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The ga s -dynamic  and t h e r m a l  p r o c e s s e s  which occur  when a h igh-power  flux of l a s e r  r a d i -  
ation in t e rac t s  with a m a t e r i a l  a re  inves t igated.  Fluxes  for  which the sublimation ene rgy  
can be neglected com pa red  with the t h e r m a l  and kinetic ene rgy  of the v a p o r s  fo rmed  are  
cons idered .  The e lec t ron  t h e r m a l  conductivity is  cons idered  as  well  as  the hydrodynamic  
d i spe r s ion .  The p r o p e r t i e s  of  d i f ferent  modes  of propagat ion of t e m p e r a t u r e  waves  in a 
moving med ium are  studied. The case  of an infinitely la rge  absorpt ion coefficient  is  given 
pa r t i cu l a r  at tention.  

1. The poss ib i l i ty  of attaining t e m p e r a t u r e s  of the o rde r  o f t  08~ concentra t ing a high-power  flux 
of l a s e r  radia t ion on a sma l l  m a s s  of m a t e r i a l  has been d i scussed  in [1-3]. The ove ra l l  energy  in the 
pulse in this  case  is  com pa ra t i ve l y  smal l .  It has  been pointed out [1] that  the i nc r ea se  in t e m p e r a t u r e  
is  l imi ted  by the e lec t ron  t h e r m a l  conductivity,  

Analys is  of the solution of the ga s -dynamic  equations taking into account heat  t r a n s f e r  by radia t ion 
and t h e r m a l  conductivi ty shows that  two qual i ta t ively  di f ferent  modes  of propagat ion of heat in a moving 
med ium exist ,  namely ,  the so -ca l l ed  TW-I  (a t e m p e r a t u r e  wave of the f i r s t  kind) and TW-H (a t e m p e r a -  
tu re  wave of the second kind). 

The ex is tence  of two types  of t e m p e r a t u r e  waves  was f i r s t  pointed out in [4]. In [5], which is  de -  
voted to a s e l f - s i m i l a r  solution of the one-d imens iona l  plane p rob lem of the mot ion of a pis ton in an ideal  
heat -conduct ing gas ,  the re  is  a detai led study of the p r o p e r t i e s  of TW-I  and TW-II .  The different  modes  
of heat ing a r e  a lso  cons idered  in [6-9]. 

2. We will cons t ruc t  a number  of plane one-d imens iona l  s e l f - s i m i l a r  p r o b l e m s  of radia t ion g a s -  
dynamics  taking into account nonl inear  t h e r m a l  conductivity,  by  analyzing which we will obtain the qual i -  
ta t ive  c h a r a c t e r i s t i c  of the two types  of t e m p e r a t u r e  waves .  Despite  the re la t ive  n a r r o w n e s s  of the c lass  
of appropr ia t e  s e l f - s i m i l a r  solutions,  the main  p r o p e r t i e s  of the TW-I  and TW-II  modes  which e m e r g e  
f r o m  the ana lys i s  a re  a lso  c h a r a c t e r i s t i c  of the genera l  case ,  when the conditions for  s e l f - s i m i l a r i t y  a re  
not sa t i s f ied .  

We will  a s s u m e  that the t h e r m a l  conductivi ty and the absorpt ion  fac tor  a re  power  functions of the 
t e m p e r a t u r e  and density:  

= ~4oTap b, K :KoTa~p ~' (2.1) 

In pa r t i cu la r ,  fo r  a comple te ly  ionized p l a s m a  (see [10]) the d imens ion less  constants  in Eq. (2.1) a re  

a - -  5t2, b = O, a 1 = - - 3 1 ~ ,  b 1 = 2 ( 2 . 2 )  
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The gas  is  a s s um ed  to be ideal  with the equation of s tate  

P = R p T ,  e = R T / ( 7 - - t )  

where  ~/is  the ra t io  of the specif ic  heats ,  and R is  the un ive r sa l  gas  constant .  

