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The solut ion [1] of the p rob l em of the s t a t ionary  r ad ia l ly  s y m m e t r i c a l  movement  of vapors  
heated by monochromat i c  r ad ia t ion  i s  g e n e r a l i z e d  for the case  of an a r b i t r a r y  ( tabular)  de -  
pendence of the coeff ic ient  of absorp t ion  and the ad iaba t ic  index on the t e m p e r a t u r e  and 
densi ty .  The ca lcu la t ions  of t h e r m o d y a a m i c a l  and optical  p r o p e r t i e s  of v a p o r s  of a number  
of e l emen t s  c a r r i e d  out in a wide range  of dens i t i e s  and t e m p e r a t u r e s  and the solut ion r e -  
f e r r e d  to made i t  poss ib le  to de te rmine  the p a r a m e t e r s  of a s t a t i ona ry  jet  of v a p o r s  in a 
wide range of rad ia t ion  flux dens i t i e s  and c h a r a c t e r i s t i c  d imension.  Some r e s u l t s  of the 
ca lcu la t ions  for  carbon and a luminum a re  p resen ted .  It tu rns  out that  a c h a r a c t e r i s t i c  
p r o p e r t y  of the d is t r ibu t ion  pa t t e rn  of p a r a m e t e r s  in a je t  of vapors  i s  the p r e s e n c e  on the 
sur face  of a zone of cold vapors  and a zone of the i r  h e a t i n g -  the heat ing wave front.  How- 
eve r ,  for l a r g e  rad ia t ion  flux dens i t i e s  the extent  of the zone of cold vapors  i s  not l a rge .  A 
rough e s t i m a t e  of the in tens i ty  of r e r a d i a t i o a  of the hea ted  v a p o r s  i s  der ived .  I t  i s  shown 
that  for c h a r a c t e r i s t i c  d imens ions  of the vapor  l aye r  on the o r d e r  of 0 .3-1 cm the in tens i ty  
of r e r a d i a t i o n  can be high enough tha t  the pa t t e rn  of movement  found without cons ide r ing  
r e r a d i a t i o n  can change somewhat.  It i s  shown that  the solution examined  can be g e n e r a l i z e d  
a lso  to the case  where  the t r a n s f e r  of ene rgy  by radia t ion  of the continuous spec t rum i s t a k -  
en into account.  

A je t  of v a p o r s  i s  f o rmed  f rom the effect  of l a s e r  radia t ion  on the sur face  of a sol id  body. F o r  a 
suff ic ient ly  l a rge  flux dens i ty  of the incident  r ad ia t ion  the p r e s s u r e  at the surface  and, with it, the t e m p e r -  
a ture  of the phase  t r a n s i t i o n  i n c r e a s e  enough that  the vapors  become weakly  ionized  and abso rb  the l a s e r  
r ad ia t ion  with 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 ie ld  of ions and neut ra l  a toms.  As a r e s u l t  the vapors  
a r e  s t rong ly  hea ted  and ionized.  The absorp t ion  by ion ized  vapo r s  can be so g rea t  that  only a smal l  pa r t  
of the rad ia t ion  ene rgy  goes  to the vapor i z ing  sur face  (the " sc reen ing"  of this  su r face  t akes  place) ,  while 
the r e s t  of the energy  i s  a b s o r b e d  by the vapors .  

The p o s s i b i l i t y  of vapor i z ing  p r a c t i c a l l y  any substance and (as a r e s u l t  of absorp t ion  of rad ia t ion  in 
the vapors)  heat ing it to v e r y  high t e m p e r a t u r e s  and (with the d i s pe r s i on  of the vapors  into a vacuum) a c -  
c e l e r a t i ng  it to high ve loc i t i e s  a l lows one to c a r r y  out a whole s e r i e s  of phys ica l  and gas dynamic  e x p e r i -  
ments .  I t  i s  t he r e fo re  of undoubted i n t e r e s t  to de te rmine  the p a r a m e t e r s  of the jet  of vapors .  

The p ic tu re  of the heat ing p r o c e s s  and the movement  of vapo r s  can be v e r y  compl ica ted .  I t  can be 
fully d e s c r i b e d  only through a solution of the nons ta t ionary  gas  dynamic  p rob lem taking into account the 
r e l e a s e  of ene rgy  during the abso rp t ion  of r ad ia t ion  and a whole s e r i e s  of phys ica l  p r o c e s s e s .  F o r  a long 
enough dura t ion  of ene rgy  input or  for  a smal l  s ize  of the "spot" on which the incident  rad ia t ion  i s  focussed,  
effects  of l a t e r a l  expansion of the vapo r s  appea r  and the p rob lem becomes  two-d imens iona l  and in some 
c a s e s  even t h r e e - d i m e n s i o n a l .  

At the same t ime  it  i s  d e s i r a b l e  to s impl i fy  the s i tuat ion in o r d e r  to conduct e xpe r i m e n t a l  s tudies  in 
the p l a s m a  which i s  fo rmed  and on the p r o c e s s  of the rad ia t ion  effect  i t se l f .  In th is  sense  i t  i s  a t t r ac t ive  
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to use the s ta t ionary sys tem of heating and vapor movement  indicated in [1]. In fact, suppose the radiation 
falls on the surface of a sphere f rom all sides o r  in some cone (with the apex at the center  of the sphere) 
l imited in divergence and bearing on the contour of the i r radiat ion "field n on the surface of the sphere.  
Suppose the rays  fill the entire cone and are  directed radial ly toward the center  of the sphere. Although 
the latter,  s t r ic t ly  speaking, is  impossible,  nevertheless  if  the radius is somewhat l a rge r  than the mini-  
mum size which can be achieved in focussing the bundle of rays  leaving the lens, then in pract ice  the rad i -  
ation can be considered as failing perpendicular ly  on the surface  of the sphere.  It i s  natural that for this 
geometry  the movement  of vapors  f rom the vaporizing sphere will also be radial ly sYmmetrical.  

Over a long enough t ime, af ter  the heating of vapors  occu r s  (the ra ther  complicated pattern of this 
p rocess  is descr ibed in [2, 3]), when the thickness of the ' l ayer  of vapors  becomes comparable  to the di- 
mension r 0 of the i r radia ted  sphere,  the density p of the vapors  :begins to drop fas ter  than in the plane case.  
In the region of multiple ionization it can be assumed approximately that the coefficient of absorption of 
optical radiation x does not depend on the tempera ture  T but var ies  only with the density (approximately a s  
p#, # ~ o.5-1). 

Therefore  the more  rapid drop in density leads to an increase  in the t ransparency  of the peripheral  
l ayers  of the vapors.  The absorption occurs  principally at a distance of ( r - r  0) 4 r0, and the optical thick-  
ness of this zone proves  to be constant. As a resul t  it is  possible for a s tat ionary state of movement  of 
the vapors  heated by radiation to develop in a "s t ra ight-wal led nozzle."  A transi t ion through the speed of 
sound takes place in some cri t ical  section of radius r .  (the pa rame te r s  in this section will be marked with 
as ter isks) .  

In [1] the problem was solved (the pa rame te r s  are  determined in the cr i t ical  section and their  dis-  
tribution with respec t  to the vaporizing surface  i s  found) for the case where the coefficient of absorption 
was descr ibed by an exponential function of the internal energy e and the density p : 

= Ke-=p~ (0.1) 

while the adiabatic index 7 was taken as constant.  

In such a case the movement  has a unique isomorphic  nature: Thepa t te rn  of the movement  can be 
descr ibed by a single (for each a , /3 ,  and T) dimensionless distribution of p / p . ,  p / p , ,  u /u , ,  and q / q .  with 
respect  to r / r ,  (u is  the velocity of movement,  q is the radiation flux density), while the pa rame te r s  in the 
cr i t ical  section va ry  in an exponential fashion with a change in r ,  and q ,  and consequently in r 0 and q0 (q0 
is  the radiation flux density at  the surface of the sphere in the absence of screening). 

