l a r ing  phenomenon takes  p lace  in moving m a t e r i a l .  Expansion of vapor  
into a r a r e f i e d  medium or  into a vacuum is accompanied  by adiabat ic  cooling of the vapor ,  which can even 
exhibi t  heat ing because  of absorp t ion  of the r ad ia t ion .  As  the th ickness  of the l a y e r  of vapor  i n c r e a s e s  and 
as  the p r e s s u r e  g rad i en t  dec l ines ,  the ro le  p layed by adiabat ic  cooling g radua l ly  t ape r s  off, while the r a t e  
of energy  r e l e a s e  on account  of absorp t ion  of rad ia t ion  r e m a i n s  unchanged (at constant  flux dens i ty  of the 
oncoming rad ia t ion ,  and i f  we ignore t r a n s f e r  of heat  to the bulk of the body by o r d i n a r y  heat  conduction).  
Consequent ly ,  the r o l e  p layed  by those two f ac to r s  is  c o m m e n s u r a t e  at  any given moment ,  and the w a r m - u p  
p r o c e s s  d e s c r i b e d  above then se ts  in.  The f l a r e  thus shows a c r i t i c a l  c h a r a c t e r  under  condit ions where  the 
m a t e r i a l  is in comple te  equ i l i b r ium.  

Yu. V. A f a n a s ' e v  and O. N. Krokhin [11] p roceeded ,  in e s t ima t ing  the t ime  of onset  of subs tan t i a l  
w a r m - u p  of the vapor ,  f rom the view that  th is  w a r m - u p  p r o c e s s  would have to  s e t  in with in tense  absorp t ion  
of r ad ia t ion ,  which would occur  when the opt ica l  th ickness  was of the o r d e r  of unity,  or  more  p r e c i s e l y  T = 
0.28, i . e . ,  the s ame  as  in the approx imate  theory  of s e l f - c o n s i s t e n t  condit ions [5]. 

The t heo ry  behind the appea rance  of the f l a r e  [9, 10] is  based  on a local  c r i t e r i o n  of the equal i ty  of the 
amount  of ene rgy  r e l e a s e d  through absorp t ion  of r ad ia t ion  and through cooling due to d i s in t eg ra t ion .  This 
c r i t e r i o n  can a lso  be reduced  to r = ~-, when the flux is constant ,  but T. depends on the h e a t - t r a n s f e r  p r o p e r -  
t i e s  ' of the m a t e r i a l s  such as  the heat  of evapora t ion  Q, the enthalpy of the vapor  in the phase t rans i t ion  hv, 
and the re f l ec t ion  coef f ic ien t  k r .  At typ ica l  values  of those p a r a m e t e r s ,  we find that  the f l a re  occurs  in 
vapors  that  a r e  p r a c t i c a l l y  t r a n s p a r e n t ,  i . e . ,  ~-, << 1 (e.g., a luminum when the opt ical  th ickness  � 9  i s  of the 

o r d e r  of 0.01). 

The computed  va lues  of the flux dens i ty  q .  at which the f l a r e  occurs  in hot vapor  a r e  not only much 
l e s s  than the c o r r e s p o n d i n g  va lues  needed for  breakdown in cold g a s e s ,  but a r e  a l so  well  below the e s t i m a t e d  
va lues  in [11]. 

However ,  as we can see  by compar ing  the expe r imen ta l  r e s u l t s  c i t ed  by A. I.  Pe t rukhin  [12] and the 
data  p r ed i c t ed  by V. I .  B e r g e l ' s o n  on the bas i s  of theory  [9, 10] and run on a compute r  for the r e a l  shape of 
the pulse  occu r r i ng  in [12], the sc reen ing  phenomenon se t s  in at lower  q .  value than ant ic ipa ted  f rom the 
t heo ry .  We t h e r e f o r e  have to turn again to an ana lys i s  [13] of the in i t ia l  a s sumpt ions  in [9, 10], and mos t  of 
a l l  the assumpt ion  that  the vapor  is c lose  to a s ta te  of t e m p e r a t u r e  equ i l ib r ium and ionizat ion equ i l ib r ium.  

Accord ing  to the e s t i m a t e s  in [14], under  condit ions where  flux dens i t i es  q <- 103 M W / c m  2, as  was the 
ca se  in [12], the d ive rgence  between the e l ec t ron  t e m p e r a t u r e  and the atom t e m p e r a t u r e  r e m a i n e d  sma l l :  
A = T e - T i << T e ~ T.  But the c r i t e r i o n  for  the weak effect  of that  d ive rgence  mus t  not be the inequal i ty  
shown, because  of the c lear ly ,  defined exponent ial  dependence ~ (T), but mus t  be some s t r o n g e r  inequal i ty  
A(I1/T) << T. Moreove r ,  the i n c r e a s e  in Te and in (~, and accord ing ly  a lso  in ~ ,  b r ings  about a s t i l l  g r e a t e r  
i n c r e a s e  in AT.  
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Note that that type of effect bad a l ready been pointed out [15] in es t imates  made of the onset of s c r een -  
ing of a radiat ing s trong shock wave by a gas ahead of the shock front, which is also, as would appear f rom 
the appropriate  experiments ,  observed ea r l i e r  than predicted by the pure equilibrium theory  [16]. 

