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This article presents a qualitative description and analysis of various 
hydrodynamic and physical phenomena taking place when a solid 
surface is exposed to a long-term action of a sufficiently intense light 
flux. 

The neeessiry of experimental studies of these phenomena is demon- 
strated by showing the complexiry of the processes of heating and 
motion of a vaporized substance and the difficulry of producing an 
accurate description of the phenomena m question in the absence of 
certain essential data. 

It is postulated that more powerful explosive sources, producing fluxes 
of 106 joules/em z sec should be used as luminous radiation sources. 
Data is reported which were obtained by experiments using a source of 
this kind; the source generated a radiation pulse of 30 psec whose 
spectrum corresponded to a temperature of 3 �9 104~ K. These experi- 
ments proved the feasibility of using explosive sources in studies of the 
volatilization and heating of vapors under "quiet" conditions. High- 
speed motion pictures were taken of the luminescent zone produced at 
an irradiated surface, and the speed at which the boundary of this zone 
moves (200-500 m/see) was measured. The luminescent zone was 
shown to be formed by vapors of the irradiated material. When lumi- 
nescence was observed, an increase in pressure (up to several kg/cm z) 
at the irradiated surface was recorded; this effect was attributed to the 
recoil action of vapors moving away from a boiling or subliming ma- 
terial surface. A time lag in the onset of volatilization was observed 
and attributed to the influence of the heat conduction in the ma- 
terial and to the reflection of a part of the incident radiation. 

w 1. Qual i ta t ive  desc r ip t ion  and ana lys i s  ofprocesses 
t ak ing  place dur ing  i r r a d i a t i o n  of so l ids .  Many i n v e s t i -  
gat ions a re  at p r e s e n t  concerned  with the effect of lu -  
minous  rad ia t ion  on solid su r f aces  and with the r e s u l t -  
ing hydrodynamic  and phys ica l  phenomena .  

Incident  r a y s  pene t ra te  an i r r a d i a t e d  solid to a 
depth which is  c o m m e n s u r a t e  with the mean  f ree  r a d i -  
at ion path l 0 in  the m a t e r i a l  cha r ac t e r i z ed  by i t s  n o r -  
ma l  dens i ty  P0 and an in i t i a l  t e m p e r a t u r e  T 0. If the 
rad ia t ion  flux i s  suff ic ient ly  in tense ,  the ene rgy  gen-  
e ra ted  in  the m a t e r i a l  su r face  l a y e r s  r a i s e s  t he i r  t e m -  
p e r a t u r e  to v e r y  high levels ,  r ight  up to t h e i r  boi l ing  
points  at a tmospher i c  p r e s s u r e .  

This  rap id  t e m p e r a t u r e  r i s e  i s  due to the fact that  
l o of many  m a t e r i a l s  i s  v e r y  s m a l l .  And so, in  the case  
of luminous  rad ia t ion  ac t ing  on me ta l s  at, or  not v e r y  
much above, room t e m p e r a t u r e ,  l 0 i s  of the o r d e r  of 
the wave length of light, i . e . ,  10-4-10 -5 cm [1]. Even 
in  the hard  u l t r av io le t  or  soft X - r a y  range ,  I 0 does 
not exceed 10-3-10 -4 cm.  

Consequent ly ,  the m a s s  of the heated sur face  l a y e r s  
i s  sma l l  and so i s  the energy  r e q u i r e d  to genera te  a 
quant i ty  of hea t  equiva lent  to the heat  of vo la t i l i za t ion  
Q of the given m a t e r i a l .  For  ins tance ,  the energy  flux 
r equ i r ed  to i n c r e a s e  the heat  content  of a m a s s  of 
10 -4 g / c m  2 by e ~ Q = i0  li e r g / g  i s  E ~> 1 j o u l e / c m  2. 
In the case  of long heating,  however ,  the depth of hea t -  
ed sur face  l a y e r s  may  be subs tan t i a l ly  i n c r e a s e d  due 
to heat  conduct ion.  

