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A B S O R P T I O N  

We examine the plane (one-dimensional) problem and also the problem with cyl indrical  or  spherical  
s y m m e t r y  of the motion and heating by laser  radiati~)n of the plasma formed during the absorption "burst" 
in the vapors  of a solid body. The physicai  basis  and mathemat ica l  formulation of the problem are  given. 
A numer ica l  method for solving the problem is proposed and resul ts  are  i l lustrated by numerica l  calcu-  
lation of a specific vers ion in the plane case.  Graphs are  presented which i l lustrate the mot ion-develop-  
ment pattern.  Es t imates  are  made of the basic pa ramete r s  in the vapor  layer  at various stages: burs t  
cr i ter ion,  est imate of p r e s su re  dec rease  at the moment of screening initiation, development of the warmup 
process ,  and amplitude of the shock wave propagating from the heating zone. The pa ramete r s  of the de-  
tonation wave propagating f rom the heating zone are  evaluated and a compar ison is made with the self -  
s imi lar  problem on the se l f -consis tent  rarefact ion and heating wave. Computational resul ts  are  presented 
which show the influence of two-dimensionali ty on the screening development t ime. 

Under the action of powerful laser  radiation flux incident on the surface of a nontransparent  solid 
body, the thin surface layer  of its mat te r  is rapidly heated and vaporized.  The vapors usually absorb the 
optical band radiation quite weakly. Therefore ,  the radiation penetrates  through the vaporizing and ex- 
panding vapor  layers  into the deeper layers  of the mat ter ,  causing their  heating, vaporization, and so on - 
a vaporizat ion wave develops [1-6]. As the vaporizat ion wave advances and the mass  of the vaporized mat -  
t e r  and the thickness of the vapor layer  increase ,  the p re s su re  gradient dec reases .  Therefore ,  cooling as 
a resul t  of expansion decreases ,  becoming comparable  at some "cri t ical"  moment of t ime with the heating 
due to absorption of radiation by the weakly ionized vapors .  Local t empera tu re  r i se  begins and the t em-  
pe ra tu re  r i se  ra te  increases  rapidly. This is associated with the nonlinear t empera tu re  dependence of the 
absorption coefficient at low tempera tu res  (on the order  of the phase change temperature)  and the low de- 
grees  of ionization, which increase  in the p resence  of thermodynamic equilibrium in accordance  with the 
Boltzmann exponential law. Consequently, we have the process  of rapid increase  of the tempera ture ,  t hede -  
gree  of ionization, and, therefore ,  the absorption coefficient.  An absorption "burst" occurs ,  and because 
of the luminosity increase  it is a burs t  in the direct  sense of the word. The ionized layer  of mat te r  absorbs 
all the incident radiation and vaporizat ion ceases .  The narrow energy re lease  zone becomes  a region of 
high p ressu re ,  a compress ion  wave develops, and the shock wave propagates opposite the radiation flux. 
The degree of ionization of the vapors  behind the front of this shock wave and the corresponding optical 
radiation absorption coefficient are  quite large,  and absorption of the radiation takes place only in the n a r -  
row zone near  the shock wave front.  The shock wave intensifies and changes into a detonation wave [7, 8]. 
After  the detonation wave reaches  the boundary with the vacuum, the layers  of low-mass  mat te r  adjacent 
to this boundary are  heated up rapidly and spread out, their  optical thickness decreases ,  the radiation be-  
gins to penetrate  into the deeper  layers  of the mat ter ,  i.e., a se l f -consis tent  ra refac t ion  and heating wave 
propagates  [9-11], t ravel ing toward the surface  of the solid body. Ahead of it the shock wave propagates,  
reflecting f rom the surface of the solid body. P r e s s u r e  oscillations develop on this surface.  After the 
ra refac t ion  and heating wave approaches the surface of the solid body, the vaporizat ion renews.  The hot 
vapor layer  is effectively forced back f rom the surface of the solid body by the colder vapors ,  which have 

Moscow. Transla ted f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki,  Vol. 10, No. 6, pp. 
3-19, November -December ,  1969. Original ar t ic le  submitted March  20, 1969. 

�9 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced .for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

843 



a tempera ture  close to the phase-change tempera ture .  The cr i t ical  conditions may be reached again in 
this layer  and then another burs t  occurs .  The vaporizat ion process  thus has a pulsating nature.  This p ro -  
cess  can be considered continuous only for  a screening initiation t ime which is much less  than the cha rac -  

te r i s t ic  exposure t ime.  

Notation. u =velocity; p=densi ty;  w=speeif ic  volume (v= l /p ) ;  p =pressu re ;  e =internal  energy; T = 
tempera ture ;  T v = equilibrium tempera tu re  of vapor and condensate; Q = heat of vaporization; x =vapor  f r a c -  
tion in mixture of vapor and condensate; h =enthalpy; H =effective "combustion" enthaIpy; q =radiat ion flux 
density; F =qr  v-1 =total  radiation flux; r =Euler ian  coordinate; v =1, 2, 3 in the plane, cylindrical,  and spher i -  
cal  cases  respect ively;  m = Lagrangian mass  coordinate; t =t ime;  c = speed of sound; k =differential  adia- 
batic exponent; 3' =effective (integral) adiabatic exponent; ~ =mass  absorption coefficient; R =universal  gas 
constant; Cp and Cv=spec i f i c  heats; and # =molecu la r  weight of the mat te r .  

A "plus" index relates  to the reflected radiation flux, a "minus" index re la tes  to the incident rad ia -  
tion flux; s re la tes  to the condensed phase; g re la tes  to the gaseous phase; W rela tes  to the pa rame te r s  be-  
hind the vaporizat ion wave; 0 re la tes  to the pa rame te r s  ahead of the vaporizat ion wave (in the unvaporized 
matter) ;  and an as te r i sk  relates  to the moment of burs t .  

1.  P R O B L E M  F O R M U L A T I O N  

Basic Assumptions.  In the region in question, in which we calculate the motion and the heating, the 
medium is in the thermodynamic  equilibrium state (this applies to ionization equ i l ib r ium, -  and herein lies 
the difference between the considered phenomena of weakly ionized vapor heating and nonequilibrium b reak -  
downin cold gases [7, 8] - and also to the equilibrium between the condensed and vaporous phases).  In the 
lat ter  case we also assume the existence of mechanical  and thermal  equilibrium between the phases.  

We neglect the heat t r ans fe r  p rocesses :  conventional and electronic the rmal  conduction, t h e r m o -  
electronic emiss ion f rom the surface of the condensed phase, diffusion of e lectrons,  and also reradia t ion 

by the heated plasma.  

We assume that reflection takes place at the surface of the solid body or  at some effective re f lec t -  
ing surface in the equilibrium mixture of vapor and droplets,  where the condensate concentration is suf- 
ficiently high. In the remaining region there  is no reflection or  scat ter ing.  The reflect ion takes place 
specular ly  with the effective reflectivi ty k r determined from experiments  pr ior  to beginning of surface 
screening by the vapors ,  or  equal to its value under conventional conditions (its tabulated value) if such 
experimental  data are  not available. We also examine the opposite limiting case - absence of condensa-  

tion behind the vaporizat ion wave. 

The system of equations describing the motion and heating of the vapors  has the following form:  

equation of motion 

"-5-{'0u q_ r,_l Opam = 0 (1.1) 

equation of continuity 
ov ~ - -  0 
Ot Om (1.2) 

energy equation 
O ( e q - u ~ / 2 )  3 (pur  V-l) O F  

Ot + Om + ~ = 0 (1 .3 )  

t ranspor t  equations for  incident and ref lected radiation 

OF- OF* = _ ~ F . r . ~ + l ,  . = ~F- r_v+l ,  
Orn Orn 

F = F + q-  F -  (1.4) 

equation of state and absorption coefficient dependence on the thermodynamic  pa ramete r s :  
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f o r  T > Tv(P) (or e > ev(P)) 

p ---- ep (y - -  1), 7 ---- 7 (e, p ) , ~  = z (e, p) (1.5) 

f o r  e <ev(p) (in the t w o - p h a s e  region)  

T = T,~ (p) ,  e = egx + e ( l  - -  x)  v = z~gx + v s (3 - -  x), p = pg = egpg ( 7  - -  J) (1.6) 

The funct ions  ~ (e, p), u (e, p), ez (P), ?z (eg), e (eg), u z (ez) a r e  a s s u m e d  given.  