1. The sys tem of equations describing heating of e lect rons  by radiation with account taken of losses  
in the work of adiabatic expansion and energy  t rans fe r  to atoms and ions (in collisions),  as well as heating 
of ions and atoms through such energy t r ans fe r ,  appears in the form 

dI '  t d v  (c.do--~ + ,r + P ~ - 7 - ~  = / - (q~  + Q~,) 

d T i  . , I dv  
[(%)~ + (%)~ 1 --~- + (P~ ~- P~; 7 -~" = (Q o~ + Q ~) (1.1) 

Here  (cv)e , (ev)a , (Cv)i are  the respect ive  specific heats of the e lect rons ,  atoms,  and ions, and Pe, P a ,  

and Pi are  their  respect ive  part ial  p r e s s u r e s .  Since es t imates  of the relaxation t imes of the degree of 
ionization to its equil ibrium value a re  indicative of how validly they can be compared  to the cha rac te r i s t i c  
screening t imes t , ,  equations (1.1) are  supplemented here  by the kinetics equation of the ionization p rocess  

d n  e 

dt  - -  ~ p n a n e  - -  ~pn in~2  (1.2) 

where ne, na,  n i are  the respec t ive  number  densit ies of e lec t rons ,  a toms,  and ions per cm3; (~p and tip are  
the respect ive  constants  of the ionization rate  and recombination ra te .  

We now introduce a few simplifying assumptions,  none of which a re  fundamental in nature,  pertinent 
to the t e rms  appearing in Eqs.  (1.1) and (1.2). The f irs t  t e r m s  in equations (1.1) express  energy losses  in 
ra is ing the t empera tu re  of the e lect rons ,  ions, and a toms.  The t e rm J appearing in Eq. (1.1) takes into ac -  
count energy losses  by e lect rons  in ionization. Elect rons  escaping an atom have a negligible thermal  velo-  
city,  and some additional energy  is still requi red  in o rder  to heat them up to the electron t empera tu re .  In 
considering the process  by which screening develops, we limit the discussion to t empera tu res  ~0.3 to 2 eV, 
and take into account the fact that 

3 dn  e J=(11 + Te) <1.3) 

where 11 is the f i rs t  ionization potential. 

The t e r m s  PedV/vdt and (Pi + Pa )dv /vd t  descr ibe  cooling of e lectrons,  ions, and a toms  through 
adiabatic separat ion of the par t ic les .  

Let us now examine in g rea te r  detail the t e rms  Qei and Qea describing exchange of energy between 
electrons and ions, and between electrons and atoms.  The relaxation t ime for attaining a Maxwellian clis- 
tribution between the charged par t ic les  can be found in [16]. In the par t icuIar  case of e lect rons  and singly 
charged ions, we have 

3.5. i G S A T  % 
~ ei - -  niZ2 In A (1.4) 

where A is the atomic weight of the ions, Z is the charge on the ions, and for the pa ramete r s  ass igned in the 
problems under considerat ion InX ~ 6, n i is the number of ions per  cm 3, T e is the electron tempera tu re  in 
eV, and Tel is in sec .  

For  the relaxation t ime of the tempera ture  in e l e c t r o n - a t o m  coll is ions,  we have 

m a  ' 

vea.: na <%> z2me (1.5) 

Here <v e > is the mean velocity of the e lec t rons ;  (r is the gas-kinet ic  c ro s s  section for elastic col l i -  
sions; ~ = ~r 2, where r is assigned equal to the dimension of the atom in the T h o m a s - F e r m i  model in the 
case  of heavy elements ,  and equal to the radius of the atom in the Bohr model in the case  of light e lements :  
r = na0~H-/~l, IH = 13.6 eV, n is the principal  quantum number  of an electron in the outer shell in the 
ground state of the atom; a 0 is the Bohr radius;  m e is the mass  of the e lect ron;  m i is the mass  of an ion. 
Two exchange mechanisms are  present  when tempera tures  are  not sufficiently high, and the total relaxation 
time will exhibit the form 
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For  the flux of energy  f rom electrons to ions and atoms per cm 3, we use the expression 

Qel -{- Qea = 3/2 n e (Te-Ti)l/r (1.6) 

The t e r m  in equations (1.1) describing absorption of radiation by e lect rons  assumes ,  in the a s sump-  
tion of almost  complete  t ransparen t  vapor,  the form 

l = (l + kr) q (• + ~.) (1.7) 