At the same time it is c lear  that (0.1) cannot descr ibe the actual dependence x (e ,  p) in the whole 
range of e and p. In fact, it was already shown in [4] that in problems on the distribution of a vaporization 
wave under the effect of radiation (taking into account the screening by vapors) there is always a cold layer  
at the vaporizing surface which has a t empera ture  close to the phase transi t ion t empera tu re  T v. But the 
gas will be weakly ionized in this layer for ra ther  low vapor p r e s s u r e s  and corresponding phase t ransi t ion 
tempera tures  T v. Therefore  the coefficients of absorption va ry  here,  roughly speaking, according to the 
Boltzmann exponential law, i.e., sharply, and they depend in an essent ial ly  nonlinear fashion on the t em-  
pera ture  T and are  a lmost  independent of the density p. Thus, it can be said that the cold layer  at the su r -  
face, where (0.1) is  invalid, can have a great  enough extent so that e i ther  the pattern of distribution of the 
pa ramete r s  changes as compared to that presented in [1] or it general ly leads to the impossibi l i ty  of a 
s tat ionary state. Let us note that just as in the plane case (when the thickness of the vapor layer  is still 
small  in Comparison with the charac te r i s t ic  dimension r 0) the pattern of movement  can differ markedly  
from that which is  given by the isomorphic  solution [5, 6] found on the assumption of (0.1). In such a case 
the pattern of movement  can be obtained only through numerical  calculat ions of the nonstat ionary problem, 
s imilar  to [2, 3] drawing on tabular dependences of ~4(e, p) and y(e ,  p). Moreover  the s ta t ionary solution 
[1] is easy  to generalize to the case of a var iable  adiabatic index "y and an a r b i t r a r y  dependence of ~4 on e 
and p. This allows a ra ther  di rect  determination of the pa ramete r s  of the vapor jet as a function of the 
incident flux density q0 and the charac te r i s t ic  dimension r 0 taking into consideration the actual equation of 
state and the actual dependence of the absorption coefficient on the tempera ture  and density. 

1. The sys tem of equations describing the p rocess  of movement  and heating has the form 

dp + pudu = 0 (1.1) 

pur~-I = p .u . r : - I  ~ M / ~(v) (1.2) 
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2f/[ (h @ 1/2 u 2) + F = ~I  (h .  + 1/2u.2) + F ,  (1.3) 

dF-/dr  = @ F-up  (F- < 0) (1.4) 

dF+/dr = _ F+zp (F§ ~ 0) (1.5) 

H e r e  h = e + p / p  i s  the  en tha lpy ,  M i s  the  m a s s  f low r a t e ,  F i s  the  t o t a l  r a d i a n t  e n e r g y  f lux ( F = F + +  
F - ) ,  F -  i s  the  e n e r g y  f lux r e a c h i n g  the  s u r f a c e ,  F + i s  the  r a d i a n t  f lux r e f l e c t e d  f r o m  the  v a p o r i z a t i o n  wave ,  
and the e q u a t i o n s  a t  the  v a p o r i z a t i o n  wave  ( index w) have  the f o r m  

~o~u,~r~ -1 = M / ~ (v) (1.6)  

P0 = P~ + P~u~ 2 (1.7) 

M (h~ -~ I/2~tw ~) @ F~, = - -  lf/IQ~ (1.8) 

F~ + = (K~)~F-w (1.9) 

(v) = t,2.~, 4~ fo r  v = i ,  2, 3 r e s p e c t i v e l y  

H e r e  P0 i s  the  unknown p r e s s u r e  in  f ron t  of the wave  (in the  s o l i d  body), Qv i s  the  hea t  of v a p o r i z a -  
t ion ,  a n d ( K r ) w  i s  the  e f f e c t i v e  c o e f f i c i e n t  of  r e f l e c t i o n  f r o m  the v a p o r i z a t i o n  w a v e .  I t  can only  be d e t e r -  
m i n e d  f r o m  a t h e o r e t i c a l  o r  e x p e r i m e n t a l  s tudy  of the  s t r u c t u r e  of  the  wave .  

S ince  m o s t  of  the  e n e r g y  i s  a b s o r b e d  in  the v a p o r s  and d e e s  not  r e a c h  the v a p o r i z a t i o n  wave ,  the  
va lue  F w i s  u s u a l l y  s m a l l  c o m p a r e d  to  F ,  and  a c c o r d i n g l y  i s  s m a l l e r  than F +. T h e r e f o r e  (Kr) w i s  not a 
v e r y  i m p o r t a n t  p a r a m e t e r ,  and  for  the  c o n c r e t e  c a l c u l a t i o n s  c a r r i e d  out  below v a l u e s  w e r e  u sed  which  
w e r e  d e t e r m i n e d  on the b a s i s  of the  fac t  tha t  in  the  a b s e n c e  of s c r e e n i n g  (when the  e f fec t  of t h i s  p a r a m e t e r  
i s  not  g rea t )  the  p r e s s u r e  P0 c a l c u l a t e d  a t  the  s u r f a c e  of the  s o l i d  body i s  c l o s e  to  the  e x p e r i m e n t a l  p r e s -  
s u r e  [7, 8]. In p a r t i c u l a r ,  fo r  a l u m i n u m  we took  ( K r ) w = 0 . 7 2 .  In the d e r i v a t i o n  of  (1.8) i t  i s  a s s u m e d  tha t  
the  r a d i a n t  f lux i s  F = 0 in  f ron t  of the  v a p o r i z a t i o n  wave ,  and  the  e n t h a l p y  of  the co ld  m a t e r i a l  in  the s o l i d  
s t a t e  i s  equa l  to  ( -Qv) -  U s i n g  (1.8) and  (1.3) we f ind that  the  fo l lowing  cond i t i on  of ba l ance  of the  r a d i a n t  
a n d  h y d r o d y n a m i c  f luxes  i s  s a t i s f i e d  a t  the  c r i t i c a l  point :  

F ,  -t- M (h, @ 1 / 2 U r  ) = - -  ~/IQv (1.10) 

Since a transition through the speed of sound occurs here, 

u ,  = c ,  = V ~ , p , /  ~ ,  (1.1.1) 

H e r e  c i s  the  s p e e d  of  sound  and  K i s  the  d i f f e r e n t i a l  a d i a b a t i c  index:  

K = (d  In p/d In p)~=coa~ (1.12) 

2. The  e f f e c t i v e  a d i a b a t i c  index  y i s  d e t e r m i n e d  f r o m  the equa t ion  

e = .  P P~ (2. i) p(~--t-----~' o r  h p(~-- l )  

H e r e  e (o r  h) and  p a r e  t a k e n  a s  unknown func t ions  of  the  t e m p e r a t u r e  T and d e n s i t y  p (or  of the  s p e -  
c i f i c  v o l u m e  v = p - 1 ) .  I t  i s  u se fu l  to i n t r o d u c e  two o t h e r  d i m e n s i o n l e s s  func t ions  C and N th rough  the e q u a -  

t ion  

pv = N R ' T ,  h = CR'T,.  R" = R /A~  (2.2) 

H e r e  R i s  the  u n i v e r s a l  g a s  c o n s t a n t  and  A w i s  the  a t o m i c  weight  (in the  u n - i o n i z e d  s t a t e ) .  