The th ickness  of  a heated l ayer  i s  of t he  o r d e r  of 
~ ,  where  a is the coeff ic ient  of t h e r m a l  diffusivi ty  
of the m a t e r i a l  in  quest ion,  It i s  evident  that  heat  con-  
duction plays  a s igni f icant  pa r t  i f  a4~ > l, where  T i s  
the i r r a d i a t i o n  t i me .  In the case  of good heat  conduc-  
t o r s  a i s  of the o r d e r  of 1 cm2/see ,  and the effects  of 
heat  conduct ion a re  mani fes ted  at T --~ 10 -8 sec i f  l ~< 
~<10 -4 cm.  However,  even  at T = 10 -4 sec the th ickness  
of a l ayer  heated by heat  conduct ion cannot  exceed 
10 -2 cm.  

The speed of sound in a sol id (normal  dens i ty  P0) 
heated to e ~ Q i s  of the same  o r d e r  of magni tude  as 
that  at room t e m p e r a t u r e ,  i . e . ,  about 3 �9 l0  s c m / s e c .  
It i s  evident  that  a l ayer  10-4-10 -5 cm thick wil l  s t a r t  
expanding at t i m e s  as shor t  as 10 -1~ sec,  but a l aye r  
10 -2 cm thick wil l  a lso expand if  t > 10-7 sec .  

This a r t i c l e  i s  concerned  with long heat ing  t i m e s  
1- when the heated l a y e r s  expand to a cons ide rab le  ex-  
ten t  and when the m a t e r i a l  p a s s e s  into the gaseous  
s ta te .  Rapid expans ion  of the heated i a y e r s  leads  to an 
i n c r e a s e  in  the vo lume in  which ene rgy  i s  genera ted ,  
and, consequent ly ,  to a subs tan t i a l  reduc t ion  in  p r e s -  
su re  p as compared  with cases  in which no expansion 
takes  place (" ins tan taneous"  heat ing) .  

When w i s  v e r y  la rge ,  the p r e s s u r e s  produced a re  
r e l a t i ve ly  low and lower  than the c r i t i c a l  p r e s s u r e  
p .  ~ 1]a 0 p0Co ~. If the m a t e r i a l  did not expand, heat ing i t  
to e ~ Q would produce  p r e s s u r e s  of the o r de r  of the 
bulk c o m p r e s s i o n  modulus  P0C~, i . e . ,  p r e s s u r e s  of 
t ens  or  even  hundreds  of thousands of a tmospheres  
(whereas  the c r i t i c a l  p r e s s u r e s  a re  of the o rde r  of 
hundreds  or  s e ve r a l  thousands a tmospheres ) .  

If one c ons i de r s  the p r ob l e m of expans ion  of a con-  
t inuous ly  heated m a t e r i a l  at p ~ Po ( thermoelas t i c  
s t r a ins )  i n  which ene rgy  exponent ia l ly  dec rea s ing  with 
the d i s tance  f rom the sur face  is  genera ted ,  the max i -  
m u m  p r e s s u r e  Pmax in  the r e s u l t i n g  c o m p r e s s i o n  wave 
spread ing  f rom the heated zone wil l  be r q / c  0, where  r 
i s  the Gr~ineisen cons tan t  and q the  energy  f lux .  It i s  
i n t e r e s t i n g  that  Pmax does not depend on the th i ckness  
of the heated sur face  l aye r .  At q = 106 ] o u l e s / c m  2 sec,  
F ~ 1 and c o ~ 3 �9 105 cm/sec ,  we obtain Pmax = 30 
k g / c m  2. And so, the p r e s s u r e  i s  i n  fact quite low if  
the ene rgy  flux i s  not  too l a rge .  

If the hea t ing  and expans ion  of a subs tance  a re  suf-  
f ic ien t ly  "slow" and i f  the superhea t  of the l iquid i s  
smal l ,  which takes  p lace  when the  heated l aye r  th ick-  
n e s s  i s  " l a rge"  (the heated l a ye r  t h i cknes s  l i s  l a r g e r  
than the f ree  path of r ad ia t ion  due to heat  conduction),  
cont inuous supply of e n e r g y  a f te r  the subs tance  has 
reached  i t s  boi l ing point  T k (at t he  given p r e s s u r e )  
wil l  produce fu r the r  expansion and gradua l  (quasi -  
equ i l ib r ium)  c o n v e r s i o n  of a pa r t  of the subs tance  to 
vapor ,  this  be ing  accompanied  by a rap id  d e c r e a s e  in  
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its density; when the internally generated energy e is 
la rger  than the heat of volatilization Q, the entire 
heated layer will volatilize. The vapor temperature 
under these conditions is near the boiling point at at- 
mospheric pressure ,  since the variation in the boiling 
point at p ressures  considerably below the cr i t ical  lev- 
el is small.  