~t i is the mass  absorption coefficient for f r e e - f r e e  electron transi t ions in the field of the ion and bound- 
free t ransi t ions  f rom highly excited states of the atom, and ~n is the bremss t rah lung  absorption coefficient 
in coll isions with a neutral  atom. Bremss t rah lung  absorption was taken into account, when calculating the 
value of ~ti, under the assumption that the Gaunt factor  was unity, while the photoeffect f rom highly excited 
states obeyed the hydrogen-l ike  U n s o l d - K r a m e r s  approximation with summation over states replaced by 
integration [16]. In that approach,  the value of ~t i is exp ( e /T )  t imes in excess  of the coefficient for 
b remss t rah lung  absorption on ions. We note, for example, that absorption takes place, in the case  of AI and 
a ruby laser ,  s tar t ing f rom the excited level with the principal quantum number n = 4, which can be con-  
s idered hydrogen-l ike  with accuracy  sufficient for our initial calculat ions.  Use was made of the relevant  
theory  [17] with exact computation of the integrals  appearing in the relat ions derived in [17], in our ca lcula-  
tions of ~r and that, by the way, leads to the difference of about one Whole order  of magnitude in the approxi-  
mate  expressions of those integrals  cited in this paper.  The value of cr was assigned as in Eq. (1.5). The 
equilibrium ionization (directly downstream of the evaporation wave) was determined f rom Saha's  equation, 
using exact s tat is t ical  weights and the energy levels of a nonhydrogen-like atom. In the calculations of the 
nonequflibrium absorption coefficient, the degree of ionization was determined f rom the kinetics equations 
cited ea r l i e r ,  and the population of the levels was assumed Boltzmannian, but corresponding to the electron 
tempera tu re  Te.  

The ra te  constant for ionization of the atom from the ground state by electron impact  [16] is employed 
as V~p in Eq. (1.2). Then tip was determined such that the co r r ec t  degree of ionization a for the stated value 
of T e would follow from Eq. (1.2) at ionization equilibrium. 

We can assume the value of dv /vd t  to be specified, and find it from the solution of the problem deal-  
ing with adiabatic disintegration of the gas in a centered rarefact ion wave propagating in the wake of the 
evaporation wave. The assumption that the density can be found f rom the adiabatic solution is quite justified 
up to the onset of the flash, since the flash sets in, even according to the equilibrium theory,  when the opti-  
ca l th icknessof  the layer  of vapor is well below unity, and t rea tment  of nonequilibrium shifts the onset of the 
f lash even fur ther  into the range of l e s se r  vapor thicknesses  and shor te r  t imes,  i.e., the amount of energy 
re leased  is smal l .  We note that a compar ison was made, for the case  of a purely equilibrium flash, between 
the cr i ter ion for the onset of the development of the flash obtained under the assumption that the t e rm dv /vd t  
is specified while the rarefact ion wave is adiabatic, and resul ts  of di rect  calculations in the corresponding 
gas -dynamics  problem when absorption in the vapor,  i .e. ,  nonadiabaticity,  is taken into account. The amount 
of agreement  was found to be ent i re ly sa t i s fac tory .  

The rarefac t ion  wave is centered since the flux density of the incident radiation is assumed constant 
below, and heat t r ans fe r  into the bulk of the solid can be neglected, whereupon the rate  constant of the 
propagation of the evaporation wave is also constant,  as are all of the pa rame te r s  in the t ransparent  vapor 
d i rec t ly  downstream of the evaporation wave. The grea tes t  inaccuracy here  is due to the assumption that 
heat t r ans fe r  to the bulk phase below the surface  is absent, since we real ize  f rom the resul ts  of the ca lcula-  
tions that the development t imes of shielding ar, e commensura te  with, or even less than, the t ransient  periods 
of the s ta t ionary propagation rate  of the evaporation wave (here we must  reca l l  that all of the t imes are  
reckoned in what follows f rom the instant evaporation commences) .  

It was assumed that Te = Ti di rect ly  behind the evaporation wave, and the degree of ionization is 
equil ibrium. In our work, calculations of pa ramete r s  on the evaporation wave were ca r r i ed  out on the basis  
of the assumption that the evaporation tempera ture  T w downstream of the wave is equal to the tempera ture  
T v of phase equil ibrium between the liquid mater ia l  and its s ingle-a tom vapor.  We then determine T v f rom 
the p re s su re  downstream of the evaporation wave, Pw, which is lower than the p re s su re  P0 on the sur face  
where the evaporation commences ,  by roughly (~ + 1) t imes .  That is the case  if we assume that continuous 
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quasi-equi l ibr ium "volume" evaporat ion takes place within the transit ion layer ,  while separate  bubbles, and 
then a "droplet  sheet," show up prec i se ly  at the beginning, while the droplets disappear  gradually [4, 9, 10]. 
The same state of affairs  is encountered in the case where the equilibrium surface evaporation [2] or  non- 
equil ibrium surface evaporation [1, 18-20] prevai ls ,  but equil ibrium surface evaporation becomes predomin-  
ant by the end of the transit ion region [9, 10, 14, 18]. 

If surface evaporation takes place and there is not enough time for equilibrium to become established 
between the vapor and the liquid, then the pa ramete r s  downstream of the evaporation wave must  be de t e r -  
mined from an analysis  of the s t ruc ture  of the zone on a level of molecular  kinetics.  An approximate t r e a t -  
ment  of that problem can be found in [18, 19]. 