In the t w o - p h a s e  r eg ion  t h e r e  is a s ing le -va lued  connect ion  between the p r e s s u r e  and t e m p e r a t u r e ;  
t h e r e f o r e  the v a p o r  in te rna l  e n e r g y  eg depends only on the t e m p e r a t u r e ,  in spi te  of the poss ib le  p r o c e s s e s  
of a tom as soc i a t i on  into m o l e c u l e s  and the i r  d i s soc ia t ion ,  and a l so  weak ionizat ion.  

The p r e s s u r e s  a r e  a s s u m e d  qui te  low in c o m p a r i s o n  with the bulk modulus  of the  condensed  phase  
and the c r i t i c a l  p r e s s u r e  in the ga se ous  phase; t h e r e f o r e  v s =v0, where  v 0 is the spec i f ic  vo lume c o r r e -  
sponding to the n o r m a l  dens i ty  of the sol id  body.  

The  tab les  of  y (e ,  p) and •(e, p) f o r  the vapo r  outs ide  the two-phase  reg ion ,  and a l so  y(e)  and )r 
within this  region,  a r e  ca lcu la ted  with account  f o r  the ionizat ion p r o c e s s e s ,  both s ingle and mul t ip le  ion-  
iza t ion  and s o m e t i m e s  even comple te  ionizat ion,  s ince  v e r y  high t e m p e r a t u r e s  can be r e a c h e d  when using 
l a s e r  r ad ia t ion  to heat  v a p o r s .  

In the ca lcu la t ions  of the equat ion of s ta te  no account  was taken fo r  nonideal  gas  ef fec ts ,  which m a y  
be s igni f icant  in c e r t a i n  c a s e s  b e c a u s e  of the high vapo r  dens i t i e s .  

In the f i r s t  rough  app rox ima t ion  at low t e m p e r a t u r e s  we can set  

e g =  (Cv)gT,  e s ~ ( C v ) s T  = 3 R T  ] ~,  7 =s /a  (1.7) 

and r e p r e s e n t  the r e l a t ion  Tv(P) in the f o r m  

lg(p) = a  (T )  - -  ~tQ / B T  v = a  ( T ) - -  b / T v (1.8) 

In the h i g h - p r e s s u r e  r eg ion  the  r e l a t ion  Tv(p) is often unknown; then the ca lcu la t ion  us ing  (1.8) is 
m a d e  us ing the las t  ( re fe rence)  t h e o r e t i c a l  o r  expe r imen ta l  point T = T O in the  reg ion  of c o m p a r a t i v e l y  low 
p r e s s u r e s ,  and then e i the r  by d i r e c t  ex t rapo la t ion  of a(T) o r  s imp ly  by se t t ing  a=a(T0) .  

The abso rp t ion  coeff ic ient  of the  v a p o r s  is ca lcu la ted  with account  fo r  va r i a t ion  of the d e g r e e  of ion-  
izat ion.  In the  c o n c r e t e  ca lcu la t ions  of the  abso rp t ion  coeff ic ient  we took into account  f r e e - f r e e  e l e c t r o n  
t r a n s i t i o n s  in the f ield of n e u t r a l  a toms  and ions ,  f r e e - f r e e  abso rp t ion  f r o m  the highly exci ted s t a tes ,  and 
in c e r t a i n  c a s e s  m o l e c u l a r  abso rp t ion  (Swan bands  fo r  carbon) ,  and a lso  abso rp t ion  as a r e su l t  of e l ec t ron  
d e t a c h m e n t  from negative ions. 

Vaporization Wave. If the zone in which the phase change takes place is sufficiently narrow in com- 

parison with the characteristic dimensions of the problem and can be considered effectively a discontinuity 

then the propagation of this zone can be described on the basis of the conservation laws across this dis- 

continuity. Such a wave will be a deflagration type wave [12], since it travels quite slowly with respect to 

the matter ahead of it and sonic disturbances overtake it, creating in the unvaporized matter a pressure, 

which will be the unknown parameter. 

The conservation laws and the condition of phase equilibrium of the vapor and condensed matter 

alone, and also the Jouguet condition behind the wave or the condition of compatibility of the wave motion 
with the flow behind it for subsonic vapor efflux, will not be sufficient for determining its velocity, even fol 
a known magnitude of the radiation flux density qw supplied to the vaporization wave. Some other physical 
condition must be added. Here we shall use the condition of a given degree of vaporization completion, i.e. 

a given value of Xw, which has the following meaning. 

In contrast with the ideas of [1-4], in the present study, as in [5, 6], we assume that phase equilibrim 
is established for sufficiently long duration of the process at some section which is not far from the vapor- 

izing surface, regardless of whether the vaporization is surface or volumetric. If we assume that the mat- 

ter behind the wave is completely vaporized and the vapors are transparent, then they begin to expand adia 
batically, their temperature decreases, and condensate must appear in them. The condensate particles be- 

gin to absorb the radiation markedly. Such absorption by the condensate plays a fundamental role in de- 
termining the vaporization wave propagation velocity. 
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S p e c i f i c a l l y ,  a c c o r d i n g  to [13], f o r  c a r b o n  p a r t i c l e s  the  m a s s  a b s o r p t i o n  coe f f i c i en t  ~s  =0.3 �9 102 
c m ~ g ,  whi le  even f o r  e n e r g y  input  E = 2 J / c m  2 and hea t  of v a p o r i z a t i o n  Q =40 k J / g ,  the  v a p o r i z e d  m a s s  
m w e x c e e d s  5 �9 10 -5 g / c m  2. C o n s e q u e n t l y  n s m w  >> 1 and s i g n i f i c a n t  c o n d e n s a t i o n  is not p o s s i b l e ,  s i n c e  the  
e n e r g y  r e l e a s e  owing to r a d i a t i o n  a b s o r p t i o n  by  the  c o n d e n s a t e  h i n d e r s  f u r t h e r  c o n d e n s a t i o n .  

N e g l e c t i n g  r a d i a t i o n  a b s o r p t i o n  by  the v a p o r  i t s e l f  ( i . e . ,  a s s u m i n g  tha t  % = n s  ( l - x ) ,  w h e r e  x i s  the  
v a p o r  m a s s  f r a c t i o n ) ,  we f ind tha t  the  t r a n s p a r e n c y  condi t ion  f o r  the  v a p o r - c o n d e n s a t e  m i x t u r e  l e a d s  to 
the  condi t ion  ~ s m  w ( l - x ) ~  1. F o r  Usmw >>1 we ob ta in  ( l - x ) < <  1, i . e . ,  v a p o r i z a t i o n  of the  m a t t e r  is  p r a c -  
t i c a l l y  c o m p l e t e .  

Thus ,  we can a s s u m e  tha t  beh ind  the  v a p o r i z a t i o n  wave  the  va lue  of x w is  g iven ,  and Xw is  e i t h e r  tha t  
va lue  of x f o r  which  the  e q u i l i b r i u m  can  be  c o n s i d e r e d  a l r e a d y  e s t a b l i s h e d ,  if t h i s  e s t a b l i s h m e n t  took  p l a c e  
f o r  x<< 1, o r  tha t  va lue  of x fo r  which  the  width of  the  v a p o r i z a t i o n  w a v e ' s  l e a d i n g  edge  i s  qu i te  s m a l l  in 
c o m p a r i s o n  with t he  c h a r a c t e r i s t i c  d i m e n s i o n  of the  p r o b l e m  (so tha t  the  c a l c u l a t i o n  i s  not  m a d e  in the  zone 
of l a r g e  p a r a m e t e r  g r a d i e n t s ) .  U s u a l l y  (1-Xw) << 1~ t h e r e f o r e  the  exac t  va lue  of x w is  not s i gn i f i c an t  and 
f o r  m a n y  p r a c t i c a l  a p p l i c a t i o n s  we can  t a k e  x w = 1. In t h o s e  c a s e s  in which  c o n d e n s a t i o n  does  not  t a k e  p l a c e  
beh ind  the  v a p o r i z a t i o n  wave ,  a m o r e  d e t a i l e d  a n a l y s i s  of the  s t r u c t u r e  of the  v a p o r i z a t i o n  wave  is r e -  
q u i r e d  [3, 4].  