Since the mass  of the heated layer  (at Po ~ 1 g /cm 3) 
does not exceed 10 -2 g / cm 2, the energy that must be 
supplied to the material  surface to generate a quantity 
of heat la rger  than Q (Q being of the order  of 1011 
e r g s / g  or  104 joules/g) is less than 100 joules/cm~; 
it is necessary,  of course,  to allow for the reflection 
of a part  of incident radiation. 

It is  therefore certain that if the irradiation time 
T is of the order  of 10 .4 sec, the surface layer will be 
volatilized if the energy flux q of the incident radiation 
exceeds 106 joules/era2 sec (E ~> 102 joules/era2). The 
volatilization under these conditions will be "quiescent w 
as distinguished from "explosive," volatilization taking 
place when �9 is ve ry  short.  

It should be borne in mind that the expansion of the 
heated material  and its partial volatilization may be 
accompanied by changes in the absorption coefficient. 
However, if the radiation spectrum is sufficiently 
broad (as is the case under experimental conditions 
described below) and if a large portion of the spectrum 
belongs to the ultraviolet radiation (with a quantum 
energy of up to 10 eV), in most  cases  there are atomic 
or  molecular  levels of the volatilized substance whose 
energy is lower than the maximum energy of quanta 
present  in the spectrum. As a result, the vapors con- 
tinue to absorb radiation and increase their heat con- 
tent. 

It should be noted that a different situation may 
arise in the case of a substance exposed to long-wave 
radiation, when metal vapors  may become quite t r ans -  
parent to the incident radiation. However, in the pre-  
sence of a hard spectrum component which is absorbed 
by the vapors and when expansion of the vapor takes 
place, only a par t  of the radiation will be absorbed by 
the vapors and ra ise  their  heat content; the remaining 
par t  will penetrate to the more deeply seated substance 
layers  and produce their volatilization. The mass  ab- 
sorption coefficient during the heating and expansion 
of vapors may remain constant if the absorption is 
effected by sufficiently deep atomic or  molecular  lev- 
els, i. e o, if the radiation spectrum is not too soft and 
the heating not too intense. 

In the case of a constant mass  absorption coeffi- 
cient, when neither the variation in the state of aggre-  
gation of the material  nor changes in the vapor tem-  
perature and density produce any changes in the mass  
in which heating takes place, the depth of penetration 
of the "hard" portion of the spectrum in the vapors 
(before their ionization) is small.  For  quanta with an 
energy hv <~ I, where I is the f i rs t  ionization potential, 
the mass  absorption coefficient ~ is usually of the o r -  
der 105-3 �9 105 cmZ/g. At pressures  p ~ 10 kg/cm z and 
T ~ 2 �9 10 ~~ K, when p ~ 10 -'~ g / cm ~, we find that the 
free path l ~ 10 2-3 �9 10 -z cm. At the same pressure ,  
but at T ~ 2 �9 10 ~ ~ K, when p ~ 3 �9 10 -5 g/cm ~, the free 

path l ~ 10-1-3 �9 10 -1 cm (without taking account of 
ionization). 

One of the authors of this art icle showed [2, 3] that 
hydrodynamic motion does not strongly hinder the 
heating of a continuously expanding gas, since its ki- 
netic energy accounts only for about 50% of its total 
energy. 

It is  evident, however, that ~ cannot remain con- 
stant at a rb i t rar i ly  high levels of heating, When the 
internal energy of a substance reaches a certain value 
e , ,  levels ensuring the absorption of the hardest  por-  
tion of the spectrum cease to exist. 

If one considers  energies of the levels 5-10 eV, 
i . e . ,  the absorption by the optical electrons of the 
outer shells, e .  is of the order  of 105 joules /g  [4, 5] 
(T, ~ 1-2 eV). Let us assume that there is no absorp- 
tion at e ~ e .  and that the absorption coefficient is 
constant at e < e . ;  then the substance cannot be heated 
above e . ,  and a steady-state heating wave is produced. 

The temperature  T ,  corresponding to e .  may be 
called the t ransmit tance temperature .  