The set  of equations of gas  dynamics  in the one-d imens iona l  plane approximat ion,  taking the l a s e r  
radia t ion and the t h e r m a l  conductivity into account, has the f o r m  

(2.3) 

0 r o ( ~ )  0" 0. - R  ~ ( o  ), = 
a-T = -~- T 0,, 

R aT  ov OW W = q .-~ W e 
"r--  i O---i- "~ RPT'7~m "-=- O r e '  

W e  = - -  uoTap b+l 

(2.4) 

where  m i s  the Lagrange  m a s s  var iab le ,  t i s  the t ime ,  v i s  the veloci ty,  p i s  the density,  P i s  the p r e s s u r e ,  
T i s  the t e m p e r a t u r e ,  q i s  the flux densi ty  of the radiat ion,  and W e i s  the heat  flux due to the e lec t ron  t h e r -  
ma l  conductivity.  

We will cons ider  two p r o b l e m s .  

P rob l em A. The radia t ion flux i s  comple te ly  absorbed  in the region of the boundary of the gas  with 
the vacuum or  with the piston (m= 0). In the region m > 0 the heat  t r a n s f e r  i s  pure ly  by  t h e r m a l  conduction: 

q={~0 t  ~ for  m = 0  
for  m > 0 

(2.5) 

where  q0 and q a r e  cons tants .  

P rob l em B. At the boundary m = O we a re  given the radia t ion flux 

(O, t) = qot ~ (2.6) 

In the region m > 0 the following t r a n s f e r  equation holds: 

Oq / ~ m  ----- : -  KoTa 'pbZ- lq  (2.7) 

For  both p rob lem s we will  a s s um e  that  at the point m =  O the following conditions a re  a lso  sat isf ied:  

for  the vacuum 

P(0,  t) = 0 ,  We(0, t) = 0  (2.8) 

for  the piston 

v (O, t) = rot  no, W e(0, t)  = 0  (2.9) 

The init ial  conditions for  t = 0 for  all  m > 0 have the f o r m  

v(m, 0) = 0 ,  T(m, 0)----0, p(m, 0) = p o  (2.10) 

Analysis  shows that  the solution of p rob lem A is  s e l f - s i m i l a r  i f  the foUowing conditions a re  sat isf ied:  

g = a/z (a  - -  1) ,  no  = 1lag ( 2 . 1 1 )  

The solution of p r o b l e m  B i s  s e l f - s i m i l a r  Lfeonditions (2.11) a re  sa t i s f ied  and t he r e  is  also the fo l -  
lowing additional r e l a t i o n ~ ~ h s p a r a m e t e r s  a and a 1 (see [11]): 

a 1 = x/z - -  a ( 2 . 1 2 )  
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I_f the s e l f - s i m i l a r i t y  conditions a re  sa t i s f ied  [Eq. (2.11) or  Eqs.  (2.11) and(2.12)], the independent 
v a r i a b l e s  m and t and the requ i red  functions can be r e p r e s e n t e d  in the following fo rm:  

m = sq~3o'o/'t 1 +g t3 ,  v ( m ,  t) = a(s)  q'ohpo'/*t g /a  

0 (m, t) = ~ (~) p0, r (m, t) = / (s) qo/'Oo'/'n-~t ~/~ 
W e  (ra, t) = o) (s) qot a, q (m,  t) = cp (s)qot g 

(2.13) 

Using Eqs.  (2.13), we obtain f r o m  Eqs.  (2.4) a s y s t e m  of o rd ina ry  di f ferent ia l  equations of  the f o r m  

noa  - -  nsa" + (6])'---=0,. ns6 - v  ~ a" = 0 
(7 --  i) -1 (2nd - -  nsf') + ~.fa" + (o + q))' = 0 

~o = - ~l%b+:fl 
(2.14) 

where  

n o = g ~ 3 ,  n =  i ' + g / 3  

In addition, for  p rob l em  A we have 

( 0 ) = i ,  ~(s) = 0  for  s > 0  (2.15) 

and for  p rob lem B we have 

( 0 ) = 1 ,  , ' = - - o / " ' 6  b'-I ~ for  s > 0  

The d imens ion les s  quant i t ies  X and ~ have the fo rm 

(2.16) 

e tc .  