This paper  neglects  distort ion of the distribution function of the molecules  moving toward the surface,  
because molecules  moving away from the surface at f i rs t  become sca t te red  into that group; it is assumed 
that relaxation to a new equil ibrium function occurs  at dis tances of severa l  free path lengths of the mo le -  
cules,  and the heat flux directed away f rom the body and due to ordinary heat conduction out of that zone, 
thereby broadening the transi t ion zone, is not taken into further  account at that point e i ther .  

According to published resul ts  [18, 19], the vapor tempera ture  downstream of the evaporation wave is 
found to be lower than in the case  where complete equilibrium has been established.  That leads to lower 
degrees  of ionization at the surface,  and to later  t imes at which screening takes place {later than in the a s -  
sumption of phase equilibrium). However, since the vapor is supersa tura ted  in such a situation, condensa-  
tion takes place within compara t ive ly  shor t  t ime periods according to es t imates  [14, 20] (quenching occurs  
only at points remote  f rom the surface) .  Establ ishment  of phase equilibrium therefore  occurs  at shor t  
distances f rom the sur face ,  and we are  f ree to make use of the relat ionship between t empera tu re  and p re s -  
sure  which we in fact adopted in our work: Tw = Tv(Pw). 

Evaporation is assumed to be sur face  evaporation in [2, 11], but it is also assumed that, because of 
the pronounced conduction of heat in the transi t ion zone, the value of Tw is approximately equal to the t e m -  
pera ture  T v of the phase t ransi t ion at p r e s su re s  P0 on the evaporating surface  itself,  i .e. ,  it is (y + 1) 
t imes higher than assumed by us.  As those es t imates  indicate, the upshot would be a t ime t .  only one- thi rd  
as long. 

It is c lea r  f rom the above that t .  is sensit ive to the assumptions entertained as to the nature of 
evaporation and as to the s t ruc ture  of the transi t ion zone. At the same time, the mechanical  and t he rmo-  
dynamic pa rame te r s  such as p, u, T are  weakly dependent upon those assumptions,  and the accuracy  of c u r -  
rent  exper iments  is not adequate for a definitive answer to the question of what mechanism is involved in 
the evaporaticm [3, 11]. Comparison of theoret ical  r e s e a r c h  findings on the process  of development of 
screening and experimental  data might therefore  provide some subsequent answer to this most  interest ing 
question. 

If the relat ionship between T w and Pw is known, and if it is also establ ished that evaporation has gone 
to completion,  then the relat ionship between the p ressu re  Pw and the flux density q will be found from the 
conservat ion laws, and f rom the Jouguet conditions for constant flux and no conduction of heat.  We also 
have to know the reflection coefficient k r .  According to theory,  that coefficient would change with melting 
and with a fur ther  r i se  in t empera ture ,  whereupon it would contras t  s t rongly with its "tabular" value in the 
cold s tate .  Moreover ,  a change in the smoothness of the surface upon evaporation,  the appearance of a 
droplet sheet in volume evaporation,  can also lead to a change in that coefficient.  The experimental  data 
[20, 21] show that a twofold to threefold drop in the reflection coefficient (approximately) can occur .  There  
are  no direct  experimental  data on k r for the substances discussed here .  That introduces a corresponding 
uncer ta inty  into the subsequent calculat ions.  But it is evident that k r se r ious ly  affects the relat ionship be-  
tween the p re s su re  P0 mad the flux density q. The value of the effective reflect ion coefficient was therefore  
assigned such that measurements  of the relat ionship between the momentum J and the energy E [3, 7] would 
be sat isf ied.  

As an i l lustrat ive example, we cite the resul ts  of calculations for A1. The reflection coefficient was 
assigned the value 0.72, which leads to the rat io J / E  = 4 dynes �9 s e c / J  for the unscreened  mode of evapora -  
tion. The elast ic sca t ter ing c ros s  section cr was assigned the value 20.4~a02. The dependence Tv(P) was 
determined out to p = 110 arm on the basis  of [22], and at the higher p r e s su re s  encountered in our examples 
by means of extrapolating those data.  
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T A B L E  1. 

Pw' bar 

75.4 
t52.0 
274.0 
452.0 

T w ,  ~ 

4100 
4500 
4900 
5300 

%, MW/,cm z 

53.0 
105.0 
186.0 
304.0 

xlw.cmZ/g 

2.36 
7.41 

19.4 
44.2 

xn% cmZ/g 

1.0t 
3.37 
8.72 

20.3 

Ps, bar 

48.9 
69.4 
91.2 

114.0 

T A B L E  2. 