I t  i s  n a t u r a l  tha t  N, C, and  y a r e  r e l a t e d  to each  o t h e r  by the fo l lowing  equat ion :  

C / N -  I = ( 7 -  i )  -1 (2.3) 

In an i d e a l ,  m o n o a t o m i c  u n - i o n i z e d  gas  we have  

N = i ,  C =5/2 ,  7 = 5 / 3  

F r o m  now on the  equa t ion  of s t a t e  i s  n e e d e d  in  the  d i f f e r e n t i a l  f o r m .  F o r  th i s  we d i f f e r e n t i a t e  (2.2) 
and  ob ta in  

dh dv _ ~  
h Av T - -  Ap = 0 (2.4) 
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w h e r e  
elnC~ ( t q  OlnN~-i  

A .  = ( t  -4-o-TATnT } o-']TTn T ] 

Av : AP ( t ~  OlnN~O-']'n'~v ] L~- OlnColnv 

(2.5) 

(2.6) 

H e r e  the  p a r t i a l  d e r i v a t i v e  wi th  r e s p e c t  to v i s  t a k e n  a t  T = cons t .  
lowing  r e l a t i o n  o c c u r s :  

de + pdv = 0 o r  d h - -  vdp = 0 

F r o m  (2.1) and  (2.7) we ob ta in  a r e l a t i o n  fo r  K, T, Ap, and  A v : 

F o r  a d i a b a t i c  m o v e m e n t  the  fo l -  

(2.7) 

dh / h = (T - -  1) T -1 dp/p 
K = 7A~ [i  + (Ap -- t)  T] -1 

(2.s) 

(2.9) 

T h e r m o d y n a m i c  func t ions  u s u a l l y  have  T and  v a s  t h e i r  a r g u m e n t s .  H o w e v e r ,  i t  i s  conven ien t  to  
conduct  g a s  d y n a m i c  c a l c u l a t i o n s  (not on ly  in  the  p r e s e n t  p r o b l e m )  s i n c e  t h e r e  a r e  t a b l e s  of  T and  7 a s  
func t ions  of e and  v (o r  h and  v). 

Le t  us  now m a k e  some  c o m m e n t s  use fu l  f r o m  a p r a c t i c a l  a s p e c t .  If  the s c a l e  of the  a r g m n e n t s  of 
the func t ions  of y o r  ~ ,  g iven  by the t a b l e  a t  the  po in t s  e i and  Vk, i s  nonun i fo rm,  the  s e a r c h  fo r  the  d e s i r e d  
e n t r y  in  the  t a b l e s  i s  d i f f icu l t .  The  d e s i r e d  e n t r y  i s  found by a s u c c e s s i v e  s o r t i n g  o v e r  of the  a r g u m e n t s  
e i and  v k and c o m p a r i n g  t h e m  wi th  s o m e  v a l u e s  of  e 0 and  v 0 fo r  which  the  funct ion of  7 o r  >t m u s t  be d e -  
t e r m i n e d .  In  add i t ion ,  the  t o t a l  v o l u m e  of w o r k  i s  s i g n i f i c a n t l y  r e d u c e d  ( e s p e c i a l l y  for  a t a b l e  wi th  a l a r g e  
n u m b e r  of  poin ts )  i f  the  s c a l e  of  the t a b l e  i s  m a d e  u n i f o r m .  Then,  hav ing  t aken  whole  f r a c t i o n s  f r o m  the  
r a t i o s  ( e 0 - e m ) / A e  and  ( v 0 - v m ) / A v ,  w h e r e  e m and  v m a r e  the  m i n i m u m  v a l u e s  of  the  a r g u m e n t s  and  Ae 
and Av  a r e  the  s t e p s  (cons tan t ) ,  we i m m e d i a t e l y  ob ta in  the n u m b e r s  i and  K of  the  d e s i r e d  en t ry .  As  fo r  
t a b l e s  of t h e r m o d y n a m i c  and  op t i ca l  p r o p e r t i e s ,  a u n i f o r m  s c a l e  i s  a d m i s s i b l e  (wi thout  an e x c e s s  of  po in t s  
in s o m e  r e g i o n s  and t h e i r  s h o r t a g e  in o t h e r s )  i f  e and  v o r  t h e i r  l o g a r i t h m s  a r e  t a k e n  a s  the  a r g u m e n t s .  
In th i s  c a s e  i t  i s  a l s o  e a s y  to  ob ta in  an e x p r e s s i o n  fo r  the  d i f f e r e n t i a l  a d i a b a t i c  index:  

01n'r 01n2. I (2.10) 
K : T - ~ -  01he Olav U - - t )  

H e r e  the  p a r t i a l  d e r i v a t i v e  wi th  r e s p e c t  to v i s  t a k e n  a t  e = cons t .  I n t r o d u c i n g  

X =  Q/h,, ~1 = 1 -t- ( T , -  I ) K , / 2 5 " ,  (2.11) 

Eq. (1.10) can  be r e w r i t t e n  in the  f o r m  

3~h,(X + n) = - - F .  (2.12) 

3. D i m e n s i o n l e s s  equa t i ons  a r e  ob t a ined  f r o m  the  s y s t e m  of  equa t i ons  w r i t t e n  out  in  Sec .  1 i f  d i m e n -  
s i o n l e s s  v a r i a b l e s  ( d e s i g n a t i n g  t h e m  by the  s a m e  l e t t e r s  and  the u p p e r  i ndex  v) a r e  i n t r o d u c e d  t h rough  the  
equa t ions  

P ' = p / p , ,  p ~ = p / p , ,  r ~ = r / r , ,  F v = F / F ,  
u ~ = u / u * ,  x ~ = •  (F+)~=F+/F, ,  ( F - ) " = - - F - / F ,  (3.1) 

S ince  we w i l l  u s e  on ly  the  d i m e n s i o n l e s s  v a r i a b l e s  h e r e ,  we omi t  t h i s  index .  As  a r e s u l t  we ob ta in  
the  fo l lowing  s y s t e m :  

dp + X/aK , pdg = O, g = u ~ 

h +  g ( n - -  i) + X  : F(~l + X )  

puS ~ t, S : rv-t 

(3.2) 

(3.3) 

(3.4) 

The d i f f e r e n t i a l  f o r m  of the  equa t ion  of s t a t e  (2.4) does  not  change  i t s  f o r m  a f t e r  the  t r a n s i t i o n  to  d i -  
m e n s i o n l e s s  v a r i a b l e s .  F r o m  (3.2)-(3.4)  and  (2.4) one can  ob ta in  

,iSS [ dF S F ( ' q - ~ ' X ) d S  F h Av iJ  = 2gdg (h--g~)h (3.5) 

The  fo l lowing  no ta t ion  w a s  i n t r o d u c e d  h e r e :  

g .  (% -- 1) (3.6) ep = K (T -- t) 2", 
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The equat ion (2.9) wa s  used  for the r e s u l t  (3.5). 

At the sonic point  we have 

p = h = g = F = S  = qD = l  (3.7) 

F o r  a cont inuous  t r ans i t i on  th rough  the speed  of sound. i t  i s  n e c e s s a r y  that  the sonic  point  is  s ingular .  
T h e r e f o r e  the fol lowing equat ion is involved:  

dF/dS = A,~*/('q + ~) (3.8) 

It  i s  e a s y  to show that  it r e l a t e s  the e n e r g y  r e l e a s e  with the work  of the f o r c e s  of expansion.  

We note tha t  Eq. (3.5) i s  obta ined independent ly  of  the m e c h a n i s m  of e n e r g y  t r a n s p o r t  (by m o n o c h r o -  
ma t i c  radia t ion ,  cont inuous  s p e c t r u m  rad ia t ion ,  or,  fo r  ins tance ,  e l e c t r o n  t h e r m a l  conduction) .  T h e r e f o r e  
the condi t ion of  t r a n s p o r t  th rough  the speed  of sound (3.8) is  a l so  suf f ic ien t ly  genera l .  

If  the e n e r g y  t r a n s p o r t  t akes  p lace  only th rough  m o n o c h r o m a t i c  radia t ion ,  the d imens ion le s s  t r a n s -  
po r t  equa t ions  (1.4) and (1.5) take the f o r m  

aF- • (3.9) 
dS ~ (v - -  1) g'/'S ~+z 

dF+ • + 
ds 7, (~, - l) g'/'s ~+~ (3.10) 

where  s  l . / r . ,  o = (v - -  2)l(v --  1) ( l i s  the r ad ia t ion  range ,  l =  II(uo), F + >  0, F - ~ 0 ,  F =  (F §  
F r o m  this  we obtain the fol lowing condi t ion a t  the c r i t i ca l  point:  

(v --  1) = --  (% q- ~])(F + (1) -k F-  (I))/A,* (3.11) 

Note that  (3.11) involves  not the to ta l  flux F(1) = F + ( 1 ) -  F-(1)  but the sum F+(1) + F-(1) ,  the ana log  of  
the r ad ian t  e n e r g y  densi ty ,  s ince the condi t ion (3.8) and (3.11) i s  a condi t ion not on the flux but on the en -  
e r g y  r e l e a s e  at the c r i t i c a l  point.  This  r e m a r k  i s  i m p o r t a n t  fo r  the gene ra l i za t ion  of the solut ion cons id -  
e r e d  he re  to the c a s e  of a cont inuous  s p e c t r u m .  