When the absorption coefficient decreases  rapidly 
near a certain temperature,  this temperature  may be 
taken as the conditional t ransmit tance temperature,  
and the heating effects above this temperature  may be 
neglected. Naturally, T .  depends substantially on the 
radiation spectrum, on the composition of the vapors, 
and on the vapor p ressure  (and, consequently, on the 
radiation flux intensity), being weakly dependent on 
the thickness of the vapor layer (strictly speaking, the 
motion will not be steady-state in character) .  

It should be noted that if T .  is lower than the effec- 
tive temperature  Te of the incident radiation, the quan- 
tity of energy re-emit ted by the vapor is small .  And 
so, for T .  = 0.5 T e the re-emit ted  radiation flux (even 
if the vapor behaves as a black body) is by one order  
of magnitude weaker than the incident radiation flux~ 
at Te ~ 3 �9 104 ~ K the re -emiss ion  is weak if T ,  ~< 1-  
2 �9 104 ~ K. The structure of a quasi-s tat ionary heating 
wave in a vapor layer whose temperature  at the "hot" 
edge is constant was analyzed in [6]. 

To estimate the rate of "combustion" we can con- 
sider two cases:  the case in which there is no movement 
of the substance behind the wave ('/2 uS ~ e,) and the 
case when the heating wave moves so as to satisfy the 
Jouguet rule (in this case '12u ~ = ' l ~ u . ~ = l l ~  (~" - -  t) %)~ 
Consequently, in both cases  the relationship between 
the mass burn-up and the incident radiation flux is 

d m / d t  = m ~_. q~ ( e ,  + ~/2 u2) . ~  q / e , .  

If e ,  = 105 joules/g,  at q = 106 joules /em 2 sec, we 
obtain m = 10 g / c m  2 sec.  The value m is weakly de- 
pendent on the assumptions regarding the motion of 
the substance. The magnitude of the pulse and p res -  
sure is related to the efflux rate:  p ~ um. The rate of 
expansion of the substance u does not exceed the value 
u,  ~ ~/e, (~- --  1)i i . e . ,  5 km/sec ;  as a result,  the 
average vapor density p is higher than 10 -5 g/cm2~ If 
the dilation wave moves through the substance in har -  
mony with the propagation of the heating wave, the 
Jouguet rule is satisfied at its boundary, and this den- 
sity will be close to the actual. When the vapor es-  
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c a p e s  not into a vacuum but into any o the r  med ium,  
the  m a x i m u m  v e l o c i t y  of mot ion  m a y  be much  l o w e r .  

S t a r t i ng  f r o m  known v a l u e s  of e .  and p . ,  we m a y  
e s t i m a t e  the  v a p o r  p r e s s u r e  p; taking 7 = 1.2, we 
obta in  p ~ 2 k g / c m  2. S ta r t ing  f r o m  known v a l u e s  of u 
and m,  we obta in  p ~ 5 k g / e m  ~. And so, when the i r -  
r a d i a t i o n  t i m e  i s  long, the  v a p o r  p r e s s u r e  i s  low. In-  
c r e a s i n g  the hea t  f lux p r o d u c e s  an i n c r e a s e  in p. 

The m a s s  b u r n - u p  in  a g iven hea t  f lux m a y  be i n -  
c r e a s e d ,  the  eff lux v e l o c i t y  r educed ,  and the v a p o r  
dens i ty  and p r e s s u r e  i n c r e a s e d ,  when e .  i s  r e d u c e d .  
If the  bulk of the  r a d i a t i o n  e n e r g y  b e l o n g s  to quanta 
which  a r e  a b s o r b e d  only  by  the  condensed  subs tance ,  
T .  m a y  be c l o s e  to the bo i l ing  poin t  (with the  d i s a p -  
p e a r a n c e  of l iquid d r o p l e t s  the  v a p o r  no longe r  s c r e e n s  
the  so l id  su r f ace ) .  

It should be b o r n e  in  mind,  however ,  tha t  in th i s  
c a s e  a subs tan t i a l  r o l e  in  the  e n e r g y  ba lance  wi l l  be 
p l ayed  by  the e n e r g y  expended to v o l a t i l i z e  the  l iquid 
(usua l ly  Q = 103,104 j o u l e s / g ) :  

~ q, / ( q  + e~ + ~/~ u?)  ~ q~ /Q. 