�9 ~ t .78  e V  �9 = t .16  e V  

q t ,  v t ,  s q t .  v t ,  s 

43.5 
48.5 
53.0 
58:0 

3.00 
2.00 
1.40 
t . t0 

t.80 
1.30 
0.90 
0.70 

43.5 
48.5 
53.0 
58.0 

t .50 t.10 
t.00 0.70 
0.66 0.50 
0.45 0.33 

T A B L E  3. 

e ~ t .78  e V  ~ ~ 1.16 e V  

q t,(1) t,(s) q t,(1) t,(2) 

53 0.14.101 
105 0.16 
186 0.24.10 -1 
303 0.51.10 -~ 

O. 14.101 
0.14 
0.18.10-I 
0.44.10 -~ 

53 
105 
186 
303 

0.66 
O. 72" t0 -1 
0.11.10-1 
0.32. t0 -2 

0.61 
0.6t. t0 -1 
0.88.10 -2 
0.24.10 -2 

T a b l e  1 l i s t s  v a l u e s  of  a l l  of the  p a r a m e t e r s  d o w n s t r e a m  of the  e v a p o r a t i o n  wave  ( ind ica ted  by  s u b -  
s c r i p t  w) and the  p r e s s u r e  Ps cia the  shock  wave  which  p r o p a g a t e s  t h r o u g h  a i r ,  a s  n e e d e d  for  c a l c u l a t i n g  the 
d e v e l o p m e n t  of the  f l a r e  in a i r  ( those c a l c u l a t i o n s  wi l l  be d e s c r i b e d  in the  nex t  s e c t i o n ) .  

The r e s u l t s  ob t a ined  f r o m  so lv ing  E q s .  (1.1) and (1.2) for  A1 when the  e n e r g i e s  of the  i nc iden t  photons  
e = 1.78 eV (1) (in the  c a s e  of a r u b y  l a s e r )  and c = 1.16 eV (2) ( n e o d y m i u m - d o p e d  g l a s s  l a s e r )  a r e  p lo t t ed  
in F i g .  1 a s  a r e l a t i o n s h i p  of the  t i m e  t (usec) r e q u i r e d  for  the  f l a r e  to de ve lop  (a f te r  e v a p o r a t i o n  has  s e t  in) 
and the r a d i a t i o n  f lux d e n s i t y  (in M W / c m  2) u n d e r  the  a s s u m p t i o n  tha t  c o m p l e t e  e q u i l i b r i u m  has  been  a t t a i n e d  
(broken c u r v e s ) ,  and wi th  the  d i f f e r e n c e  be tween  T e and T i t aken  into accoun t  (cont inuous c u r v e s ) .  It is  
r e a d i l y  s e e n  tha t  t r e a t m e n t  of tha t  e f f ec t  s e r i o u s l y  l o w e r s  the  " c r i t i c a l "  d e n s i t y  q .  c o r r e s p o n d i n g  to the  o n -  
s e t  of s c r e e n i n g  wi th in  a s p e c i f i e d  t i m e  t o r  the  t i m e  t .  tha t  i t  t a k e s  s c r e e n i n g  to d e v e l o p  at  a s p e c i f i e d  flux 
d e n s i t y  q. 

F i g u r e  2 shows  the  d e p e n d e n c e  of  the  b e h a v i o r  of s o l u t i o n s  of the s y s t e m  on the t i m e  of  a r r i v a l  of a 
p a r t i c l e  t r a v e r s i n g  the  e v a p o r a t i o n  w a v e .  The  e x a m p l e  t aken  i s  A1, f lux d e n s i t y  186 M W / c m  2, photon e n e r g y  

= 1.78 eV (behav io r  of s o l u t i o n s  s i m i l a r  fo r  o t h e r  e l e m e n t s  and o t h e r  f lux d e n s i t i e s ) .  The d a s h e d  c u r v e s  
r e p r e s e n t  T e ,  the  con t inuous  c u r v e s  r e p r e s e n t  Ti ,  the  t e m p e r a t u r e s  T e and T i  a r e  p lo t t ed  in eV un i t s ,  the  
t i m e  t in # s e c .  The  t i m e  of the  f l a r e  i s  p lo t t ed  as  a b s c i s s a  tp on the b a s i s  of e q u i l i b r i u m  t h e o r y  [9, 10], 
whi le  the  i s  p lo t t ed  on the  b a s i s  of the  n o n e q u i l i b r i u m  t h e o r y  e l a b o r a t e d  above .  If  i n t e g r a t i o n  i s  begun f r o m  
a s u f f i c i e n t l y  s h o r t  t i m e  ( i .e . ,  when the a d i a b a t i c  coo l ing  t e r m  is  v e r y  s m a l l  a t  the  i n i t i a l  ins tan t ) ,  then no  
f l a r e s  can o c c u r  (see  c u r v e s  1). As  tha t  t i m e  g r o w s  l o n g e r , t h e  a d i a b a t i c  coo l ing  t e r m  b e c o m e s  s m a l l e r ,  
the  r e l a t i o n s h i p  b e t w e e n  i t  and the  a b s o r p t i o n  t e r m  c h a n g e s ,  so  tha t  T e and T i begin  to  r i s e  r a p i d l y  a t  s o m e  
t i m e  (cu rves  2).  The  t i m e  when a = 0.4 i s  t aken  a r b i t r a r i l y  as  the t i m e  of the  f l a r e .  