/a.b-(2~+~) /3R-(~+~ ) = Koq(o~,+~) /3pbo,-'/~-~,/~R-r (2.17) )~ : ~oq 2(a-l) vo , 

In Eq. (2.14) we have denoted the de r iva t ives  with r e s p e c t  to the d imens ion less  va r iab le  s b y f ' ,  a ' ,  

Fo r  both p r o b l e m s  the boundary  conditions (2.8)-(2-10) in the d imens ion les s  v a r i a b l e s  (2.13) have 
the fo rm:  

in the case  of a vacuum 

(0) = 0 (2.18) 

in the case  of a piston 

a (0) = a o = VoPoV~ / qo~/. 
(2.19) 

( 0 ) = 0 ,  ~ ( o o ) = 0 ,  ! ( ~ o ) = o ,  ~ ( o o ) = 0 ,  8 ( o o ) = t  

3. We will now cons ider  p r o b l e m  A in m o r e  detail~ T h e  ana lys i s  and cons t ruc t ion  of some example  s 
of s e l f - s i m i l a r  solutions of  p rob lem B a re  cons idered  in [11]. We note that  the case  when the medium is  
a s sumed  to be opt ical ly  thick and the radia t ion is  desc r ibed  within the f r a m e w o r k  of radiant  t h e r m a l  con-  
duction also r ed uces  to p rob l em  A. This  case  has  been  inves t igated in detai l  by solving the p rob lem of a 
piston with given t e m p e r a t u r e  conditions in [5]. 

We will fo rmula te  the main  r e s u l t s  of the inves t iga t ions  made  p rev ious ly .  

It has  been  shown that  the solution of p rob lem A for  a > 0 has  the f o r m  of a t e m p e r a t u r e  wave which 
p ropaga tes  with finite veloci ty .  The posi t ion of the t e m p e r a t u r e  wave f ront  i s  r e p r e s e n t e d  by a d imen-  
s ionless  coordinate  s = st, which sa t i s f i e s  the conditions 

a(sl) = 0, ] (s l ) -= 0, co(s1) = 0, 6(s~)-~ t (3.1) 

The posi t ion of the wave front  s = s I for  given boundary conditions and d imens ion less  constant  X is  
found by  solving the s y s t em  of equat ions (2.14) numer ica l ly .  
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Analysis  of the s e l f - s i m i l a r  solution obtained for  d i f ferent  va lues  of the p a r a m e t e r s  ~ shows that  
two different  modes  of propagat ion of heat  exist:  

1. A t e m p e r a t u r e  wave of the f i r s t  kind (TW-I) - a  mode of propagat ion of heat  with supersonic  v e -  
loci ty.  This  mode has  the following p roper t i e s -  

a) the t e m p e r a t u r e  wave propaga tes  with finite veloci ty  with r e s p e c t  to the init ial  boundary  with zero 
t e m p e r a t u r e ;  

b) the ve loc i ty  of the wave f ront  of TW-I  is  a lways  g r e a t e r  than the local  i s o t h e r m a l  veloci ty  of sound 
c= ~ (supersonic heating); 

c) the densi ty and o ther  hydrodynamic  quanti t ies  behind the front  of the TW-I  inc rease ;  

d) between the piston and the wavefront  of TW-I  the re  i s  an i so the rma l  shock wave.  

An example  of the supersonic  propagat ion  of heat is shown in Fig.  i .  