4. The ana lys i s  at  the s ingu la r  point  can be obta ined f r o m  (3.5) and (3.8)-(3.11) as  well  as  f r o m  the 
o r ig ina l  s y s t e m .  In t roduc ing  (for  ] g -  1[ << 1), as  in [1], 

we obtain 

F - -  I = z ( g - -  1), S - - i  = A  ( F - -  1) = A z ( g - -  t) 

I t  fo l lows f r o m  (3.3) and (3.4) that  

(4.1) 

A = (~ -k ~l)/Av* (4.2) 

9 - -  I = --(1/2 + Az) (g- -  t) 
h - -  t = [AAv*z--(T I -  t ) ] ( g - -  l) 

(4.3) 

Near the singular point the approximation (0.i) can be used, where 

[ Olnu~ / 01n• (4.4) 
c ~ : a * :  \ O ! n h ] . '  ~ : ~ * :  \Olnp  / ,  

If  ~4 iS given as  a funct ion of h and p, then c~ and fi a r e  d e t e r m i n e d  d i r e c t l y  by n u m e r i c a l  d i f f e ren t i a -  
t ion of the tab les .  

T h e r e f o r e  n e a r  the c r i t i c a l  point  we obtain the fol lowing exPansion fo r  the d imens ion le s s  n: 

( •  i) = - -  a ( h - -  l) + ~ ( 9 - -  i) (4.5) 

If  n is  given as  a funct ion of  T and p,  then 

Ola• ( OlnCh-~ '01n~ OlnC (4.6) 
a=--a--FCT.l+a-Si-ff~T) , ~ = a - F ~ + ~ o i ,  p 

As a r e su l t ,  t ak ing  into accoun t  (3.11), we obtain f r o m  (3.5) a quadra t i c  equat ion for  de t e rmin in g  the 
s lope z of the i n t eg ra l  cu rve :  

azz2 + bzz + cz = 0 (4.7) 
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F o r  s impl ic i ty  we shall  confine ourse lves  to the case  when the change in @ can be neglected.  Then 
the coeff icients  in (4.7) a r e  de te rmined  in the following way: 

a~ _~ - ~ ,  l _  l _b (1] + X) [~_k ~ -k i]} (4.8) 

b z ---- [--2a (~l - - t )  - -  (2~] - -  3) + ~ ] / A , , *  q- I (4.9) 

cz = - ~/(n + x) (4.10) 

I t  i s  e a sy  to see  that for  y = K = c o n s t  we obtain the following expres s ions  for  az ,  bz, and Cz: 

az ----2 [--I -}- (a q- ~ -k ~o + 4) (,1 + X)I (4.11) 

bz---- - - a  (V - -  4 ) -b  ~--7-~ 3 (4.12) 

cz = - -  (V + 4)/2 (~1 + X) (4.13) 

We note that in [1], where  the case  of y=  const  was  examined,  an i n c o r r e c t  express ion  is  given for  
a z which, however,  i s  p rac t i ca l ly  not re f lec ted  in the r e su l t s  of the numer ica l  calculat ions.  The e r r o r  was 
pointed out by B. M. P rosv i rn ina ,  for  which the authors  a r e  grateful .  

The p rob l em  can be solved in the following way. We shall  se t  ourse lves  the t e m p e r a t u r e  T ,  and 
densi ty p, in the c r i t i ca l  section. We find h ,  and y ,  as  well as  K, ,  a , ,  and P,  f rom the rmodynamic  t a -  
bles. We find the veloci ty  of movemen t  u ,  f r o m  Eq. (1.11), and ~? and X f rom Eq. (2.11). Le t  us se t  an a r -  
b i t r a ry  value for  F+(1), for  example ,  F+(1) = 0. I t  i s  convenient to begin solving the s e r i e s  of va r i an t s  with 
these  p a r a m e t e r s  T ,  and p, since p rac t i ca l l y  all the radia t ion i s  abso rbed  in the vapor s  and the re fo re  in 
rea l i ty  F+(1) << 1. Subsequently dec reas ing  T ,  gradually,  we will begin the calculat ion each t ime  using the 
F+(1) f r o m  the p reced ing  variant .  We find the dimension r ,  of the c r i t i ca l  section f rom (3.11), and the to -  
tal size of the flux F ,  f rom (2.10). Using (4.7)-(4.10) we heave the s ingular  point and begin a numer ica l  
calculat ion of the s imul taneous  different ia l  equations,  moving toward  the sur face  of the body. A condition 
of phase equi l ibr ium is  obse rved  immedia t e ly  in front  of the vapor iza t ion  wave so that the t e m p e r a t u r e  i s  
re la ted  to the p r e s s u r e  through a s ingle-va lued  dependence: T w = Tv(P).. This  dependence i s  usual ly  ap-  
p rox imated  by the following analyt ical  function: 

lgp  = a - -  b / T  (4.14) 

Fo r  a luminum according  to a data ana lys i s  p resen ted  in [9], where  the dependence Tv(P) i s  obtained 
up to p=100 bar ,  we have a=5 .351  and b=1.223 i f p  i s  in bar  and T in eV. After  the dependence T(p) ob- 
ta ined f rom the calculat ion i n t e r s ec t s  (4.14), we calcula te  the p r e s s u r e  P0 in front  of the vapor iza t ion  wave 
f rom Eq. (1.7). Equations (1.6) and (1.8) a r e  au tomat ica l ly  sa t i s f ied  since they were  taken into cons ide r -  
ation in the equations in the c r i t i ca l  section. We obtain F+w f rom Eq. (1.9). Since F ,  += F w + ( F w - / F ,  -) , we 
immed ia t e ly  find F +. Now we can s t a r t  the calculat ion over  again up to full convergence.  A r a t h e r  l a rge  
number  of i t e ra t ions  i s  usual ly  required.  

We then c a r r y  out a calculat ion of the supersonic  zone, moving away f rom the body until F + (or  F-)  
no longer changes.  This  usual ly  occurs  at  a dis tance of severa l  c r i t i ca l  sect ion radi i .  We now de te rmine  
q0 f r o m  Fco. F r o m  now on the movemen t  can be cons idered  as  adiabatic  and Eq. (1.3) i s  used  to de te rmine  
the flow veloc i ty  u~o (at infinity). 

5. Tab les  of the the rmodynamic  and optical p r o p e r t i e s  of vapo r s  of the ma t e r i a l  which a r e  needed 
to conduct such calculat ions a r e  unfortunately nonexistent.  T h e r e f o r e  these  calcula t ions  were  conducted 
for  s eve ra l  m a t e r i a l s .  