Here  e k = CvTk; c v i s  the  spec i f i c  hea t  of the  v a p o r ;  
T k i s  the  bo i l ing  poin t  (usua l ly  e k ~< Q); qs  i s  the  hea t  
f lux t o w a r d  the  s u r f a c e  v o l a t i l i z e d  unde r  the  inf luence  
of r a d i a t i o n .  

When the Jougue t  r u l e  i s  s a t i s f i ed ,  

In th i s  c a s e  the  eff lux v e l o c i t y  does  not  v a r y  sub-  
s t a n t i a l l y  wi th  the v a r i a t i o n  in  the  r a d i a t i o n  flux; the  
p r e s s u r e  i s  p r o p o r t i o n a l  to the r a d i a t i o n  flux and the  
p r e s s u r e  p u l s e  I = ~E / I /Q ,  w h e r e  ~ = ~/T (7 - 1 )ek /Q.  
In the  c a s e  of  i r o n  and l ead  v a p o r s ,  r e s p e c t i v e l y ,  u k = 
= 1.0 and 0 . 5 . k m / s e c ,  e k = 103 and 2 x 102 j o u l e s / g ,  
and Q = 7 x 103 and 10 a j o u l e s / g ,  i . e . ,  ~ ~ 0.2.  Con- 
sequent ly ,  when the  hea t  f lux a t  the  sub l iming  i r o n  and 
l ead  s u r f a c e s  i s  qs  = 106 W/cm2, the  r e s u l t i n g  v a p o r  
p r e s s u r e s  should be  of the  o r d e r  of 5 and 25 k g / c m  2. 

The hea t  f lux qs  wi l l  be c l o s e  to the  t o t a l  i nc iden t  
r a d i a t i o n  f lux and the v a p o r  wi l l  not be  s u b s t a n t i a l l y  
hea ted  i f  the  ion iza t ion  po ten t i a l  I of the  subs t ance  i s  
h igh  and the  r a d i a t i o n  s p e c t r u m  su f f i c i en t ly  soft ,  i . e . ,  
i f  only  a v e r y  s m a l l  p r o p o r t i o n  of the  t o t a l  e n e r g y  b e -  
longs  to  quanta whose  e n e r g y  hv > I .  When the v a p o r  
i s  h igh ly  s u p e r h e a t e d  ( e .  >> Q), the  coe f f i c i en t  ~ << 1. 

It was  pos tu l a t ed  above  tha t  in  the  c a s e  of a suf f i -  
c i en t ly  "ha rd"  s p e c t r u m  and r e l a t i v e l y  low ion iza t ion  
po ten t i a l  the  va lue  e ,  c o r r e s p o n d s  to the  c o m p l e t i o n  
of  s ing le  ion iza t ion .  However ,  b e s i d e s  the  pho to e l e c -  
t r i c  a b s o r p t i o n  by  op t i ca l  e l e c t r o n s ,  a b s o r p t i o n  f r o m  
exc i t ed  ion l e v e l s  and f r ee  abso rp t i on  b y  e l e c t r o n s  
dur ing  t h e i r  c o l l i s i o n s  wi th  ions  m a y  t ake  p l a c e .  The 
e s t i m a t i o n  of  the  a b s o r p t i o n  coef f ic ien t  can  be c a r r i e d  
out  on the  b a s i s  of  the  c l a s s i c a l  t h e o r y  of  r e t a r d i n g  a b -  
so rp t ion  [4, 7]. And so fo r  i n s t ance ,  in  the  c a s e  of  a i r  
p l a s m a  at  T = 2 �9 104 ~ K, the  mean  f r e e  path of r a d i a -  
t ion  wi th  X = 6000 ~ fo r  p ~ 4 x 10 -5 g / c m  ~, i . e . ,  a t  a 

p r e s s u r e  of 10 k g / c m  2, i s  6 cm,  whi le  a v a p o r  l a y e r  
moving  at  a speed  of  about 5 k m / s e c  wi l l  a l so  be s e v -  
e r a l  c m  th ick .  Since l ~ ] (T) p -~ i~ -~  ~ (T)p-~, -~, the 
t r a n s m i t t a n c e  t e m p e r a t u r e  wi l l  depend on the vapor  
p r e s s u r e ,  vapor  l a y e r  t h i cknes s ,  c h a r a c t e r i s t i c  wave  
length  of the  inc iden t  r ad ia t ion ,  and the v a p o r  c o m p o -  
s i t ion .  F o r  c o m p a r i s o n ,  the  mean  f r e e  r a d i a t i o n  path 
in C, Fe ,  and Pb v a p o r s  [5] under  the s a m e  condi t ions  
(T = 2 ' 104 ~ K, p = 10 kg /cm 2, hv = 2 eV) i s ,  r e s p e c -  
t ive ly ,  15, 20, and 8 c m .  