2. A t e m p e r a t u r e  wave of the second kind (TW-II), which i s  a mode of propagat ion of heat  with sub- 
sonic veloci ty .  This  mode has  the following main  p rope r t i e s -  

a) the wave f ront  of the TW-II  has  ze ro  heat  flux and m a x i m u m  densi ty  at th is  point; 

b) the ve loc i ty  of the wave front  of TW-II  is  always l e s s  than the local  i so the rma l  ve loc i ty  of sound 
(subsonic heating); 

c) the densi ty and ve loc i ty  behind the wave f ront  fall  (see Fig.  2); 

d) the region between the wave front  of TW-II  and the shock wave which moves  ahead of i t  is  a lmos t  
adiabatic  (the heat  f luxes a r e  small) ,  the front  of the shock wave i s  somewhat  b l u r r e d  by the t h e r m a l  con-  
ductivi ty and is  an i so the rma l  jump.  

A change in the mode of propagat ion of hea t  i s  de te rmined  by the va lues  of the p a r a m e t e r s  ~. I t  has  
been shown that  when 

X ~ ~, (3.2) 

where  X. is  a ce r t a in  d imens ion less  constant,  the TW-II  mode ex i s t s .  

When 

> ~, (3.3) 

the TW-I  mode ex is t s .  

Using Eqs.  (2.17) and the express ion  for  q0 in t e r m s  of the total  ene rgy  E of the in te rac t ion  of the 
source  of radia t ion during the t ime  �9 : 

qo (g + i) E / ~g§ (3.4) 
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the lef t -hand side of the inequal i t ies  (3.2) and (3.3) can be 
wr i t t en  in the f o r m  

= • (g -~ I)~E~z-r -(~+~) (3.5) 

where  c = 2 ( a - l ) / 3 .  

In pa r t i cu la r ,  i t  follows f rom re la t ions  (3.2)-(3.4) and 
Eqs .  (2.2) that  for  the case  of a comple te ly  ionized p l a s m a  
(in the case  g= 1) the TW-I  mode ex i s t s  when 

E _ I ~, P2off/' (3.6) 

and the TW-II  mode ex i s t s  when 

(3.7) 

The d imens ion les s  constant  X . i s  found by n u m e r i c a l  solution of the s e l f - s i m i l a r  p rob lem A. 

In th is  case  in r e l a t ions  (3.6) and (3 .7 ) fo r  T = 5/3 the value of ?% is  3.75. However,  the ga s -dynamic  
mot ion b e c o m e s  of com pa ra t i ve l y  l i t t le  i m p o r t a n c e  (the drop in densi ty  on the shock wave in the depth of 
the TW front  i s  not g r e a t e r  than 1.5), and only begins  at va lues  of X g r e a t e r  than 50. 

4. We have noted above that  p rob l em A is  s e l f - s i m i l a r  provided the conditions (2.11) a r e  sa t is f ied.  
I f  g is  a r b i t r a r y  (for example ,  for  q(0, t)= q0=const) , the p rob lem is  not s e l f - s i m i l a r .  However,  the nu-  
m e r i c a l  solution of th is  p rob lem shows that  for  the TW-II  mode in the heat ing region,  i .e. ,  in the region 
between the wave f ront  of TW-II  and the v a p o r - v a c u u m  boundary,  the solution of p rob l em A in t ime  approaches  
the s e l f - s i m i l a r  mode,  in which the r equ i red  functions have the fo rm 

F i ( m , t ) - : - / i ( s ) F o i t ' i  ( s=m/  Act n) 

Figure  3 shows a graph of the d imens ion les s  t e m p e r a t u r e  as  a function of the s e l f - s i m i l a r  va r i ab le  
s, which i l l u s t r a t e s  how the solution asympto t ica l ly  approaches  the s e l f - s i m i l a r  mode in the heating region.  
(Se l f - s imi la r  p r o b l e m s  of this  type were  f i r s t  cons ide red  by Sakharov, Zel 'dovich  and the i r  c o - w o r k e r s .  
A s i m i l a r  p rob lem,  ignoring the t h e r m a l  conductivity, was  cons idered  in [12, i3]) .  