The degree  of ionization of the substance was de te rmined  f rom Saha 's  s y s t e m  of equations of ioniza-  
tion equi l ibr ium [10] a s suming  the p l a s m a  to be e l ec t r i ca l ly  neu t ra l  and taking into account the law of 
conservat ion of nuclei pe r  unit volume (equation of m a t e r i a l  balance) and the reduct ion in the ionization 
potential  [10, 11]. This  nonlinear a lgebra ic  s y s t e m  was solved by a method desc r ibed  in [12]. The i n t e r -  
nal ene rgy  e of the m a t e r i a l  was  calcula ted as  for  an ideal  gas with the Debye co r rec t ion  [10, 11], the e l ec -  
t ron  exci tat ion energy,  and the ene rgy  loss  in ionization taken into account.  The ene rgy  l eve l s  and s t a t i s -  
t ical  weights needed for  the calculat ion were  taken f rom tab les  [12-14]. The change in the number  of p a r -  
t ic les  due to ionizat ion and the Debye co r rec t ion  were  cons idered  in calculat ing the p r e s s u r e .  The p r e -  
c is ion in the calculat ion of the the rmodynamic  functions is  evidently close to the p r e c i s i o n  in the c o r r e -  
sponding calcula t ions  for  a i r  [15]. 
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In calculating the coefficients of absorption allowance 
was made for the free-free transitions of electrons in the 
field of ions and for absorption owing to bound-free tran- 
sitions from highly excited states on the assumption that 
these states are hydrogen-like (in substituting summation 
over the levels taking part in the absorption for integration 

[16]). The resulting expression has the following form: 

l = 0 .57 i . t0  -2 e+3T '/,/{[1 - -  exp (--e/T)]~} (5.1) 

H e r e  l i s  in cm,  the  e n e r g y  ~ of the  quanta  and the 
t e m p e r a t u r e  T a r e  in  eV, 5 i s  the  r e l a t i v e  dens i ty ,  c~ e i s  
the  r e l a t i v e  e l e c t r o n  c o n c e n t r a t i o n ,  and  a i i s  the  r e l a t i v e  
c o n c e n t r a t i o n  of i ons  hav ing  c h a r g e  n u m b e r  i ( i  = 0 for  a 
n e u t r a l  a tom) ,  and 

~ ) V L :  Nn//VL, (~iA N i/Nn, ~ (~i :  i (5.2) 

In the  e x p r e s s i o n  p r e s e n t e d  N i i s  the  n u m b e r  of p a r -  
t i c l e s  per unit volume, Nn is the number of nuclei (or the 
"initial" number of particles "before ionization'), and N L 

i s  the  L o s e h m i d t  n u m b e r .  Hence  the  s p e c i f i c  v o l u m e  v L ( for  6 = 1) i s  equa l  to  2.2415 �9 104 /Aw cm3/g .  F o r  
a l u m i n u m  P L  = 1 / V L  = 1.20 - 10 -3 g / c m  3. 

F o r  low t e m p e r a t u r e s  T and  d e g r e e s  of i o n i z a t i o n  Ue the c o n c e n t r a t i o n  of  n e u t r a l  a t o m s  and  the f r e e -  
f r e e  t r a n s i t i o n s  of e l e c t r o n s  in  the  f i e l d  of such  a t o m s  b e c o m e  i m p o r t a n t .  T h e y  w e r e  a c c o u n t e d  fo r  in  a c -  
c o r d a n c e  wi th  the  r e s u l t s  of [17]. The  e l a s t i c  i n t e r a c t i o n  c r o s s  s e c t i o n  n e e d e d  fo r  the  c a l c u l a t i o n s  i s  un -  
f o r t u n a t e l y  not  known f o r  m e t a l  v a p o r s .  T h e r e f o r e  i t  w a s  r a t h e r  r o u g h l y  e s t i m a t e d  :from the ' s i z e  of  the 
a t o m  ~ a c c o r d i n g  to t he  h y d r o g e n - l i k e  a p p r o x i m a t i o n  and  the  f i r s t  i o n i z a t i o n  p o t e n t i a l  I 1. F o r  a l u m i n u m  i t  
w a s  t a k e n  a s  equa l  to  20.4 va02, w h e r e  ~a02 =~B i s  the  Bohr  c r o s s  s e c t i o n .  

In  t h i s  t e m p e r a t u r e  r e g i o n  the  e r r o r  i n t r o d u c e d  in  t h i s  way  i s  s t i l l  e v i d e n t l y  l e s s  than  the  i n a c c u r a -  
c i e s  c o n n e c t e d  wi th  o t h e r  a s s u m p t i o n s ,  p r i m a r i l y  wi th  the  a s s u m p t i o n s  of an i d e a l  p l a s m a ,  full  e q u i l i b r i u m  
both of t he  p h a s e  t r a n s i t i o n  a n d  the  d e g r e e  of  i o n i z a t i o n ,  the  a b s e n c e  of e l e c t r o n  d i f fus ion  and  e l e c t r o n  
t h e r m a l  conduc t ion ,  and  a l s o  i g n o r i n g  a b s o r p t i o n  in b r o a d e n e d  l ines .  

The  r e s u l t s  of the  c a l c u l a t i o n s  fo r  a p p r o x i m a t e l y  80 t e m p e r a t u r e s  (up to  T = 40 eV) and 12 d e n s i t i e s  
f r o m  ~ = 100 to 6 = 3 �9 10 -4 w e r e  then  r e i n t e r p o l a t e d  on a u n i f o r m  s c a l e  fo r  In (e) ( a l s o  a t  80 po in ts )  and In 
(v). We sha l l  p r e s e n t  the  r e s u l t s  of  the  c a l c u l a t i o n s  for  a l u m i n u m .  

The  d e p e n d e n c e  of  the  t e m p e r a t u r e  T (eV) on e (kJ /g)  and  6 (a g r i d  fo r  5 t w i c e  a s  f ine w a s  a c t u a l l y  
u s e d  in  the  c a l c u l a t i o n s )  i s  p r e s e n t e d  in  F ig .  1, the  d e p e n d e n c e  of the e f f e c t i v e  a d i a b a t i c  i ndex  ~ on e and  
i s  p r e s e n t e d  in  F ig .  2, and  the  d e p e n d e n c e  of the  m a s s  a b s o r p t i o n  c o e f f i c i e n t  ~4(em2/g) on e and  6 for  quanta  
wi th  e n e r g y  e=  e0 = 1.16 eV i s  p r e s e n t e d  in F ig .  3. (The va.lues of  ~4 on the  p h a s e  e q u i l i b r i u m  c u r v e  a r e  
shown by d a s h e s . )  The  a b s o r p t i o n  c o e f f i c i e n t  for  quan ta  of o t h e r  e n e r g i e s  e ~  ~0 can  be e s t i m a t e d  f r o m  the  
dependence  shown in F ig .  3 ( those  fo r  which  an o v e r a l l  c a l c u l a t i o n  of  the  a b s o r p t i o n  with  h igh ly  e x c i t e d  
s t a t e s  i s  p e r m i s s i b l e ,  i . e . ,  wi th  e n e r g i e s  ~= 1-3 T):  

= z 0 (Co/e) 3 [exp ( e / T )  - -  l]/[exp (eo /T)  - -  i] (5.3) 

I t  i s  e a s y  to s e e  tha t  ~4~ e-~ fo r  e<<T.  

The  d e p e n d e n c e s  a r e  a n a l o g o u s  fo r  o t h e r  e l e m e n t s ,  a l though fo r  e l e m e n t s  wi th  l o w e r  a t o m i c  n u m -  
b e r s  Z, such  a s  Be and  C, t h e y  have  a l e s s  s m o o t h  n a t u r e ,  whi le  c o n v e r s e l y ,  the  d e p e n d e n c e  i s  s m o o t h e r  
fo r  m a t e r i a l s  hav ing  h i g h e r  Z ( for  e x a m p l e ,  W and Pb) .  A c c o r d i n g l y ,  the  a p p r o x i m a t i o n s  (0.1) and  1I= 
c o n s t  a r e  a p p l i c a b l e  o v e r  a w i d e r  r a n g e  fo r  the  l a t t e r .  