It should be pointed out tha t  when the e l e c t r o n  con-  
c e n t r a t i o n  b e c o m e s  suf f ic ien t ly  high, the long-wave  
r ad i a t i on  wi l l  be a b s o r b e d  at  sha l lower  l eve l s  than the 
s h o r t - w a v e  r ad ia t ion ,  which wi l l  i n c r e a s e  the hea t ing  
in t ens i ty  o f  the  hot  edge and r educe  the  abso rp t ion  co -  
e f f i c ien t  fo r  a l l  the  wave leng ths .  

And so, hea t ing  a subs tance  and i t s  h y d r o d y n a m i c  
mot ion  l ead ing  to a r educ t ion  in i t s  dens i ty  m a y  p r o -  
duce subs t an t i a l  changes  in the op t i ca l  p r o p e r t i e s  of 
the  s u r f a c e  l a y e r .  In t h e s e  c i r c u m s t a n c e s  the  ou te r  
l a y e r s  of the  subs tance  wi l l  no longe r  be hea ted  [3]. 
The r a d i a t i o n  wi l l  begin  to be a b s o r b e d  at  d e e p e r  l a y -  
e r s  of  the  subs tance  which, when hea ted ,  a l so  begin  to 
move  and become  t r a n s p a r e n t  l ead ing  to the  onse t  of a 
s e l f - c o n s i s t e n t  r e g i m e  of the p ropaga t ion  of the  hea t ing  
and d i la t ion  wave [8]. Th is  i s  a ccompan ied  by  a slow 
v a r i a t i o n  in the  m a x i m u m  t e m p e r a t u r e  of  the  subs tance  
and in the eff lux v e l o c i t y  which i n c r e a s e  wi th  i n c r e a s -  
ing v a p o r  l a y e r  t h i c k n e s s .  Rough e s t i m a t e s  of v a r i o u s  
p a r a m e t e r s  can  be made  on the b a s i s  of so lu t ions  fo r  a 
q u a s i - s t a t i o n a r y  wave d e s c r i b e d  above .  The va lue  e ,  
i s  found f r o m  the condi t ion  tha t  the  op t ica l  t h i c k n e s s  
of the  v a p o r  l a y e r  i s  of  the  o r d e r  of  one, i . e . ,  l ( e . ) / x  

The i n c r e a s e  in the  t r a n s m i s s i v i t y  with i n c r e a s i n g  
hea t ing  i n t ens i t y  can  be o b s e r v e d  a l so  at  l ower  t e m p e r -  
a t u r e s  in  the  c a s e  of m o l e c u l a r  a b s o r p t i o n .  In the c a s e  
of iodine ,  fo r  i n s t ance ,  the  va lue  e .  c o r r e s p o n d i n g  to 
i t s  d i s s o c i a t i o n  i s  of the  o r d e r  of 10 l~ e r g s / g  and, c o r -  
r e spond ing ly ,  u .  ~ 0.5 �9 104 c m / s e c .  It should be  noted 
tha t  at t e m p e r a t u r e s  c l o s e  to but  lower  than T . ,  the  
i n c r e a s e  in t e m p e r a t u r e  accompan ied  by  an i n c r e a s e  in 
the  concen t r a t i on  of exc i t ed  l eve l s  capab le  of a b s o r b i n g  
r a d i a t i o n  m a y  l ead  to an i n c r e a s e  in  the  opa c i t y  of the  
v a p o r  l a y e r .  