In the TW-I I  mode it  can be a s s um ed  approx ima te ly  that  the p r e s s u r e  at the f ront  of  the t e m p e r a t u r e  
wave (PT) i s  equal to the p r e s s u r e  at the f ront  of the shock wave (Pv), which moves  in front  of the TW with 
r e s p e c t  to the "ini t ial  background,"  with densi ty  p(m, O)=p o (see F ig .  2). F r o m  the value P v = P T  i s  ea sy  
to find the m a s s  veloci ty  (Dv= ~/0.5(T + 1)PTP0) and other  p a r a m e t e r s  of the shock wave.  

Calculat ions show t h a t t h e  solution of the p rob lem can be cons t ruc ted  as  follows. In the region 0 -< 
m -  m T enveloped by the t e m p e r a t u r e  wave a s e l f - s i m i l a r  solution i s  cons t ruc ted  f r o m  which the p r e s -  
sure on the t e m p e r a t u r e - w a v e  front  PT = P(mT,  t) and the depth of heating m T a re  de te rmined .  Using the 
condition Pv = PT the s e l f - s i m i l a r  solution is  matched  to the n o n - s e l f - s i m i l a r  solution under  the exis t ing 
conditions of the shock wave which moves  in front  of the t e m p e r a t u r e  wave with r e s p e c t  to the background 
P = P o .  

The d imens ion les s  v a r i a b l e s  and the r equ i red  functions in the heat ing reg ion  can be r e p r e s e n t e d  in 
the following fo rm:  

m -~- sq (~a-b-1) / dM--(~a+l) / du2/d t n 

v (m, t) ---- a (s) qa-b) ~dR(a+1)/dU~-I/dtno 

T (m, t) = / (s) qo 2a-b) / dR(l+Sb) / dU~-~ / dt~n~ (4.1) 

where  d= 2a+ 1 - 3 b ,  and 

W t  (m, t) = (o (s)qot a, q (m, t) = ~ (s) qot ~ 
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where  ~0(s) = 1 fo r  s = 0 and q(s) = 0 for  s > 0, and 

g '2nl /.to = g nl 2 ( a - - t )  g - -3  
n = " t - ~ -  ~ 3 ' 3 3 ' n l  = ' 2 a - - 3 b + t  ' 

The p r o b l e m  i s  s e l f - s i m i l a r  fo r  a r b i t r a r y  va lues  of g > - 1  (the c a s e  when g-< 1 has  no phys ica l  m e a n -  
ing s ince  in this  ca se  the e n e r g y  of  the l a s e r  r ad ia t ion  in t roduced  is  infinite) .  

F r o m  the s e l f - s i m i l a r  solut ion one can find n u m e r i c a l l y  the va lues  of  the d i m e n s i o n l e s s  coord ina te  
of  the wave  f ron t  of  the t e m p e r a t u r e  wave s = s 1, whe re  the fol lowing condi t ions  a r e  sa t i s f ied :  

l (sl) = O, a (sl) = O, r (s~) = 0 

and the d imens ion l e s s  p r e s s u r e  fl(si)= ft 1 > 0. F o r  example ,  fo r  the c a s e  when 3' = 5/3 when the p l a s m a  is  
comple t e ly  ionized  (a = 5/2, b= 0) and for  a cons tan t  boundary  flux of  r ad i a t ion  (g= 0) we have s 1 = 0.6 and 

fli = 0.42. 

The depth o f  hea t ing  o f  the m a t e r i a l  and the p r e s s u r e  on the hea t ing  f ron t  a re  found f r o m  the equat ions  

o i~ 2.2a--b--1D--2(a§247 mr = ol ~'~o uo -~ ~, (4.2) 

PT 91 (~oq~(a-b)R--(a+l)) 1/dt2g/3+n,/3 ' (4.3) 

A s s u m i n g  fu r the r  than PT = Pv'  we find that  the m a s s  ve loc i ty  and the m a s s  coord ina te  of  the shock  
wave r e s p e c t i v e l y  have the fol lowing f o r m :  

n .  = V 0.5 (~ + t) ~ip~: (g/'q~-~R7 i"+1) ~')! ~ t" / ~+" ' / '  

rn~ Vo.5 (~ + t) $~ p~/, (u~/,q~_b)~,(a§ dtg/3+1+,,/,' 
g/8-~ l-~-nl/6 

(4.4) 