6. A r o u g h  a p p r o x i m a t i o n  of  the  t a b u l a r  dependence  p r e s e n t e d  in F ig .  3 in the  r e g i o n  of m u l t i p l e  i o n -  
i z a t i o n  l e a d s  to the  fo l lowing  e x p r e s s i o n  ( if  e i s  in  eV): 

~4 : Ke-26 ~ K = 7.90.10 ~ c m 2 / g ,  K = KpL -~ (6.1) 
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In a c c o r d a n c e  with the r e s u l t s  of  the ca lcu la t ions  p r e s e n t e d  in 
Fig.  2 one can  take ~/= 1.20 as  a typ ica l  value.  Us ing  (6.1) i t  i s  e a s y  
to obtain app rox ima te  funct ions for  the p a r a m e t e r s  both in the s tage  
of  the s t a t i o n a r y  s ta te  and in the p r e c e d i n g  s tage  of  the nons ta t ion-  
a r y  plane wave  of heat ing.  The i s o m o r p h i c  solut ion [5, 6] can be 
used  fo r  this  purpose .  At the r eques t  of the  au tho r s  V. M K r o l '  
c o n d u c t e d  ca l cu la t ions  of a s y s t e m  of s imul t aneous  d i f ferent ia l  equa-  
t ions  de sc r ib ing  the d is t r ibu t ion  of p a r a m e t e r s  in the i s o m o r p h i c  
s y s t e m  and obta ined  

e,~ = 25q~ "s4~ t ~ ~1.o5 

i l  t P0 = 8,6q~ "579 t'-0"~38~ "526 

u~ = 9.5q0~ ~ a0 -~ 

Fig.  3 P,n -- 0.50. f0-4q~'~a3t-~ 8~ -759 

mw = 0.55. i0-4qo ~ t 0"4~4 e~ "~ 

Here  e m is  the m a x i m u m  in te rna l  ene rgy ,  and Pm i s  the dens i ty  at  the point  whe re  e = e  m.  

(6 .2 )  

The quan-  
t i ty  u m is  the m a x i m u m  ve loc i ty  of the v a p o r s ,  raw i s  the amount  of v a p o r i z e d  m a s s ,  and P0 is  the  p r e s s u r e  
at  the vapo r i z ing  sur face .  Having i n t e g r a t e d  the dependence  p0(t) we obtain the fol lowing ra t io  of the i m -  
pu l se  J c r e a t e d  to the suppl ied  e n e r g y  E: 

l I E  = t2 E-0-421t0.15ss00.~6 ---- i2 E-~ (6.3) 

Here  and a f t e r w a r d  q0 i s i n  M W / c m  2, u in k i n / s e e ,  t in ~ s e c ,  e in k J / g ,  p in bar ,  p in g /o re  3, m in 
g / e r a  2, E in J, and J i s  in d y a .  see .  

Approx ima t ing  the dependence  of the i n t e rna l  e n e r g y  on the t e m p e r a t u r e  T (eV) and the r e l a t i ve  den-  
s i ty  6 p r e s e n t e d  in Fig.  1 in the fol lowing way: 

e = 5 .37  T1-9~ -~176 ( 6 . 4 )  

(the dash -do t  l ine in F ig  1 for  6= 1) we obtain an e x p r e s s i o n  for  the m a x i m u m  t e m p e r a t u r e  (in eV): 

T = i . 5  q~176 ~176 (6 .5 )  

Let  us now examine  the s t a t iona ry  state,  us ing  the c o n s e r v a t i o n  laws at the c r i t i ca l  point  and the 
condit ion (3.11), which in the absence  of  ref lec t ion,  with T = const ,  and without  tak ing  into account  heat  ex -  
pended in vapor iza t ion ,  i .e . ,  fo r  Qv = 0, c o n v e r t s  into X = / . / r ,  = (T+ 1)/4; we obtain 

9 ,  = 1.453 (Kr , )  -~/B e~" (6.6) 
e ,  = 1.04q~/= (Kr,) ~/'' s~';' 

0 0 ,I~ -oil, .,,',~ p.  = .3 3q. (Kr , )  ~.o 
~, = 0 . 5 0 q ~ , ( K ~ , ) ~ -  ~o ~ 

A ca lcu la t ion  of the s imul taneous  d i f ferent ia l  equat ions  d e s c r i b i n g  the d i s t r ibu t ion  of  the p a r a m e t e r s  
in the s t a t i ona ry  s tate ,  a s s u m i n g  the c o r r e c t n e s s  of  (0.1), led to the following va lues  of  the d imens ion le s s  
p a r a m e t e r s :  
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F~ ~ = i . 4 8 ,  e~ ~ = l . i 5 ,  u~ ~ = 3 . 2 6 ,  p J  = 2.29, ro ~ = 0 . 8 t 5  

I n s e r t i n g  t h e s e  v a l u e s  and c o n s i d e r i n g  tha t  q ,  = 0.448 q0 and  r ,  = 1.227 r 0 we f ind 

n ~  ~ 0 067 0 416 -0.834 em=zo.oqo'  r o" eo 
Po = 6.6q~176 

J / E - -  6.6qo03~Sr~ ~176 8o ~ 
p ,  = 0.63. i0-~ro ~ .~5 (6.7) 

~ 0.333 0.208 -0.416 
Uco ~ / . ~ q O  r 0 80 

Tm = t .8q~ ~ ~o.3~9 

Here  the  s p h e r e  s i z e  r 0 i s  in  cm.  

F o r  c o m p a r i s o n  we sha l l  p r e s e n t  a n a l o g o u s  d e p e n d e n c e s  for  a fu l ly  i o n i z e d  gas ,  to be s p e c i f i c ,  b e r y l -  
l i um ((~e = Z = 4, which  i s  a p p r o x i m a t e l y  equa l  to the  a v e r a g e  va lue  of  c~ e f o r  a l u m i n u m  in the  t e m p e r a t u r e  
r a n g e  c o n s i d e r e d ) .  We b o r r o w  the  v a l u e s  of the  c h a r a c t e r i s t i c  d i m e n s i o n l e s s  p a r a m e t e r s  f r o m  [1, 6]. In 
the  law (0.1) i f  ~r i s  in  cm2/g ,  p in g / c m  3, and  e in k J / g  the  c o n s t a n t  K = 0 . 5 0  �9 1014. The exponen t s  a r e  c~= 
3/2, fi = 1. F o r  a p l a n e  n o n s t a t i o n a r y  wave  of  h e a t i n g  we obta in  

po - -  p= = 5.6q;/ 't- ':%/" 

9m = 0.26. t O-~ q~/'t -% 8'o/  ̀
e m  = 105q~tV'8~ "~ (6.8) 

rnw = 0.5. lO-Sq2't ~/" ey" 

Uo = 54q'o/'t '/~ eo '/' 
J ~  E = 6.3q~V't-V'8~ �9 

T = t.5q'o/'t'/'8o '/" 

Note tha t  the  e n e r g y  expended  on the  c o m p l e t e  i o n i z a t i o n  of b e r y l l i u m  i s  equa l  to ~ 4 �9 103 k J / g  whi le  
t h i s  s t a t e  of the  v a p o r s  beg ins  at  a t e m p e r a t u r e  of  ~ 50 eV. In the  q u a s i s t a t i o n a r y  s t a t e  of r a d i a l l y  s y m -  
m e t r i c a l  m o v e m e n t  we ob ta in  the  fo l lowing  v a r i a t i o n  func t ions  of the p a r a m e t e r s :  

P, = 0.40. lO-Sq["roV,8~o/, 

em = 6'1 qo/" ry ~ 8; ~ 

4 8- ' l~ q' (6.9) P o  ~ P w  = . uo  o o 

Uo = 30q~/~ r'o/~ S-~/' 

J I E = 4.8q~ ~/' ro '/, ~o:~ 
r ~  = 0 .88q; / .  ~;~, ~;':. 

As fo l lows  f r o m  a c o m p a r i s o n  of the  func t ions  (6.3) and  (6.8) and  of (6.7) and  (6.9), in  the r e g i o n  of 
m u l t i p l e  i o n i z a t i o n  we have a s h a r p e r  d e p e n d e n c e  of the  p a r a m e t e r s  on the f lux d e n s i t y  q0 of the  i n c i d e n t  
r a d i a t i o n  and  the s p h e r e  s i z e  r 0 (and in the  p l ane  c a s e  on the t i m e  t) a s  wel l  a s  on the  e n e r g y  ~ of the 
quanta  than  in the  c a s e  of a fu l ly  i o n i z e d  gas  [1, 5, 6]. 