It follows from the above considerations that it is necessary to know 
the optical properties of vapors in a wide range of pressures (approach- 
Lug the density of the solid) and temperatures (ranging from the boiling 
point, i .e . ,  1-2.10 4~ K, to temperatures at which the dissociation and 
ionization of the substance take place, i .e . ,  temperatures of up to 
2 " 10 4 ~ K), and that the hydrodynamic motion has a substantial effect 
on the process of heating dispersing vapors. Conversely, studies of the 
process of dispersion of matter should produce valuable data on those 
properties of various substances which do not lend memselves easily to 
theoretical investigations. Naturally, the analysis of the process in 
question is substantially simplified in the ease of a simple motion ge- 
ometry. 

The p r o b l e m  of a c c u r a t e  computa t ion  of the  hea t ing  
and mot ion  of  v a p o r s  i s  c o m p l i c a t e d  by the fac t  tha t  the  
mot ion  m a y  become  t w o - d i m e n s i o n a l .  In fact ,  wi th  the 
speed  of sound be ing  about  3 - 10 5 c m / s e c ,  the  a c o u s t i c  
exc i t a t i ons  f r o m  the edges  of  an i r r a d i a t e d  " spo t  W wi l l  
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c o v e r  a d i s tance  of at l ea s t  3 Cmo dur ing a t i m e  of the 
o r d e r  of 10 -5 SeCo The t w o - d i m e n s i o n a l  c h a r a c t e r  of  
the d i spe r s i on  leads  to a m o r e  rap id  reduc t ion  in the 
dens i ty  and opt ical  t h i ckness  of the vapor  l aye r  expand-  
ing in two d imens ions  along the rad ia t ion  path. 

I nc r ea s ing  the t r a n s m i s s i v i t y  leads  to a deepe r  
pene t r a t ion  of rad ia t ion  and to an i n c r e a s e  in the r a t e  

of "bu rn -up"  of the subs tance .  The value  e .  (and T , )  
wi l l  be r e l a t ed  in th is  c a s e  to the l a t e r a l  d imens ion  R 
of the "spot . "  In fact,  even at ~ = const ,  when the 
mean  f r e e  rad ia t ion  path l = ~ / p  ~ l / p ,  the opt ica l  
th ickness  of the t w o - d i m e n s i o n a l  pa r t  of the vapor  j e t  
or ,  as i t  i s  often cal led,  " f l ame ,  w d e c r e a s e s :  ~ = x/ l  

x . p  ~ l / x .  A s t e a d y - s t a t e  mode of hea t ing  and mot ion 

is  developed .  

And so, the over-all picture of the heating and motion of a substance 
in the case considered is complex. Since certain essential data (the 
magnitude of the absorption coefficient, equations of state in the range 
of phase transformations (especially at high radiation flux intensities 
when pressures approaching the critical levels are produced), volatili- 
zation and condensation rates, dissociation and ionization rates, etc. ) 
are not available, accurate theoretical description of the phenomena 
in question is difficult which necessitates the use of experimental meth- 
ods. 

Laboratory investigations of the heating and motion of vapors re- 
quire sufficiently powerful sources of iuminous radiation. One of the 
present authors (I. V. Nemchinov) proposed to use as such sources the 
radiation emitted by the front of a shock wave moving in an inert gas, 
the shock wave being generated by detonating a charge of an ordinary 
explosive. Sources of this kind (flash bulbs), although widely used for 
illuminating various objects in high-speed photography, have not yet 
been employed for the purpose under consideration. The problem of 
construction of radiation sources of this kind is beyond the scope of 
this article. The results described below were obtained with one of 
many possible types of such sources; it should be stated here that sources 
with better characteristics are probably available, 

One of the advantages of explosive radiation sources is their large 
over-all energy and high radiation energy. At T = 30 900 ~ K with 1 cm s 
of a shock wave, surface emits (under blackbody conditions ) 4 joules per 
~sec which is equivalent to a flux of 4.10 s watts. This makes it possi- 
ble to irradiate quite large areas (severn cmz or more) which facili- 
tates producing conditions that are conducive to unidimensional motion 
of the vapors. 