(4.5) 

C o m p a r i s o n  of  the p a r a m e t e r s  of  the shock  f ront  and the t e m p e r a t u r e  wave  enab les  u s  to d e t e r m i n e  
(apar t  f r o m  a d i m e n s i o n l e s s  factor)  the c r i t i c a l  ins tan t  of  t ime  a t w h i c h t h e  s e l f - s i m i l a r  mode  is  approached .  
In fact ,  the d i f fe rence  be tween  the m a s s  c o o r d i n a t e s  which define the pos i t ion  o f  the shock  f ron t  and the 
t e m p e r a t u r e  wave  has  the f o r m  

A m  ~ -  m v - -  m T  - ~  s l  ( u o 2 q ~ - b - l R  -~(a+l)) l  / d t g / 3+1+., / e (Xo - -  t TM ~ ~) (4 .6)  

where  

Xo = Vo .5  (~ + t )  91 (g / 3 + 1 + nl / 6)-~ 41p~ ' (~(~ +1) / ~Uo/,q;(.-1))l / d 

Since in the T W - I I  mode  the shock  wave  m o v e s  in f ront  of  the t e m p e r a t u r e - w a v e  f ront ,  we m u s t  have 
A m > 0 .  

It  fol lows f r o m  Eq.  (4.6) that  Am van i shes  when t = 0 and t = t . ,  whe re  

t ,  = ( ] / 0 . 5  (T + 1) ~1 (g / 3 -k n, / 6 + t) -~ s-'p~/') ~ / TM (R3(a+l) / 2U;'/'q~-a) ~/~a~g-a (4.7) 
i 

Consequent ly  if  2a+ 1 -  3b > 0, a > 1, then when g <  3 ( a - 1 ) / 2  the s e l f - s i m i l a r  mode  o c c u r s  when t > t . ,  
whe re  the "c r i t i c a l "  t ime  t = t .  i s  given by  Eq. (4.7). 

In pa r t i cu l a r ,  the TW-I I  mode  ex i s t s  at  the a sympto t i c  s tage  of  the heat ing and v a p o r i z a t i o n  p r o c e s s  
when g <  0, i .e . ,  when the flux i s  v e r y  l a rge  (infinite) at  the  ini t ia l  ins tan t  t=  0, and then when t > 0 d e c r e a s e s  
sha rp ly  fol lowing a power  law and a l so  when g= 0, i .e . ,  in the  c a s e  when q(0, t) = q0 =cons t .  At the ini t ia l  
s t age  of  the  p r o c e s s  the  T W - I  m o d e  o c c u r s .  

When g > 3 ( a - 1 ) / 2  the s e l f - s i m i l a r  T W - I I  mode  ex i s t s  in the ini t ia l  s tage  of  the p r o c e s s ,  i .e . ,  when 
t <  t . .  in the a sympto t i c  s tage  the T W - I I  mode  changes  into the T W - I  mode ;  i .e . ,  supe r son i c  hea t ing  o c -  
c u r s .  
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In the case  when g= 3 ( a - 1 ) / 2 ,  the s e l f - s i m i l a r  mode occu r s  both in the heating region and in the 
shock-wave region~ This  case  has  been cons idered  in Sec. 3. 

When T = ~ ,  g= 0 (constant rad ia t ion  f lux at the boundary),  a = ~ ,  and b = 0 (completely ionized gas),  
the t e m p e r a t u r e  T, the depth of heating m T =  m 1 and the value t = t ,  (the instant  when the modes  of heat  
propagat ion  change) have the fo rm 

T (m, t) = / (s) q~R~/'~o~/'t '/' 

m i = O. 6"~/~B-'/'• o 

t ,  = uoqop~R -'12 (0.4 [0.2i (7 + i)]-'/2) 4--~ 1/ls• o-aR -'/" 

The authors  thank A. A. Samarsk i i  for useful  d i scuss ions .  
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