Wi th in  the  f r a m e w o r k  of the  s y s t e m  be ing  c o n s i d e r e d  the  c a l c u l a t i o n  can  b e  m a d e  e i t h e r  in the  l i m i t -  
ing c a s e  of no c o n d e n s a t i o n ,  i . e . ,  f o r  s u r f a c e  v a p o r i z a t i o n ,  a s  a s s u m e d  in [1-4],  o r  f o r  s u f f i c i e n t l y  s h o r t  
e x p o s u r e  t i m e s ,  when c o n d e n s a t e  cannot  f o r m  [4]. In th i s  c a s e  Eqs .  (1.6) a r e  not  u s e d  and a b s o r p t i o n  by  
the  c o n d e n s a t e  i s  not t a k e n  into accoun t .  The  a d d i t i o n a l  cond i t ion  beh ind  the  v a p o r i z a t i o n  wave  can  b e t a k e n ,  
fo r  e x a m p l e ,  in the  f o r m  of the  cond i t ion  tha t  the  t r a n s i t i o n  be  i s o t h e r m a l  b e c a u s e  of s t r o n g  t h e r m a l  c o n -  
d u c t i v i t y  [3] o r  f r o m  e x a m i n a t i o n  of the  wave  s t r u c t u r e  on the  m o l e c u l a r - k i n e t i c  l e v e l  [4]. 

B o u n d a r y  C o n d i t i o n s .  The  fo l lowing  b o u n d a r y  cond i t ion  was  t a k e n  at  the  b o u n d a r y  b e t w e e n  the  v a p o r s  
and v a c u u m  ffor m =0):  

'p = 0 ,  F -  = F  o ( t ) ~ O  (1.9) 

The  fo l lowing  b o u n d a r y  cond i t ions  w e r e  t aken  on the  v a p o r i z a t i o n  wave  (for m = mw) , t r a v e l l i n g  with  

the  v e l o c i t y  D w = d m w / d t :  

a) if t he  b o u n d a r y  is  s t a t i o n a r y  (D w =0) 

b) 

u~ = 

if the  v a p o r i z a t i o n  wave  m o v e s  (Dw ~ 0) 

x ----x~, F ~ + = - - k r  F~-,  or 

the  e n e r g y  b a l a n c e  cond i t ion  

con t inu i ty  

F~ = F~- (t - -  kr) 

(1.10) 

F w F w 

D w =  h . _ l_uv~ /2 ._}_Q ' = H (1.11) 

D w D w h  w ('r~ - -  l) (1.12) 
u~ --  P~ r~_l P~% r~_ 1 

H e r e  the  d e n s i t y  Pw was  e x p r e s s e d  in t e r m s  of hw and Pw, Using (1.5). 

The  v e l o c i t y  Uw is  e x t r a p o l a t e d  to the  f ron t  ( c o m p a t i b i l i t y  of the  m o t i o n  of the  v a p o r i z a t i o n  wave  with  
t he  flow beh ind  it) if i t  i s  found tha t  u w < c w o r  the  a dd i t i ona l  Jougue t  cond i t ion  Uw = Cw is  a s s u m e d .  The  
p r e s s u r e  P0 at the  s u r f a c e  of the  s o l i d  body  is  c a l c u l a t e d  f r o m  the  m o m e n t u m  equa t ion  

n , ~-(~-1) (1.13) Po = P w  - -  ~ w ~ w - w  

Upon s a t i s f a c t i o n  of the  Jougue t  cond i t ion  

Po = P~ (k~ + [) (1.14) 

I n i t i a l  C o n d i t i o n s .  F o r  t = t  o s o m e  d i s t r i b u t i o n  of the  func t ion  u(t0, m) ,  v(t0, m) ,  P(t0, m) ,  r ( t  0, m) is  
g iven  fo r  mw ~ m -< 0. 

846 



2. NUMERICAL CALCULATION METHOD 

System of Difference Equations, The difference scheme for (1.1)-(1.4) will be presented for sim- 
plicity for the example of the planar case (v=l). This difference scheme has the form 

u~ = u~ ~ - ~ [ ( p ' ) ? ~ -  (p')~-d (2.1) 

7%+1 ~ run+l u~-+~ ] (2.2) Z)i = Yt n - -  ~t L i+ l  - -  

E~i+~=Ein_~ ...?% 7%+1 . ,.7% n+l, ~ VP )i.lui~l - -  (P )i-~u~-~ j - -  (Oq / Om)i ~ A t  
(2.3) 

He re  n and n + 1 a r e  the n u m b e r s  of the  t i m e  s teps ,  and i and i + 1 a r e  the n u m b e r s  of the space  s teps .  
The fol lowing no ta t ions  a r e  a lso  i n t roduced  

~+i 7%+1 Et '~ = er n + (ut") 2 / 2 ,  i = ei + (u~+l) ~ / 2 

(P')i?% = Pr +/~+%, ~l = At / (mi+l -- mi-1) 

Since d i scon t inuous  so lu t ions ,  shock waves ,  ma y  a r i s e  in th i s  p r o b l e m ,  we in t roduce  into the s y s t e m  
of f in i te  d i f f e r ence  equa t ions  [14] the N e u m a n n  v i s c o s i t y  f for  the  s m e a r i n g  of t hese  shock waves as fo l -  
lows.  Let a l l  the p a r a m e t e r s  be  known on the nth t i m e  l a y e r . .  On the ( n + l ) - t h  t i m e  l a y e r  we ca lcu la te  the 
ve loc i ty  ui n + l  in the f i r s t  a p p r o x i m a t i o n , u s i n g  (2.1) for  f n  + 1/2 = 0. Then we ca l cu l a t e  the N e u m a n n  v i s -  
cos i ty  us ing  the r e l a t i o n  

/~+~I" ---- slArni 2 (8+Aui+l -t- e-Aui-1) ~ / 2vf ~ (2.4) 

He re  
n + l  n + l  8 + ~ J, if A~i-~i ~ ui+i - -  ui ~ 0  

E + = 0 :  if Alti+ 1 ~ 0 

8 -  = l ,  if A U i - 1  = tt~ TM __ Ui_l?%+l < 0 

e- =0, if Aui_,>O 

The constant e i is chosen so that the shock wave smears over several computational points. Then 

the ve loc i ty  is r e c a l c u l a t e d  us ing  (2.1) and the  c a l c u l a t i on  is  made  us ing  (2.2) and (2.3). 

Ana lyz ing  the s t ab i l i t y  of the se l ec t ed  d i f f e rence  s c h e m e  without v i s c o s i t y  [14], we obta in  for  the i n -  
f in i te  p r o b l e m  the l i m i t a t i o n  on the t i m e  s tep in  the f o r m  of the Couran t  condi t ion  At-< A m / p c ,  where  c 
(speed of sound) is  c a l cu l a t ed  by d i f f e r en t i a t i ng  the equa t ion  of s ta te  (1.5) or  (1.6). S tabi l i ty  a n a l y s i s  of 
the  p r o b l e m  with account  fo r  v i s c o s i t y  y ie lds  the add i t iona l  l i m i t a t i o n  on the t i m e  s tep 

At  ~ A m y  / 28~[ Au[ 

C a l c u l a t i o n  of V a p o r i z a t i o n  Wave .  Let 
o 

r  x ( T , p )  dm)  (2.5) 

If ~w > ew, where  ew is  a g iven  cons tan t ,  and q0(t) =0,  then  the m o t i o n a l  wave and the p a r a m e t e r s  on 
the v a p o r i z a t i o n  wave a r e  ca l cu l a t ed  as fol lows:  

7%+1 7%+7 u n+l + u ~, row-- mw~ (Uw+l - -  uw+~) (2.6) 
mw -= row?% -~ DwnAt,  uw = uw n - -  u = uw+~ -1 mw+x _ _  row+2 

(w + 1 is  the index of the computat i :onal  point  c l o s e s t  to the v a p o r i z a t i o n  wave.) 

The i t e r a t i o n s  con t inue ,  which we i l l u s t r a t e  by a p a r t i c u l a r  example :  le t  7 = k = c o n s t ,  Cp = cons t , and  
Tv(p) is  d e s c r i b e d  by (1.7) fo r  a = a o = c o n s t .  