7. The  e x a c t  n u m e r i c a l  c a l c u l a t i o n s  of  the  p r o b l e m  invo lv ing  the  s t a t i o n a r y  s t a t e  in  which  the  func-  
t i o n s  ~4(e, p ) ,  y ( e ,  p) and  T (e, p) w e r e  u s e d  a l l o w  the  r e s u l t s  p r e s e n t e d  above  to be m a d e  m o r e  p r e c i s e  
and  e x p l a i n  the d e g r e e  of  dev i a t i on  f r o m  the i n d i c a t e d  func t ions  such  a s  (6.7) and  (6.9) b e c a u s e  of a d i f f e r -  
ence  f r o m  the law" (0.1) o r  in  the  c a s e  of  a l u m i n u m  f r o m  (6.1). 

A s e r i e s  of  c a l c u l a t i o n s  was  c a r r i e d  out  for  a n u m b e r  of m a t e r i a l s  a t  s e v e r a l  v a l u e s  of the  r e l a t i v e  
d e n s i t y  5 .  in  the  c r i t i c a l  s e c t i o n  and  for  d i f f e r e n t  t e m p e r a t u r e s  T .  ( f r o m  1.75 to  45 eV). The  t a b l e s  u s e d  
for  a l u m i n u m  a r e  p r e s e n t e d  in g r a p h  f o r m  in F i g s .  1-3 .  

We note tha t  a c c o r d i n g  to  (6.1) and  the  cond i t ion  (3.11), fo r  a s ing le  va lue  of  6 .  the  d i m e n s i o n  r .  (and 
r o) shou ld  depend  w e a k l y  on the t e m p e r a t u r e  T . .  

The  r e s u l t s  of  the  c a l c u l a t i o n  fo r  A1 v a p o r s  a t  5 ,  = 0.1 and t h r e e  t e m p e r a t u r e s  T . ,  n a m e l y  2, 3, and  
4 eV, a r e  p r e s e n t e d  in  F i g s .  4 -6 .  (Note tha t  the  i ndex  i s  o m i t t e d  fo r  the  d i m e n s i o n l e s s  v a r i a b l e s . )  Le t  us  
show to wha t  d i m e n s i o n a l  p a r a m e t e r s  t h e s e  v a r i a n t s  c o r r e s p o n d .  The  s p h e r e  s i z e  was  0.50, 0.40,  and  0.30 
era,  r e s p e c t i v e l y ,  the  d i m e n s i o n  of the  e r i t i c a t  s e c t i on  w a s  1.0, 0.66, and  0.44 era,  the  s p e e d  of sound in 
the  c r i t i c a l  s e c t i o n  e q u a l l e d  4.4, 6.2, a n d  8.1 k i n / s e e ,  the  t i m e  fo r  e s t a b l i s h i n g  the s t a t i o n a r y  s t a t e  w a s  61, 
28, and  17 nsec ,  and  the  v e l o c i t y  of  f low of the  v a p o r s  was  15, 20, a n d  25 k i n / s e e .  
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The p r e s s u r e  P0 a t  the st irface was  57, 100, and 170 bar;  the p r e s s u r e  p .  a t  the c r i t i ca l  point was  19, 
36, and 59 bar; the flux densi ty q0 of the radia t ion at the sphere  without shielding was 43, 56, and 90 MW/ 
ore2; and the radiat ion flux densi ty q ,  at the c r i t i ca l  point was  6, 16, and 31 MW/cm 2. 

The p re sence  of a r a t he r  extended zone of re la t ive ly  cold vapo r s  at the sur face  of the solid body a t -  
t r a c t s  attention. The gas in this zone i s  weakly ionized and abso rbs  a lmos t  none of the radia t ion pass ing  
through the hot ionized l ayer  which sc reens  the vapor iz ing surface .  

I t  should be noted that the heating of the vapors  takes  place v e r y  abrupt ly and one can speak of the 
p r e s e n c e  of a front  of the wave of heating. This  is  r e l a t ed  to the r a the r  rapid  growth in the coefficient  of 
absorp t ion  with the t e m p e r a t u r e  (see Fig. 3). 

As follows f rom Figs.  4-6, the th ickness  of the cold zone d e c r e a s e s  with a growth in T ,  and ~..  The 
la t t e r  i s  evidently connected with the i nc rea se  in p r e s s u r e  Pw at  the sur face  and, in accordance  with (4.14), 
in the t e m p e r a t u r e  of the phase  t rans i t ion and the coefficient  of absorpt ion n w near  the evapora t ing  surface .  

We also note the nonmonotonic nature  of the change in p r e s s u r e  and velocity: in drawing away f rom 
the sur face  the gas is  slowed and the p r e s s u r e  i n c r e a s e s  [as in an o rd inary  (without preheating) subsonic 
nozzle having diverging walls] ,  and only then d o e s i t  begin to acce l e r a t e  again in the subsonic zone, but 
the re  the absorpt ion of radiat ion and the r e l e a se  of ene rgy  by the vapor s  become impor tan t ,  while t h e p r e s -  
sure  drops  (as  in a pipe of constant  c r o s s  sect ion for a heated gas). In the supersonic  zone the pat tern  
does not differ  qual i ta t ively f rom that which is  obtained by calcula t ions  [1] a s suming  the c o r r e c t n e s s  of 
(0,1). 

If the dependence of the coeff icients  (4.11) and (4.13) in the quadrat ic  equation (4.7) on ~ and fl i s  
analyzed,  noting that  fl a lways l ies  within the range of 0-1, i t  is found that no solution i s  poss ib le  for  this 
equation for  any negative value of ~,  and the re fo re  it  is  not a lways  poss ib le  to find an in tegra l  curve  p a s s -  
ing through the s ingular  point in the des i red  fashion [1]. Since in accordance  with Fig. 3 the coefficient  
in Eq. (0.1), which can be used as an approx imate  equation nea r  the s ingular  point, a lso gradual ly  d e c r e a s e s  
and becomes  negative with a dec rea se  in T , ,  i t  can be expected that a solution cannot be success fu l ly  con-  
s t ructed for  low t e m p e r a t u r e s  T , .  T h i s  is  a lso  conf i rmed  by the fact  that  (as seen in Figs.  4-6) as  T ,  de-  
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creases ,  the sonic point approaches the maximum point of 
the dimensionless coefficient of absorption ~v = ~ / ~ , .  
For  T ,  ~ 1.75 eV it was actually impossible to construct  a 
solution. However, the reason was not the nature of the 
coefficients in (4.7) indicated above but the fact that still 
ea r l i e r  a second singular (sonic) point appears  at the va-  
porizing surface. This is  re lated to the increase  in the 
velocity of the vapors  in the cold zone as the surface is 
approached. Analyzing the dependence of the number M w 
at the vaporizing surface for a fixed T ,  we discover  that 
for some value of T ,  the number lVi= Uw/C w reaches  unity. 

The states which occur with a further  decrease  in 
T ,  were not studied. It is possible that discontinuous 
flow develops here with a shock wave closing the f i rs t  
supersonic zone, and it is  possible that a solution of the 
problem for the s ta t ionary state does not exist at all for 
these pa ramete r s .  

It is  neces sa ry  to keep the following in view: since under actual conditions of the action of the radi -  
ation a nonstat ionary phase of "flash" absorption occurs ,  the solution of the quasis ta t ionary state problem 
can be used only for est imating the t ime-averaged  pa rame te r s  (as shown by calculations for the nonstation- 
a ry  problem conducted by V. I. Berge l ' son  in a variat ion of the method of [2, 3], and af ter  the t ime t ,  = r , / c ,  
of "establishing the s ta t ionary state" some pulsations occur  in the vaporizat ion car ry ing  the disturbance 
also to the "hot" region of the vapors).  

The resul ts  of the calculations for a given ent ry  of T ,  and 6, values were reinterpolated to a given 
ent ry  of q0 and r 0 values. 