F i g u r e  3 shows  the  s a m e  d e p e n d e n c e  fo r  A1, but  at  a l o w e r  f lux (53 M W / c m 2 ) .  C o m p a r i s o n  wi th  F i g .  2 
shows  tha t  the  c u r v e s  s h a r p l y  a l t e r  the  n a t u r e  of t h e i r  b e h a v i o r  a s  a funct ion of the onse t  of i n t e g r a t i o n .  The 
d i f f e r e n c e  A = T e - T i  c o n t r a c t s ,  and the  f l a r e  t i m e  tne  c o m e s  c l o s e r  to tp .  

F i g u r e  4 d i s p l a y s  the  d i s t r i b u t i o n  of the  ion t e m p e r a t u r e  and e l e c t r o n  t e m p e r a t u r e  wi th  r e s p e c t  to the  
c o o r d i n a t e  m / r o w  at d i f f e r e n t  t i m e s  r e c k o n e d  f r o m  the  o n s e t  of e v a p o r a t i o n .  
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The mass  is r e f e r r ed  to the total mass  mw of the evaporated 
mater ia l  (A1). The flux density is 186 M W / c m  2, and c = 1.78 eV. 
Curves  marked  by the numera l s  1, 2, and 3 re fer  to the t imes 5 �9 10 -3, 
10 -2, and 2.4 �9 10 -2 gsec ,  respec t ive ly .  The topmost  curves  depict t h e  
electron tempera ture  distribution, while the bottom curves  depict the 
ion t empera tu re  distribution. It is c lea r  f rom the d iagrams plotted that 
not only is there  a change in the f lare t ime when the deviation of the 
electron tempera ture  f rom the ion tempera ture  is taken into cognizance,  
but the ent ire  t empera ture  distribution pattern experiences a conspicu-  
ous change. In the equilibrium case ,  T e and T i both decline rapidly with 
increasing distance from the evaporating surface,  and the f lare takes 
place not far f rom the surface .  When the depar ture  f rom equilibrium is 
taken into considerat ion,  we find that heating of the electrons is signifi-  
cant, and occurs  at a great  distance from the surface.  That seems to 
be due to the increased  relaxation t ime as the density of the mater ia l  
diminishes.  The var iable  ~ increases  with increas ing Te, and the 
screening layer  shapes up c loser  to the vacuum interface.  

2. Similar est imating calculat ions of the t ime of onset of the sud- 
den absorption increase  were ca r r i ed  out, but for the case  where the 
vapor expands and dis integrates  into the surroundings.  The ambient 
medium is assumed t ransparen t  to the radiation impinging on the surface  
of the evaporating body, because the mechanism underlying the increase  
in vapor energy does not differ f rom the case  of expansion and disinte-  
gration into a vacuum, if the vapor p res su re  ac ross  the evaporation wave 
is much grea te r  than the ambient p re s su re .  However, when that condi-  
tion is violated, the surroundings begin to hinder the expansion of the 
vapor considerably,  so that energy losses  in adiabatic expansion are  cut 
down. As a consequence, the conditions for f lare are  satisfied at an 
earlier point than in the point of expansion and disintegration into a 
v a c u u m .  

The development of the process  of adiabatic disintegration and ex- 
pansion of the vapor into the surroundings is depicted schemat ical ly  in 
Fig.  5. The numeral  1 denotes the evaporation wave, 2 denotes one of 
the charac te r i s t i c s  in the centered rarefac t ion  wave, 3 denotes the con-  
tact  discontinuity, 4 denotes the shock wave propagating through the 
medium. Figure  5 shows the p res su re  distribution at the instant of t ime 
t* .  In the layer  where the p ressu re  is equalized, heating proceeds from 
the onset of the radiation (the cr i t ical  nature of the f lare vanishes).  The 
highest  t empera tu res  will be attained in those par t ic les  which evaporated 
ahead of all the others,  i.e.,  the f lare occurs  in layers  of the mater ia l  
which are  adjacent to the surrounding medium. 

Calculations of the kinetic equations of the process  by which the 
f lare of the vapor expanding into the surroundings develops were ca r r i ed  
out by the same program,  but leaving the surroundings out of account.  
The changes applied to the t e rm accounting for the work done by forces 
of adiabatic expansion, and prec i se ly  at t o - t <-- t k the t e rm is considered 
the same as in the case  of expansion into the vacuum, while it is assumed 
to be zero  a t t >  t k. 