D ] + I  h 5 l 
n i + l  _ ( t  - -  k r )  ~ q 0  (t) j+l -~  -~ (~ -- ) TJ+I b / [a - -  lg (p~3+1)], -~h~+l : CpT,~J+l (2.7) 
~ w  - h~J + [(u~+l)'~/2| + Q ' P'~ uw,,*l,; --w = 

Here  j is the i t e r a t i o n  n u m b e r .  Af te r  the  c o n v e r g e n c e  condi t ion  is r e ached ,  when 1 (h~ +x - -  h j )  / h~ j I < eh, 
the fol lowing quan t i t i e s  a r e  taken:  

p w + l  n + l  n + l  n + i  n + l  - - D .  /u~, , e~ = h ~ t ~ - ,  i f  ( 7 - - i ) k h ~ + ~ / ~  (2.S) C w 

If �9 n +l  > cn+  1, then u n +  1 = c n +  l and the  i t e r a t i o n s  with r e s p e c t  to j a r e  r epea t ed .  However ,  if 
u w 

ga w < e w or  q0(t)=0,  we a s s u m e  that  the  v a p o r i z a t i o n  wave has  stopped and the new condi t ion  u w =0 has  oc -  
c u r r e d .  In th is  ca se  the  p a r a m e t e r s  of the  vapor  at the  s t a t i o n a r y  b o u n d a r y  a r e  t aken  as:  
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where 

UWn+I ~--- 0r  j~n+l  f~ r~+l Uw n _~_ A .  • + 1 . .  n+l  n+l ~ w  = v ,  vw ~ ~ U w  /[rnw+ 1 - r n ~  ) 

[ Iel:] ~ + 1  Ew ~ -  A t  u~ p~, ~-+i 1%+ 1 + 
BZW+ I -- I?Z w 

3q \n n 
- ~ m ) w = q o ( t ) u w  (t q-kr)%, 

(2.9) 

Calculation of the i terat ions on the vaporizat ion wave at the moment  of vaporizat ion renewal presents  
definite difficulties, since the velocity u w increases  sharply in a quite short  t ime interval.  There fore  at 
these moments  the velocity u w is initially taken f rom the neares t  computational point. If u w found f rom 
the conservat ion equations is still smal l  in compar ison with the speed of sound Cw, we assume that the 
vaporizat ion wave has not yet renewed its motion. Stability analysis of the calcuation in the presence  of 
a boundary, the vaporizat ion wave, shows that the chosen computational scheme is always stable and there  
is no additional limitation on the t ime step At in compar ison with the infinite problem. 

Determining Velocity at the V a p o r - V a c u u m  Boundary. To determine u~ +l the function u(m) is ex- 
t rapolated to the v a p o r - v a c u u m  boundary f rom the neighboring computational points completely analogously 
to the extrapolation of the velocity on the vaporizat ion wave. Stability analysis of this boundary condition 
shows that the computational scheme chosen above is unconditionally stable. 

Calculation of Radiation Flux. The total energy flux is found f rom the t ranspor t  equations (1.4), wr i t -  
ten in integral  form 

The value of (OF/Om), and of (3q/Om) in the planar ease, is  determined f rom the values of F or q 
at the edges of the given cell, i.e., at the points 1/2(mi+ mi_ t) and Y2(mi+ mi+l). 

Calculation of Detonation Wave. As a resul t  of detonation wave-front  smearing,  the t empera tu re  
var ies  smoothly over severa l  computational points. However,  in the low- tempera ture  regio n the absorp-  
tion coefficient ~ depends nonlinearly on the t empera tu re  - exponentially and with a large exponent. 

The change of the radiation absorption coefficient f rom the values corresponding to the t empera tu res  
ahead of the shock wave front to the values corresponding to the t empera tu res  behind the front is ve ry  large,  
severa l  orders  of magnitude. Therefore ,  not only is the absorption coefficient • behind the detonation wave 
front so large that in this region the absorption must  be accomplished by a mass  smal le r  than the "com-  
putational interval" Am, but also absorption becomes significant even within the shock wave front,  in a 
zone whose width is determined by the art i f icial  viscosi ty .  As a resul t  of this,  the absorption effect be-  
gins essential ly ahead of the detonation wave front, which leads to unstable propagation of this wave and 
i r r egu la r  velocity of its motion. 

To eliminate this phenomenon we adopted a special  technique proposed by one of the authors,  which 
can be t e rmed  "art if icial  broadening of the energy re lease  zone." This technique was suggested by the 
rea l  s t ruc ture  of the detonation wave. 

The detonation wave is in essence a shock wave (i.e., a jump), whose actual width is determined by 
the actual v iscos i ty  and thermal  conductivity. As a resul t  of the abrupt t empera tu re  r i se  in this d iscon-  
tinuity (or in the narrow zone), there  is a sharp increase  of the radiation absorption coefficient (absorp-  
tion initiation takes place) and intense absorption begins.  Although the radiation mean free path may in i t -  
self be small ,  it is still considerably longer  than the width of the viscous shock, and therefore  the energy 
re lease  zone is correspondingly wider (although it may be smal l  in compar ison with the charac te r i s t i c  di-  
mensions  of the problem).  

When using the art i f icial  v iscos i ty  the width of the viscous shock increases ,  although this width can-  
not be permit ted to become la rge r  than the energy re lease  zone. Therefore  it is n e c e s s a r y  to art i f icial ly 
broaden the energy re lease  zone also, at least enough so that it beeomes  somewhat l a rger  than the viscous 
shook zone. 
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To th i s  end we u s e d  the  t e chn ique  of l i m i t i n g  the  m a g n i t u d e  of 
the  a b s o r p t i o n  coe f f i c i en t  n on the  b a s i s  of the  condi t ion  u A m - <  T m,  
w h e r e  ~ m is  a cons t an t  which r e g u l a t e s  the  m a g n i t u d e  of the  s m e a r -  
ing (in the  c a l c u l a t i o n s  p r e s e n t e d  ~'m, the  m a x i m a l  p o s s i b l e  o p t i c a l  
t h i c k n e s s  of a s i ng l e  c e l l ,  was  v a r i e d  in the  r a n g e  0 .1 -0 .3 ) .  I t  is  o b -  
v ious  tha t  in  th i s  c a s e  the  t o t a l  width  of the  d i s c o n t i n u i t y  b e c o m e s  
s o m e w h a t  g r e a t e r  than  in c onve n t i ona l  shock  w a v e s .  H o w e v e r ,  f o r  a 
s u f f i c i e n t l y  l a r g e  n u m b e r  of c o m p u t a t i o n a l  po in t s  t h i s  i s  not  v e r y  

s i g n i f i c a n t ,  s i n c e  i t  is  s t i l l  much  l e s s  than the  c h a r a c t e r i s t i c  " d i m e n s i o n "  of t he  e n t i r e  p r o b l e m ,  i . e . ,  the  
t o t a l  v a p o r i z e d  m a s s  m w * ,  at  the  t i m e  t* of o c c u r r e n c e  of the  f l a s h .  T h e r e f o r e  the  e n e r g y - r e l e a s e  zone 
p r o p a g a t i o n  cond i t ions  c o r r e s p o n d  wi th  su f f i c i en t  p r e c i s i o n  to  the  c o n s e r v a t i o n  laws  in t he  de tona t ion  wave .  

The  t i m e  s t ep  At i s  s e l e c t e d  f r o m  s t a b i l i t y  c o n s i d e r a t i o n s  but  i s  such  tha t  the  v a p o r i z a t i o n  w a v e ' s  
c o m p u t a t i o n a l  i n t e r v a l  Am wi l l  p a s s  no f a s t e r  than  10 t i m e  l a y e r s  b e c a u s e  of p r e c i s i o n  c o n s i d e r a t i o n s .  
S ince  the  v a p o r i z a t i o n  wave  is  a m o v i n g  b o u n d a r y ,  the  n u m b e r  of c o m p u t a t i o n a l  po in t s  wi th  r e s p e c t  to m a s s  
i s  a v a r i a b l e  quan t i t y .  

As  soon as  m w + l - m  w -> Am,  a m a s s  po in t  i s  added ,  at  which  a l l  the  q u a n t i t i e s  a r e  i n t e r p o l a t e d  b e t w e e n  
the  v a p o r i z a t i o n  wave  poin t  and the  n e i g h b o r i n g  c o m p u t a t i o n a l  poin t .  If the  n u m b e r  of m a s s  po in t s  r e a c h e s  
the  m a x i m a l  p o s s i b l e  n u m b e r  (based  on l i m i t e d  c o m p u t e r  m e m o r y ) ,  then  the  s c a l e  is  expanded  ( s p e c i f i c a l l y ,  
the  n u m b e r  of m a s s  po in t s  i s  h a l v e d ,  whi le  r e t a i n i n g  the  i n t e r n a l  and k i n e t i c  e n e r g y  i n t e r v a l s .  