The dependence of the t empera tu re  T on q0 and r 0 is presented in Fig. 7. It is easy  to see that this 
dependence can be descr ibed by the exponential function (6.7) only for sufficiently high T ,  and q0 (dash-dot 
line in Fig 7 and following f igures  for r 0 = 1 cm). For  large r 0 and low values of T ,  (and q0) the appear-  
ance of a region of two-valued andthree-va lued  solutions is noted. This is re la ted to the two-valued and 
th ree-va lued  nature of the dependence of ~4 on T (or e) for a fixed 6 (see Fig. 3). 

The dependence of the p re s su re  P0 at the surface of the solid body on q0 and r 0 is presented in Fig. 8, 
and in this case the resu l t s  of the numerical  solutions are  in good agreement  with (6.7) also only for large 
q0. As seen f rom Fig. 8, because of the effect of screening of the vaporiz ing surface by vapors  the de- 
pendence of P0 on q0 stops being l inear  and becomes weaker.  The rat io P0/q0 decreases  with an increase  
in q0 in compar ison with the case of the absence of screening (dashed line). 

The dependences of the pa r ame te r s  found also pe rmi t  an est imate of the intensity of reradiat ion by 
the hot vapors .  Let us turn our attention f i r s t  of all to the fact that according to (5.3) the coefficient of ab-  
sorption ~ of quanta of energy e exceeding energy  e 0 of the incident radiation quanta is less  than ~4(e 0) = ~0' 
Thus, the emit ted radiation is volumetric .  Equation (5.3) is  valid, general ly  speaking, only for quanta with 
energies  of e~3T  [10, 16], i .e. ,  for T = 7 eV, up to e=20 eV. In the region of harder  quanta i t  is  impossible 
to employ a summation of all the levels; r a the r  they must  -be taken into account individually, since the lev- 
els absorbing such radiation a re  c lear ly  not hydrogen-l ike.  Nevertheless ,  to obtain a ve ry  pre l iminary  
and round approximate est imate  we can extend (5.3) down to values of e 1 equal to the typical ionization po- 
tential I. 

The intensity of the volumetr ic  radiation of a unit mass  is equal to 

] = 4  B~• B,=--~-exp(e/T)_i , B ~ d e = v T  4 (7.1) 
0 0 

Here Bg is the Planck function, ~ is the S te fan-Bol tzmann constant (o -= 0.1029 M~V/cm 2- eV4). Using 
(5.3) and the assumption concerning its applicability made above we obtain 

(7.2) / = 60n-4v%2T2el / T 
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At the same  t ime,  the intensi ty  of ene rgy  r e l e a s e  due to l a s e r  radiat ion absorpt ion  i s  approx imate ly  
equal to ~0q0. Substituting these values  we obtain an approx imate  c r i t e r ion  for  the ro le  of r e rad ia t iom 

= t.20-t0 Z2 T2eo~/qo (7.3) 

Here  gl = 7T (according to [10] and the calculat ion the  typical  values  v a r y  within the l imi t s  of 5-10T). 

Values computed according  to (7.3) a re  p re sen ted  in Fig. 9. As seen, for  la rge  s izes  r 0 (s tar t ing 
with about 0.3 cm) the role  of re rad ia t ion  can be r a the r  significant. The effect  of r e rad ia t ion  can be two-  
fold: on the one hand pa r t  of the energy  i s  genera l ly  los t  in leaving the dense zone of vapors ;  on the other  
hand pa r t  i s  d i rec ted  toward  the sur face  of the solid body and is  absorbed  in the cold vapors ,  e i ther  r e ach -  
ing the vapor iza t ion  wave or  heating the cold layer  nea r  the vapor iz ing  surface .  I t  i s  p roposed  that  these  
effects  be analyzed in m o r e  detail  in a separa te  a r t ic le .  Here  we only indicate that a v e r y  effect ive means  
for  such an analys is  i s  the use of the p rob lem of the s ta t ionary  s tate  examined here  which i s  eas i ly  gen- 
e ra l i zed  to the case  of ene rgy  t r a n s f e r  by continuous spec t rum radiation.  Let  us a lso  note that  a v e r y  ap-  
p rox ima te  es t ima te  of the role  of re rad ia t ion  can be der ived  f rom [18] or  f r o m  (6.3), (6.5), or  (6.7), r e -  
placing the ene rgy  go of the quanta of incident radiat ion in ~hese equations with the ave rage  ene rgy  ~ of the 
quanta emi t ted  by the vapors ,  which is  de te rmined  at the m a x i m u m  at ta ined t e m p e r a t u r e  Tq which i s  r e -  
lated to the radiat ion flux density q by Eq. (7.3) at ~ = 1. In this case ,  however,  one should have in view the 
poss ib i l i ty  of secondary  re rad ia t ion  f rom the zone heated by radia t ion of the continuous spec t rum (tongue), 
s ince this radia t ion i s  c lose r  to black body radiat ion with a t e m p e r a t u r e  in the tongue of T 1 than to the r a -  
diation of the hot layer .  

8. Let  us compare  our  calculat ions with the exper imenta l  r e su l t s  of N. G. Basov,  O. N. Krokhin, G. 
V. Sklizkov, et  al. [19, 20]. 

The calculated dependences of the m a x i m u m  flow veloci ty  u~  for  r0=0.1 cm a re  shown by solid l ines 
in Fig. i0. The exper imenta l  points (for a duration of the effect  o f t q  = 15-30 nsee), the r e su l t s  of m e a s u r e -  
ment  of the m a x i m u m  flow ra te  of carbon vapors ,  a r e  joined by dashed l ines.  The ve loc i ty  m e a s u r e m e n t s  
were  made far  enough f r o m  the sur face  so that  the veloci ty  was a l r eady  a lmos t  constant  and usual ly  af ter  
the end of the l a s e r ' s  effect. However,  the compar i son  with the calculat ions is  not too i m p r o p e r  if  one 
cons iders  that  when the s ta t ionary  state was es tab l i shed  the veloci ty  at  the marg in  of the v a p o r s  is  p r a c -  
t ica l ly  unchanged a f t e r  the source  is  tu rned  off and, as  in the nonsta t ionary  p rob lem,  co r r e sponds  to the 
m a x i m u m  concentra t ion of the energy  re l eased .  

The veloci ty  u .  (lower solid curve  in Fig. 10) i s  compared  with the veloci ty  of the boundary of the 
opaque region (lower dashed line). Note that  accord ing  to the calculat ions conducted i t  i s  jus t  near  the 
c r i t i ca l  point that the radia t ion begins to be s t rongly absorbed.  The supersonic  pa r t  of the jet  is  a lmo s t  
t r ansparen t .  

As seen, there  is  s a t i s f ac to ry  a g r e e m e n t  of the ca lcula ted  and exper imenta l  curves .  

The t e m p e r a t u r e s  at ta ined a r e  a lso  plot ted in Fig. 10. We �9 that at  T .  = 40-50 eV carbon vapor s  
a r e  ionized down to the K shell .  

As follows f rom Fig. 10, in the exper imen t  the sc reen ing  of the vapor iz ing  sur face  and the i nc rea se  
in the vapor  veloci ty  connected with i t  were  obse rved  in a region of lower  q0 than follows f rom the ca lcu-  
lations.  This  is  evidently connected with the effect  of the nonequil ibrium nature of the ionization. Es t i -  
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mates made by one of the authors together with S. P. Popov show that the electron temperature is some- 
what higher than the ion temperature, and accordingly the degree of ionization a e is also higher (especially 
in the region of low ae and T). This leads to a somewhat higher absorption coefficient v~v for the vapor- 
izing surface and hence to an earlier development of screening and a thinner cold layer than follows from 
the calculations which were conducted on the assumption of thermodynamic equilibrium. Note that the non- 
equilibrium ionization, reducing the time for heating the vapors, exerts a stabilizing effect on the process 
of "burning" of the material (reradiation plays the same role), decreasing the duration of the pulsations 
detected in [2, 3]. The results of calculations which take this circumstance into account are published sep- 

arately. 

The authors are grateful to V. V. Novikova for great assistance in conducting the calculations for the 
stationary state problem and analyzing their results and to L. P. Markelova and V. A. Onishchuk for help 
in conducting the calculations of the thermodynamic and optical properties of the vapors. 
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