Here t o is the t ime of onset of expansion of that element.of  the gas,  and t k is the t ime the expansion of 
that par t ic le  te rmina tes ,  i.e.,  the t ime when the p ressu re  in that par t ic le ,  initially equal to Pw, falls to Ps- 
The resul ts  of the corresponding calculations are  l isted in Table 2. The supersc r ip t  v indicates the value 
of t ,  for the case of expansion into the vacuum, and the supersc r ip t  s applies to the case of expansion into 
air  of normal  density (tv. and t s are  stated in gsec) .  It is c lea r  f rom the tabular data that the res i s tance  p r e -  
sented by the medium shortens the t ime it takes the f lare to develop as compared  to the case  of expansion 
into a vacuum, i.e.,  facil i tates the formation of plasma.  
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3. The development of the f lare takes place in the vapor, which is 
--2O~p, kg/cmZ , t weakly ionized (a ~. 10-3), but has a h ighdens i ty  ~o ~ 10 -2 g /cm3) .  The 

_ ~ L ~ _ ~  es t imates  show that, throughout the process  of development of the flare,  
- - ~ - - ~  the state of the vapor departs  from the ideal state (i.e., the energy of 

10~ the Coulomb interaction of charged par t ic les  becomes commensura te  
with the energy of random thermal  motion). The Coulomb interact ions 

P~ ~ affect the state of the gas in two ways, diminish the energy and p ressu re  
p ;  I and, what is even more  essential ,  shift the ionization equilibrium in the 

m direction of l a rger  tr values, increas ing ~t and thereby decreas ing t . .  
- 1.0 -~5 10 -'~ ~ ~'0 -4 

The cor rec t ion  applied to the f i rs t  ionization potential AI 1 under 
Fig.  5 the assumption AIi//Te << 1 (this condition is fulfilled in the case of 

radiation of flux density q < 300 M W / c m  2) exhibits the form [16] 

[2~n e \% 2 s[ (3.1) 

Since the correc t ion  AIi is a function of tr, the resul t ing degree of ionization determines  a new c o r r e c -  
tion to the ionization potential which leads anew to a change in the degree of ionization, and so forth. Saha's 
equations must  be solved by the method of success ive  i terations in order  to a r r ive  at an exact de te rmina-  
tion of the degree  of ionization and of the cor rec t ion  AI 1 . Within its range of validity (3.1), the i terative p ro -  
cess  converges  rapidly.  The resul ts  of the appropriate  calculat ions are  entered in Table 3. The supersc r ip t  
(1) denotes a value of t .  computed while ignoring depar tures  f rom ideal behavior,  while the superscr ip t  (2) 
denotes the same with the shift in ionization potential taken into account.  Comparison shows that t rea tment  
of depar tures  f rom the ideal state br ings abouta 15-20% reduction in the f lare time for q ~ 150-300 MW/ 
cm 2, while at l e s s e r  flux densit ies the effect of nonideal behavior on the f lare time is less pronounced, and 
at flux densit ies q < 50 M W / c m  2 the effect of depar tures  f rom ideal behavior on flare time can be safely 
neglected.  In the range of flux densities q > 300 MW//cm 2, we find an abrupt increase  in a due to nonideal 
behavior.  That apparently constitutes evidence that there  is a t ime when it is in general  not possible to in- 
t roduce the concept of a t ransparent  evaporation wave or subsequent screening of that wave. 

4. Comparison of calculations and experiment  [12], where the duration of a ruby lase r  pulse (at the 
half-power level) was of the order  of 3.5 �9 1 0  -2 ~tsec (spoiled-Q mode), shows that the shielding t imes are  
in agreement  in o rder  of magnitude (calculated value q.  = 140 M W / c m  2, with experiment [12] showing that 
the p lasma was heated up to T > 1 eV at a mean flux density q > 75 MW//cm2). 

It should be borne in mind that the shape of the pulse was assumed to be rec tangular  in the ca lcula-  
tions, hydrodynamic expansion was considered given, andthe effect of heat conduction was left out of account, 
so that some d iscrepancy  between the calculations and experiment  [12] is hardly surpr is ing.  It is possible, 
however,  that that could be due to some other physical effects that escaped attention, or to some inaccuracy 
in the values of the constants  used.  In any case,  agreement  between theory and experiment  is far  bet ter  
than in the case  where no account is taken of depar tures  f rom equilibrium. 

The maximum of the ra t io  of the mechanical  momentum J to the energy supplied E was observed in 
[7] at the point where the duration of the ruby laser  action w a s  ~ 1 0  -2  ~tsec, and that corresponded to flux 
densities q of the o rder  of ~500-1000 M W / c m  2. That has been related [11] to the onset of screening.  Ac-  
cording to calculat ions,  the f lare occurs  long before that (at q = 200 MW/cm2).  A slight increase  in the 
J / E  rat io  after  the onset of the f lare can be ascr ibed to cessat ion of heat t r ans fe r  to the bulk of the ma t e r i -  
al, a lessening of ref lect ions,  and of heat losses  by evaporation (all of tlie radiation becomes absorbed by 
the plasma).  A fur ther  decrease  in the J / E  rat io  with increas ing q is related to the r i se  in the tempera ture  
attained, and consequently to the specific energy per unit mass  of vapor heated. That can be demonstrated 
more  prec ise ly  only in the resul ts  of calculations of the "post - f lare"  stage of the procedure  followed in [10], 
with heat t r ans fe r  f rom the surface taken into cognizance (and additional evaporation after  screening be-  
cause of energy supplied f rom layers  of the metal  that have a l ready become heated also taken into account), 
and by considering the rea l  shape of the pulse, and the tabulated equation of state in the region of multiple 
ionization. The resul t s  of those calculations,  and compar ison of those resul ts  with measurements  [12] taken 
of the p re s su re  on the sur face  and the maximum brightness tempera ture  as a function of the time, are  to be 
published separa te ly .  
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The behavior of the J/E ratio as a Rmction of q for the time a neodyminm-doped glass laser is active 