3. COMPUTATIONAL EXAMPLE 

In the present paper we consider as an example the plane case (v = I). The objective is to demon- 
strate qualitatively the gasdynamie effects during the flash and subsequent heating. In place of the tabular 
equation of state we use the equation of state (1.5) of an ideal gas with Y =k=eonst=5/3. We neglect con- 
densation and absorption of the condensate. In place of the real vapor absorption coefficient, given in tabu- 
lar form, we use an approximate analytic interpolational formula for the absorption coefficient, given in 

the form 

t _~ t [ 1 - -  , ~ 2 - - K P  (3.1) - -  - - ,  z l = u x  ~ b 
~1 Z2 

H e r e  n i  ~ i s  the  v a l u e  of :~ f o r  T = T0. The  func t ion  u I c o r r e s p o n d s  to a b s o r p t i o n  of w e a k l y  i on i zed  
v a p o r s  in t he  l o w - t e m p e r a t u r e  r e g i o n ,  when the  change  of the  i o n i z a t i o n  d e g r e e  d e i s  d e s c r i b e d  by  the  
B o l t z m a n n  e x p o n e n t i a l  r e l a t i o n .  In the  g e n e r a l  c a s e  

dlnu 
b = d--TST for T -~ T O 

If  a r r e s t i n g  a b s o r p t i o n  in e l e c t r o n - i o n  c o l l i s i o n s  is  d o m i n a n t ,  then  ~ ~ ~ e  2 and b = T / T  0. 

H o w e v e r ,  if a r r e s t i n g  a b s o r p t i o n  in e l e c t r o n - n e u t r a l  a t o m  c o l l i s i o n s  is  dominan t ,  t hen  ~ ~  ~ e  and 

b = I / 2 T  0. 

The  func t ion  n 2 d e s c r i b e s  a p p r o x i m a t e l y  the  v a p o r  a b s o r p t i o n  in t he  r e g i o n  of t h o s e  t e m p e r a t u r e s  
w h e r e  s i ng l e  i o n i z a t i o n  i s  c o m p l e t e d  and m u l t i p l e  i o n i z a t i o n  p r o c e e d s .  The  v a l u e s  of t he  c o n s t a n t s  hi~ , b, 
and K a r e  t a k e n  f r o m  the  t a b l e s  of ~(e ,  p). 

The  i n i t i a l  v a l u e s  w e r e  s e l e c t e d  on the  b a s i s  of the  known so lu t ion  fo r  a d i a b a t i c  v a p o r  f low in a c e n -  
t e r e d  e x p a n s i o n  wave  beh ind  a v a p o r i z a t i o n  wave  t r a v e l l i n g  at  c o n s t a n t  v e l o c i t y ,  with the  Jougue t  c o n d i -  
t i on  s a t i s f i e d  beh ind  the  v a p o r i z a t i o n  wave  f r o n t .  F r o m  the  g iven  i n i t i a l  p a r a m e t e r s  mw ~ Uw~ , pw ~ pw ~ 
c o r r e s p o n d i n g  to  the  s e l e c t e d  i n i t i a l  t i m e  t o and f lux qw =qo (no s c r e e n i n g ) ,  the  i n i t i a l  d i s t r i b u t i o n s  of the  
func t ions  a r e  found f o r  mw ~ m -< 0 

p~ m 2/(v-~-1> p : /'_2_p '/~ u I ~- l - -  ~ (3.2) p o: , p O k p w o ) ,  ~o k P ~ ) J  

As an e x a m p l e  we c o n s i d e r e d  the  e f fec t  of r a d i a t i o n  wi th  cons t an t  f lux d e n s i t y  q =320 r o W / e r a  2 on a 
c a r b o n  s u r f a c e  w i t h e x p o s u r e  d u r a t i o n  up to 2 ~ s e e  ( this  i s  a t y p i c a l  v a l u e  of the  d u r a t i o n  of a s i n g l e  p e a k  
f o r  f r e e  g e n e r a t i o n  of r a d i a t i o n  by  a l a s e r ;  e x p o s u r e  with s h o r t e r  d u r a t i o n  c o r r e s p o n d s  to the  "g iant  p u l s e "  
r e g i m e ) .  
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Pr io r  to initiation of screening,  the vapor motion velocity u w immediately behind the vaporization 
wave was 3.6 km/ sec ,  the p r e s s u r e  P0 on the surface ahead of the vaporizat ion wave was 2700 kg / cm 2, the 
p re s su re  Pw in the vapors  behind the vaporizat ion wave was 1000 kg /cm 2, the corresponding phase change 
tempera tu re  Tw(Pw) was taken equal to l1900~ and the vapor absorption coefficient ~%v at this t e m p e r a -  
ture  was assumed to be 7" 10 2 cm2/g. 

This t empera ture  is somewhat higher than that determined by extrapolating the experimental  data. 
However, s ince we assumed b = I / T  0, the cited value of u w was taken without account for  a r res t ing  ab- 
sorption C during collision of electrons with neutral  atoms,  photodetachment of e lectrons f rom negative 
ions C-  and C2-, and molecular  absorption C 2 and C3, which reduces somewhat the value of ~ for  the same 
tempera ture .  As a result ,  the value of ~%v does not differ markedly  f rom ~w f rom tables formulated with 
account for  these effects.  

The reflection coefficient k r is taken as zero.  The coefficient K for  carbon is about 0.44- 108 cmS/g 2 
for  an incident radiation quantum energy of 1.78 eV, which cor responds  to the radiation of a ruby laser .  

Under these simplifying assumptions it is easy to obtain est imates  of the charac te r i s t i c  pa ramete r s ,  
which can be compared with the calculation itself. These est imates  are  presented below, after  the desc r ip -  
tion of the pattern of the process  obtained as a resul t  of the numerica l  calculation, which shortens their  
justification, since this is obvious f rom the computational resul ts  themselves  (such est imates  were actually 
obtained by one of the authors p r io r  to initiating the calculations - during formulation of the problem).  In 
making a quantitative comparison of the computational resul ts  for  this example with experimental  data, 
we must  bea r  in mind that this comparison is to some degree mere ly  i l lustrat ive,  because of the s impl i -  
f ications made. 

F igure  1 shows the distribution of the internal energy e(kJ/g) as a function of the mass  m - m w ( g / c m  2) 
of vaporized mat te r  at different moments  of t ime t (psec)~  It is easy to see that in the course  of p r a c -  
t ical ly the entire t ime for  which the distributions are  shown, absorption is not significant and the d i s t r i -  
bution itself is close to the primit ive distribution found f rom the se l f - s imi la r  solution of the problem of 
adiabatic vapor flow behind a vaporizat ion wave travell ing with constant velocity.  Only on the last curve,  
corresponding to t = 0.028 g sec, do we note some increase  of the internal energy above the values for the 
vaporizat ion wave. 

F igures  2 and 3 show respect ively  the distributions of the p r e s s u r e  p (kg/cm 2) and internal energy 
at the moment of development of the flash - the formation of a nar row hot layer ,  which is at the same t ime 
a high p res su re  layer .  

F igures  4 and 5 show the same distributions in the stage of detonation wave format ion and its p ropa-  
gation to the boundary with the vacuum. Compar ison of Figs .  4 and 5 shows that the width of the energy 
re lease  zone is actually somewhat g rea te r  than that of the p r e s s u r e  "jump" zone. In Fig. 4 we even see a 
zone of p r e s s u r e  decrease  behind the shock wave front,  which is associated with energy re lease  in this r e -  
gion ("chem-peak") .  The last curves in Figs .  4 and 5 correspond to the t ime (t =0.1 #see) when the de-  
tonation wave reaches  the boundary with the vacuum. The energy re lease  zone is now immediately ad- 
jacent to this boundary, and the maximal  p ressure ,  which previously corresponded to the shock wave front,  
now dec reases  sharply.  Detonation wave c ross ing  of the v a p o r - v a c u u m  boundary is accompanied by marked 
accelerat ion of the "edge" par t ic les .  Increase  of their  velocity leads to more  rapid expansion of the "per i -  
pheral"  layers  and reduction of their  density, which faci l i tates penetrat ion of the radiation into the deeper  

l ayers .  

F igure  6 relates  to the se l f -consis tent  heating and rarefac t ion  wave propagation stage, ahead of which 
the shock wave front t rave ls  toward the surface  of the solid body. In Fig. 6a we see that at about 0.22 #sec  
the shock wave ref lec ts  f rom the surface of the solid body, causing the p re s su re  at the  surface  to increase  
sharply to values close to those which existed p r io r  to onset of screening.  By t =.0.29 #sec  the reflected 
wave has already passed into the hot and low-density zone, as a resul t  of which the p re s su re  again begins 
to decrease .  We see c lear ly  in Fig. 6b that the hot region (where the energy of the incident radiation is 
released) gradually displaces toward the surface of the solid body. However,  since the internal energy of 
the vapors  in this zone exceeds considerably (by about one o rde r  of magnitude) the "effective combustion 
enthalpy" p r io r  to initiation of screening,  the rate  of advance of the heating wave is approximately one o r -  
der less than the rate  of propagation of the vaporizat ion wave pr ior  to the flash. 
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F i g u r e  7a shows  the  m a s s  mw ( g / c m  2) of v a p o r i z e d  m a t t e r  a s  a func t ion  of t i m e  t ( # s e c ) .  A f t e r  t he  
d i s p e r s e d  m a s s  ( v a p o r i z e d  p r i o r  to  i n i t i a t i on  of the  f lash)  of the  l a y e r  aga in  b e c o m e s  t r a n s p a r e n t ,  v a p o r -  
i z a t i on  r e n e w s .  I t  i s  e a s y  to s e e  f r o m  F i g .  7a tha t  t h i s  o c c u r s  a p p r o x i m a t e l y  at  the  t i m e  0.5 # s e c .  Now 
the  hot  v a p o r s  a r e  e s s e n t i a l l y  f o r c e d  away  f r o m  the  v a p o r i z i n g  s u r f a c e  by  the  co ld  v a p o r s  e n t e r i n g  " th rough"  
the  v a p o r i z a t i o n  wave  at  the  e q u i l i b r i u m  p h a s e  t r a n s i t i o n  change  t e m p e r a t u r e  (we no te  tha t  in F i g s .  1-6 
the  p a r a m e t e r  d i s t r i b u t i o n s  a r e  p l o t t e d  as  a func t ion  of the  m a s s  r e c k o n e d  f r o m  the  s u r f a c e  of the  s o l i d  
body) .  Then in th i s  l a y e r  t h e r e  i s  a new " f l a sh"  in the  p r e s e n t  c a s e  at  a t i m e  of about  0.95 # s e c .  I t s  d e -  
v e l o p m e n t  and m o t i o n  t o w a r d  the  v a p o r - v a c u u m  b o u n d a r y  i s  c l e a r l y  s e e n  in F i g .  7b. V a p o r i z a t i o n  i s  r e -  
newed  at  a t i m e  of about  1.9 p s e c .  

In  add i t i on  to  t he  p r e s s u r e  o s c i l l a t i o n s  at  the  s u r f a c e  of the  s o l i d  body  owing to the  p r o p a g a t i o n  of 
shock ,  c o m p r e s s i o n ,  and r a r e f a c t i o n  w a v e s ,  t h e r e  a l s o  a p p e a r  s h a r p  p r e s s u r e  changes  c a u s e d  by  r e n e w a l  
of v a p o r i z a t i o n ,  s e e n  in F i g .  8, w h e r e  t he  p r e s s u r e  P0 (kg/cm2) at t he  s u r f a c e  of the  s o l i d  body  is  shown 
as  a func t ion  of t i m e .  
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Figure  9 shows the logari thm of the ratio of the p re s su re  impulse g ( d y n e - s e c / c m  2) to the magnitude 
of the energy supplied E (J /cm 2) as a function of the logari thm of E. It is easy to see that this ratio de-  
c reases  f rom the initiation of screening.  This relationship is s imi la r  to that obtained experimental ly [15], 
but for constant exposure duration, ra ther  than for  constant radiation flux, as in our calculations.  It is 
curious that the impulse changes quite smoothly in spite of the strong p r e s s u r e  oscil lat ions.  In Figs .  7a, 
8, and 9 the c ros se s  denote the t imes of flash occurrence ,  and the c i rc les  are  the t imes  when vaporizat ion 
renews.  The relat ion which follows from the se l f - s imi la r  solution [9-11] is shown dashed. It is easy to 
see that the calculated relat ion is pract ica l ly  paral le l  to that obtained f rom the se l f - s imi la r  solution but 
lies somewhat higher.  This is associated with the fact that in the numer ica l  calculations we also took into 
account the adiabatic dispers ion stage after  switching off the source .  Thus the curve of J / E  versus  E 
corresponds  to a whole ser ies  of calculations for the same radiation flux but different exposure t imes .  
The dash-dot line shows J / E  versus  E without a flash. 

Calculations have now been made using tables of the thermodynamic  and optical proper t ies  of the 
mat te r  and var iable  flux %(0,  which occurs  in rea l  pulses.  These resul ts  for  var ious  substances and their  
analysis will be published separately .  

4 .  E S T I M A T E S  O F  P R I M A R Y  P A R A M E T E R S  

We shall now examine the es t imates  of the p r imary  pa ramete r s  (under the simplifying assumptions 
adopted above), which makes it possible to determine how these pa ramete r s  change in compar ison with the 
vers ion  discussed above with change of the incident radiation flux density and duration of the excitation 
p rocess .  

F lash  Occur rence  Cri ter ion.  Cooling owing to expansion becomes  equal to the energy re lease  owing 
to absorption. In the plane centered (with constant value of q0) rarefac t ion  wave following the vaporizat ion 
wave, in which the relat ions (3.2) hold, this condition for  points near  the vaporizat ion wave ( temperature 
r i se  occurs  in the hottest layers  of the vapors) can be written in the form 

t (Op) .~_ Pw draw 2'~ (Oq) 
P'-'-~ -~  ,o p"~ dt m ( ~ ' + I ) =  - -  ~ ,, (4.1) 

Considering that at the moment t ,  of vapor  t empera tu re  r i se  initiation their  layer  is optically thin 
and consequently qw ~q0, where q0 is the radiation flux incident f rom outside, the t e r m  (0q/a  m w) can be 
t r ans fo rmed  to 

(Oq / am)w ~ ~:wqo (i + kr) 

Here we have considered that reflected radiation also causes heating of the vapors .  Hence follows 
the cr i ter ion for  initiation of screening 

dmw Pw 2T 
" at P~ (.~ + ~) = mwu~qo ( l  A- k~) 

Here and hereaf te r  we take q0 and mw* to be thei r  absolute values for  convenience. 

Since (dmw/dt) = m w * / t . ,  we have 

Pw 2"I" t 
t ,  = ~ ( ' : + t )  • (4.2) 

Using (1.11), we obtain 

l - - k r  (Pw/Pw) 2T 
t + k r H T + i- = ~wrn~* (4.3) 

Since (Pw/Pw) << H, then Uwmw* <<1. F o r  carbon Xwmw *~ 0.16, for  aluminum Xwmw*~0.015 (for 
k r=0 .76  [16]). The vaporTs optical thickness ~-< Xwm w (because of the t empera tu re  decrease  and c o r -  
responding reduction of ~ in compar ison with x w as the boundary with the vacuum is approached). The re -  
fore,  at the moment  of flash occur rence  T* << 1, i.e., heating begins to take place with a prac t ica l ly  com-  
pletely t ransparent  vapor  layer  (the condition (4.3) is local ra ther  than integral). Calculations using (4.3) 
are  in ve ry  good agreement  with the resul ts  of the numer ica l  calculations.  As a resul t  of the exponential 
variat ion of the phase equilibrium p r e s s u r e  with t empera tu re  in accordance  with the C lapey ron -C laus iu s  
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formula  and the exponential var ia t ion of the ionization degree and therefore  of the absorption coefficient 
with tempera ture ,  we have u w =n0(p/p0) c~ where co=d In ~ / d  In p and in the present  example a)=II/Qa, I i is 
the f i rs t  ionization potential, and Qa is the heat of vaporizat ion per  atom. Fo r  carbon co ~2. In accordance 
with (1.11) and (1.12), the p r e s s u r e  in the vaporizat ion wave without screening is proport ional  to the in- 
cident radiation flux density q0, specifically 

P~ = q0 ( 1 -  kr) / (Hc~) 

and the mass  of the vapor  layer  at the moment  t .  of occur rence  of the flash is proport ional  to t .  ; t he re -  
fore  f rom the cr i te r ion  (4.3) follows q0~ = const or t ,  ~q0 -(c~ Thus, with increase  of the radiation 
flux density q0 for the same input energy E =qo'r the screening initiation t ime t .  (and along with it the cha r -  
ac ter is t ic  p r e s s u r e  pulsation t ime and the intervals between success ive  vaporizat ion renewals) diminishes 
far  more  rapidly than the total exposure t ime T, i.e., for  large radiation flux densities the vaporizat ion 
p rocess  c~:n be considered continuous. 