T = 3.5 �9 10 -2 ttsec has been reported in [20]. Here the peak J/E ratio lies within the range from 300 to 700 

MW/cm 2 . A decrease in the critical flux density q, with increasing ~- and with the transition from higher 

photon energies to lower photon energies is in accordance with the theory outlined. The theoretically pre- 

dicted value of q ~ 120 MW/cm 2. 

An experimental investigation has been made [3] of free-running laser action under "weak" focusing 
conditions with the duration of a single flare ~I ~sec and characteristic "spot" dimensions r = 0.3 cm. The 
conditions for the flatness of the disintegration, within the confines of a single spike, were observed. The 
flux density averaged over a pulse was 4 MW/cm 2, while the average taken over a single spike was 18 MW/ 
cm 2 (at duty ratio 0~ Accordingly, the experimental conditions in [3] were close to those at which A1 
vapors are heated to higher temperatures than the phase-transition temperature, according to the com- 
puted data (the flux density was only one-third the calculated critical flux density). Results of calculations 
for other elements have been reported [13]. For example, the flux density required for screening to de- 
velop is far less in the case of W and Ta (not investigated in [3]) than in the case of Al, viz. ~ I0 MW/em 2, 
and that flux density can be observed in experiments with the laser parameters employed in [3]. It would 
be of interest to stage such verifying experiments. 

Stronger focusing (r 0 ~ 0.03 era) has been resorted to [1, 23]. The mean flux density attained a level 
of 40 MW/om2; the average taken over a single spike was already 180 MW/cm 2. At that value of q, the 
theoretically predicted time t, is I0 "~ ttsec, and during that time the disintegration pattern is close to a flat 
one. It seems, on that account, that a heated plasma must be generated under those experimental conditions. 
But direct experimental measurements of the parameters characterizing the vapor at the bottom of the 
crater (e.g., the rates of disintegration) are lacking. One plausible indirect proof is the fact that the depth 
of the crater remains the same in the transition from the average (taken over the pulse) flux density q = 24 
MW/cm 2 to the density q = 40 MW/em 2, or from 50 to 160 MW/cm 2 on the average taken over a spike. 

The comparison with experiment is a tentative one. The specific reason for that is, as alluded to 
earlier, the use of several simplifying assumptions in the exposition. For example, equilibrium states of 
the population of excited levels were assumed in calculating the absorption coefficient, because of bound- 
free transitions (one reference [24] indicates a possibility of the population deviating from equilibrium, and 
thereby leading to a slight change in absorption coefficient under the conditions in [24]); possible molecular 
absorption was ignored in calculating the absorption coefficients (according to the equilibrium theory, sever- 
al percent AI 2 molecules are retained in the vapor at pressures of the order of I0 to I000 bar, on the phase 
equilibrium curve), and also in calculating absorption by the wings of the broadened lines. In addition, de- 
partures of the evaporation process from equilibrium may have a substantial effect, as may the existenee of 
surface ionization or the presence of any other physical processes at work. It is proposed that calculations 
in which the possible existence of some of those processes is taken into account to the ~naximum degree 
possible be carried out in subsequent work, so that a more detailed comparison with experiment can be per- 
f o rmed .  But p rac t i ca l ly  all of the s impl i fying assumpt ions  en ter ta ined  lead to a st i l l  e a r l i e r  onset  of the 
sc reen ing  phenomenon, which impl ies  the poss ibi l i ty  of l a s e r  generat ion of p l a s m a  in the range of v e r y  low 
flux dens i t ies ,  and consequent ly  at fa i r ly  l a rge  d imensions  of the i r r ad ia t ed  spot and p l a sma  cloud, and much 
g r e a t e r  l i f e t imes  of the p l a s m a  cloud. 

This will faci l i ta te  a whole s e r i e s  of physics  and physica l  g a s - d y n a m i c s  r e s e a r c h  p ro j ec t s .  

In conclusion,  the authors  exp re s s  the i r  thanks to A. I .  Pe t rukhin  and V. I. Be rge l ' son  for  valuable 
d iscuss ions  and for  kindly making avai lab le  exper imen ta l  and theore t ica l  data,  to V. A. Onishchuk for p e r -  
fo rming  calcula t ions  of the absorpt ion coeff ic ients ,  and to V. V. Novikov for helpful a s s i s t ance  in the ca lcu-  
la t ions .  
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