P r e s s u r e  Decrease  at Moment of Screening Initiation. After the flash the absorption coefficient in 
the heated region increases  sharply,  the magnitude of the radiation flux incident on the surface  of the solid 
body decreases  markedly,  and vaporizat ion te rminates  pract ical ly  immediately.  This is accompanied by 
reduction of the p re s su re  at the surface  of the solid body. 

The p re s su re  P0 at the surface of the solid body decreases  by (7 + 1) t imes,  i.e., about 2.7 t imes for  
Y =~'3 (because of vaporizat ion termination),  to the p re s su re  Pw in the vapors  at the surface of the solid 
body behind the vaporizat ion wave, and in addition, the p re s su re  decrease  continues because  of the fact that 
p r io r  to occur rence  of the flash all the vapors  had quite high velocity directed f rom the surface of the solid 
body. The change of the boundary condition at the surface  f rom u =c w to u =0 leads to the development of 
a rarefac t ion  wave, since a p r e s su re  gradient is n e c e s s a r y  to stop the gas travell ing along the surface.  We 
shall assume that vaporizat ion te rmina tes  abruptly (this is not too bad an idealization because of the ex- 
t r eme ly  abrupt nature of the vapor l aye r ' s  optical thickness growth and the corresponding reduction of the 
radiation flux to the surface of the solid body). 

Fo r  t imes  which do not differ too much f rom the moment of the flash, the result ing rarefact ion wave 
can be considered to be centered; consequently, we have the equations 

m--m~* =p~c~(t --t.), u ~2(c--c~, ) / (T--2)  ----c~ (4.4) 

The constant c w in the Riemann invariant is found f rom the condition that the rarefacti:fln wave prop-  
agates through the gas, where c = Cw, u = Cw, at least at those moments  of t ime when the wave boundary has 
not yet moved markedly  away f rom the surface  of the solid body. At the surface of the solid body, where 
the condition u = 0 is now satisfied, we obtain f rom (4.4) 

c 3--T 
% ~ -  (4.5) 

Correspondingly,  the p r e s s u r e  P0 at the surface changes as follows 

F o r  y =~/3 we obtain a p r e s s u r e  dec rease  by about a fac tor  of 20. We note that this quantity depends 
quite s t rongly on the adiabatic exponent y ,  andfor  ( y - l ) < <  1, which holds with account for  vapor condensa-  
tion, when the vapor  flow is near ly  isothermal ,  the p r e s s u r e  drop is not so large.  

Development of Heating-up P rocess .  We shall assume that heating-up after  the t ime t .  takes place 
at constant density (the t empera tu re  r i se  ra te  with account for  expansion of the medium at constant p ressure ,  
for  example, Will differ ve ry  slightly f rom that found, since the heat capacit ies Cp and C v are  s imilar) .  The 
equation describing the t empera tu re  var ia t ion has the form 

0e 
at -- nq0 (l + kr) (4.7) 

For  s implici ty we set Cv=cons t  , and we approximate n(T, p) by the exponential relat ion (3.1) for  
T0=T w and K= 0. For  b /T  w << 1 a comparat ively  small  t empera tu re  increase  leads to a significant increase  
of the absorption coefficient.  The t empera tu re  r i se  ra te  increases  correspondingly.  Consequently, most  
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of the w a r m - u p  t ime  (af ter  ini t iat ion of w a r m - u p )  is spent  at c o m p a r a t i v e l y  low t e m p e r a t u r e s .  
T w / T  into a s e r i e s  in 0 = A T / T  w and c o n s i d e r i n g  only the  f i r s t  t e r m ,  we obtain 

O0 _ exp (bO) ~qo(l +/~r) 
Ot C v T, , 

The solut ion of this  equat ion has  the f o r m  

--  exp: ( --  b0) = 

Expanding 

(4.8) 

%qo(l + k,)l 
C~T~ b (t - -  t , )  (4.9) 

We see  that ,  r e g a r d l e s s  of the d e g r e e  of heat ing 0k(t  k) taken to be s ignif icant ,  fo r  b0k>> 1 we obtain 

tk - -  t ,  -- p~ / [p~/m~qo (1 q- kr) (? - -  1)] (4.10) 

Cons ide r i ng  (4.2), we obtain 

ta - -  t ,  ---- (? + t ) t ,  / [27 (? - -  i)b] 

Thus ,  f o r  b>> 1 the heat ing t ime  t k - t .  is c o m p a r a b l e  with the t i m e  
o r  even cons ide r a b l y  s h o r t e r .  We note that  when the vapo r s  do not expand into a vacuum (signif icant  r e -  
s i s t a n c e  of the a i r  o r  of the v a p o r s  t h e m s e l v e s  dur ing  subsequent  f l a shes ) ,  the absence  of a p r e s s u r e  d i f -  
f e r en t i a l  in the  vapo r  reg ion  e l imina te s  the c r i t i c a l  na tu re  of the  hea t ing  p r o c e s s ;  it will  exis t  p r a c t i c a l l y  
f r o m  the v e r y  beginning and the hea t -up  t ime  can be e s t ima ted  f r o m  (4.10) f o r  t ,  =0.  We see  f r o m  (4.11) 
that  absence  of a p r e s s u r e  d i f fe ren t ia l  leads  to cons ide rab l e  shor ten ing  of the  hea t ing  t ime .  

Ampl i tude  of the Shock Wave  P ropaga t ing  f r o m  the  Heat ing Zone.  Let  us e s t i m a t e  the magni tude  of 
the p r e s s u r e  pf in the heat ing zone,  a s s u m i n g  that  it is cons tan t  within the en t i r e  l a y e r  being heated  and 
outs ide  the l a y e r  up to and including the shock  wave but ,  na tu ra l ly ,  is not equal  to the p r e s s u r e  Pw in the 
vapo r  l a y e r  p r i o r  to ini t ia t ion of heat ing.  Then  we obtain f r o m  the e n e r g y  equat ion (1.3) 

(4.11) 

t ,  of t e m p e r a t u r e  r i s e  ini t ia t ion 

Oh 
~T 3- ~ -- 0 (4.12) 

Setting y =cons t  and pf = c ons t ,  we obtain 

Oh PIT f)v 
~i" = (~-- i) o-/', 

Ov (T-- i )  Oq 
O--Y = pfi Ora (4.13) 

Using (4.13), the cont inui ty  equat ion (1.2) can be  r e w r i t t e n  in the  f o r m  

In t eg ra t ing  (4.14), we obtain 

PIT Ou Oq 
(T-- i) 0ra k - ~  = 0 (4.14) 

[pf~ / (? - -  l)l u = --q + coast (4.15) 

Two shock  waves  with the s a m e  ampl i tudes  p ropaga t e  in both d i r ec t ions  f r o m  the hea t ing  r eg ion .  
Hence  the  shock  wave ve loc i ty  uf can be  found f r o m  the  r e l a t ion  

2?p1Au t = (? - -  i) I qo I, ut = q -  Aut -{- uw (4.16) 

We note  tha t  the shock  wave t r ave l I i ng  t oward  the  s u r f a c e  of the  sol id  body  is weakened as it i n t e r -  
ac t s  with the r a r e f a c t i o n  wave d e s c r i b e d  above.  Let  us a s s u m e  that  the shock  wave wil l  be a wave of m o d -  
e r a t e  in tens i ty  ( t ravel l ing  opposi te  the radia t ion) ,  i .e . ,  we use  the  fol lowing expans ion  of the  shock  adiabat  

[12]: 
Pl - -P~  = A p =  m" Aul, m" = p~c~ [i ~- 1/4 (? ~- l)~] (4.17) 

H e r e  7/ denotes  Auf /c  w. 

Equat ion (4.17) is e a s i l y  t r a n s f o r m e d  to 

Pl / P~ = iq- ? [1 q- 1/4 (? if- t)~]~ 1 (4.18) 

Using the r e l a t ions  a c r o s s  the va po r i za t i on  wave,  we obtain f r o m  (4.16) 

2 (l --k,)~l(p~ / p~) = H / h~ (4.19) 
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F r o m  (4.18) and (4.19) we ob ta in  the  fo l lowing  equa t ion  f o r  f ind ing  7: 

H / h~ = 2 (1 - -  kr)~l {1 -H 7 [t -H 1/4 (7 -t- l)~l]~} (4.20) 

Solving t h i s  equa t ion  f o r  H / h  w =3,  y =B/3, k r = 0  , we f ind  tha t  

~1 -= 0.60, AT / T~ = (Tj - -  T,) / T,0 = 0.42, hp / p . . . .  (P~ - -  Pw) / P~ 
=0 .84 ,  A c / %  = ( c j  - - c ~ ) / c ~  =0 .20 .  

We no te  tha t  t h e s e  p a r a m e t e r s  j u s t i f y  u s e  of the  m o d e r a t e  a m p l i t u d e  wave  
a p p r o x i m a t i o n .  I t  is  not  e s s e n t i a l  in p r a c t i c e  w h e t h e r  o r  not  the  i n c r e a s e  of 
t he  p r e s s u r e  and hea t ing  o c c u r s  in a shock  wave  o r  in a c o m p r e s s i o n  wave .  A 
t e m p e r a t u r e  i n c r e a s e  by  a f a c t o r  of 1.4 i s  su f f i c i en t  f o r  v e r y  m a r k e d  i n c r e a s e  

of the  a b s o r p t i o n  coe f f i c i en t  - b y  20 t i m e s  f o r  b = I / T w ~ 1 0 .  We no te  tha t  t h i s  e s t i m a t e  of the  shock  wave  
a m p l i t u d e  ~hows tha t  the  s t r u c t u r e  of the  h e a t i n g  zone  is  qu i t e  u n i m p o r t a n t ,  which  n a t u r a l l y  avo ids  the  need  
f o r  u s ing  any s p e c i a l  m e t h o d s  f o r  the  n u m e r i c a l  c a l c u l a t i o n  of t h i s  n a r r o w  zone .  

P a r a m e t e r s  of De tona t i on  Wave  f r o m  H e a t i ng  Zone .  The  r e l a t i o n s  a c r o s s  the  s t r o n g  de tona t ion  wave  
f ron t ,  which  i s  m a i n t a i n e d  by  an i nc iden t  r a d i a t i o n  f ron t ,  w e r e  p r e s e n t e d  in [7, 8]. H o w e v e r ,  in the  p r e s e n t  
c a s e  the  b a c k p r e s s u r e  i s  s i g n i f i c a n t  and the  r e l a t i o n s  have  the  f o r m :  

continuity equation 

r n / ( v d  - v l )  = - A u  = - ( u ~  - u l )  (4.21) 

equa t ion  of m o t i o n  

m / A u  = Pd - -  P l  (4.22) 

e n e r g y  equa t ion  

ma" [ea - -  el -t- 1/2 (ua 2 -  u12)1 + paua - -  p lU l  = - -qo  (4.23) 

Jougue t  cond i t ion  

m d" ~ ~)dCd (4.24) 

equa t ion  of s t a t e  

e~ = PdVd / (7~ - -  t),  el = plY1 / (71 - -  1) (4.25) 

H e r e  the  s u b s c r i p t  d r e l a t e s  to  t h e  s t a t e  beh ind  the  de tona t ion  wave  f ron t ,  and the  s u b s c r i p t  1 a p p l i e s  
to  the  s t a t e s  ahead  of the  f ron t ,  and m d > 0 f o r  q~ <0,  s i n c e  the  wave  t r a v e l s  o p p o s i t e  the  r a d i a t i o n  f lux.  
C o n s i d e r i n g  tha t  the  s p e e d  of sound equa l s  e d = ~ ,  we ob ta in  f r o m  (4.21)-(4.25):  

de tona t ion  v e l o c i t y  

m / =  plcd i t  -[- (i / kd) (t - - P l  / Pd)] (4.26) 

i n t e r n a l  e n e r g y  beh ind  de tona t ion  wave  f r o n t  

(Pd / pl) [(~1 --  t) / (~d --  t)] 
ed = el t -t- [(i -t- P~[Pd) /kd]  (4.27) 

s p e c i f i c  v o l u m e  beh ind  de tona t i on  wave  f ron t  

Vd = Yl ] {1 --~ [(i "~- P l  / Pal) / kd]} (4.28) 

S ince  in t h i s  c a s e  the  de tona t i on  wave  t r a v e l s  t h rough  gas  with p a r a m e t e r s  c l o s e  to  t h o s e  beh ind  the  
v a p o r i z a t i o n  wave  p r i o r  to i n i t i a t i on  of s c r e e n i n g  ( p l ~ p w ,  p l ~  Pw, h i ~ h w ) ,  n e g l e c t i n g  the  d i f f e r e n c e s  b e -  
t w e e n  Yd and Yi and b e t w e e n  k d and Yd and t ak ing  into accoun t  the  r e l a t i o n s  a c r o s s  t he  v a p o r i z a t i o n  wave ,  
fo r  l a r g e  v a l u e s  of  t he  p r e s s u r e  r a t i o  y = P d / P i  a c r o s s  t he  de tona t ion  wave  we can ob ta in  t he  fo l lowing  e x -  
p r e s s i o n  fo r  f ind ing  y: 

- h i  v - -  

F o r  t he  t y p i c a l  v a l u e  H / h  w =3 and k r =0 we f ind  tha t  y ~ 5 . 2 ;  then  a c c o r d i n g  to (4.28) the  d e n s i t y  r a t i o  
P d / P w  =1.48 and,  c o n s e q u e n t l y ,  the  r a t i o  Pd /Pd  i n c r e a s e s  by  3.6 t i m e s  in c o m p a r i s o n  with  Pw/Pw- In a e -  
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cordance with (4.26), the detonation wave propagation velocity equals 2.8 I m~vl, i.e., the detonation wave 
t ravels  opposite the radiation flux with considerably g rea te r  velocity than the vaporizat ion wave t rave ls  
in the positive direction of the vaporizat ion wave under the action of the same radiation flux q0. It is curious 
that the detonation wave 's  relat ive amplitude is pract ical ly  independent of the incident radiation flux density. 

Self-Consistent Rarefaction and Heating Wave. If the t empera tu re  of the substances in the region 
where the radiation energy is re leased is considerably higher than that of the vapors  ahead of the heating 
wave, and the charac te r i s t i c  vapor density in the wave exceeds considerably the vapor density ahead of the 
wave, then the solution can be obtained by using the solution of the se l f - s imi l a r  problem [9-11] for  the 
absorption coefficient dependence, given in the form u =  Kp (we note that se l f - s imi la r  solution is valid, 
s t r ic t ly  speaking, only for infinite vapor density ahead of the wave and for  absolutely cold gas ahead of the 
wave). The dependences of the maximal  p r e s su re  Pro, maximal  internal energy era, and heated mass  m 
on the t ime t and radiation flux density q0 will have the form 

P ~  : :  Pra ( K t )  - ' i '  qo ~1o, e~  = } ~  (Kt)V~ qo %, m : btm ( K t )  -~i~ qo'i~t (4.30) 

The values of Pin, Era, #m are given by the following table, obtained by V. M. Kro l ' by  a technique 
s imi la r  to that he used in [11] for other power- law relat ions %(e, p) 

"i' = 51~ 7A 6/5 
Pm = 0.747 0.627 0.408 
E m = 0.517 0.7i2 i.015 
~m = i.260 1.t70 i.050 

Effect of Two-Dimensionali ty on Screening Development Time.  We have examined only the planar  
case.  However, in view of the limited size of the i r radia ted spot, la teral  spreading of the vapor jet may  
begin if the exposure p rocess  continues long enough. In order  to evaluate the effect of la teral  spreading 
on the t ime for  initiation of the flash, we calculated a s imi lar  problem, but for  radial ly symmet ry  vapor 
flow from a vaporizing sphere.  

F igure  10 shows the ratio t '  of the t ime t3* for initiation of the flash in the spher ical  case to the t ime 
tl* for initiation of the f lash in the planar case as a function of r '  =ro /cwt l* ,  where r 0 is the radius of cu rva-  
ture  of the i rradiated surface.  We see that la tera l  spreading "suppresses"  the onset of screening.  This is 
associated with the fact that for t ~ (ro/c w) a quasis ta t ionary regime is established, in which the p r e s s u r e  
gradients near  the vaporizing surface no longer change; while in the planar  case these gradients  dec rease  
continuously as the layer  thickness increases .  However, in the case in which screening begins in the planar 
spreading stage, la teral  spreading leads to establishment of the quasis ta t ionary vapor motion and heating 
regime [6]~ 

In this case, according to [6], the following pa rame te r  variat ion relat ions will hold (for the case  
~=Kp) :  

e ~-~ qo ~18 (K ro )  lfa, p ~ q02la (Kro )  - 'h ,  u ~ q0 ~a (Kro) ' l ' ,  p N (Kro)'12 

We wish to thank P. V. Kevlishvili for  ass is tance  in ca r ry ing  out the present  study. 
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