w 2, Exp los ive  h i g h - t e m p e r a t u r e  s o u r c e  of light~ 
The e x p e r i m e n t s  whose  r e s u l t s  a r e  d e s c r i b e d  below 
w e r e  c a r r i e d  out with an exp los ive  l ight  s o u r c e  in the 

f o r m  of an exp los ive  tube (with an addi t ional  cu m u la -  
t i ve  cha rge )  f i l led  with an i n e r t  gas  (Fig.  1). * The 
f ron t  of  the shock wave  ins ide  the s o u r c e  of  th is  type 
is  a lmos t  f la t  except  at the s t a r t i ng  pa r t .  The th ick -  
n e s s  of  the l uminescen t  gas l a y e r  (heated by the shock 
wave} at v a r i o u s  t i m e s  c o r r e s p o n d s  app rox ima te ly  to 

used as the working gas. The source length was 300 mm 

and the flash duration 32 #sec. To inereasethe light flux, 

the inner  tube su r f ace  was l ined with a luminum 
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Fig .  1. Schemat ic  r e p r e s e n t a t i o n  

of an exp los ive  s o u r c e  of l umin -  
ous rad ia t ion :  1) exp los ive  lens ;  
2) s u p p l e m e n t a r y  cumula t i ve  
cha rge ;  3) exp los ive  tube;  4) a r -  

gon purging .  

The magni tude  of the l ight  flux emi t t ed  by the s o u r c e  

was ca lcu la ted  f r o m  the r e s u l t s  of m e a s u r e m e n t s  of 
the t e m p e r a t u r e  of the  l u m i n e s c e n t  f ron t  of the shock 

wave  in the b l u e - r e d  s p e c t r u m  r ange  and of the sou rce  
g e o m e t r y  and f r o m  the m e a s u r e d  va lue  of the r e f l e c -  
t ion coef f i c i en t  of the foi l  in the v i s i b l e  l ight  under  the 
assumpt ion  that  the s p e c t r u m  has a P lanck ian  f o r m  

and that  the r e f l e c t i o n  coef f ic ien t  r e m a i n s  cons tant  

r igh t  up to the u l t r a v i o l e t  r eg ion .  
The e f fec t ive  t e m p e r a t u r e  of the shock wave  f ront  

su r f ace  was d e t e r m i n e d  by the method of photographic  
pho tome t ry  in n a r r o w  s p e c t r u m  r eg ions :  r ed  (X = 
= 6500/~) and blue (k = 4400 .~ with a ha l f -wid th  Ak = 
= 380/~).  The l u m i n e s c e n t  shock wave  f ront  behind a 

red  l ight  f i l t e r  was photographed with an SFR c a m -  
e r a  (in the t i m e  loop va r i an t )  through a r educ ing  neu-  
t r a l  l ight f i l t e r  with a dens i ty  3.15. As a s tandard  
s o u r c e  in the red  r eg ion  we used  an SI-6-100 r ibbon-  

f i l amen t  incandescen t  lamp whose  f i l amen t  t e m p e r a -  

tu re  (2600-2700 ~ K) was m e a s u r e d  with a p y r o m e t e r .  

Photographing  with a blue l ight  f i l t e r  was  done with 
a type SFR c a m e r a  in the p h o t o r e g i s t e r  v a r i a n t .  As a 
s tandard  in the blue r eg ion  of  the s p e c t r u m  we used a 
type EV-39 i n s t r u m e n t  p roduc ing  an e l e c t r i c a l  d i s -  
cha rge  which e m i t s  l ight  (as a b lack body) in the wave  
length r ange  4000-6000 /k ,  e f fec t ive  t e m p e r a t u r e  of 

th is  rad ia t ion  being 39 000 ~ K i 2000 ~ K [9-11] .  The 
a c c u r a c y  of the t e m p e r a t u r e  m e a s u r e m e n t s  in the red  
and blue r e g i o n s  i s  not l ower  than 10%. 

The r e s u l t s  of the t e m p e r a t u r e  m e a s u r e m e n t s  in the  
blue and red  reg ions  of the s p e c t r u m  at va r ious  t i m e s  
counted f r o m  the  onse t  of rad ia t ion  a re  g iven below. 

The m e a s u r e m e n t s  in the blue r e g i o n  of  the s p e c -  
t r u m  a r e  m o r e  a c c u r a t e  because  the t e m p e r a t u r e  in 
the red  r eg ion  is  s l igh t ly  o v e r e s t i m a t e d .  

t , /~sec~  0 4 8 t2 16 20 26 32 
10 -8 T~ 3 0 . 5  2 8 . 5  2 8 . 6  29.0  29.5 30.0 31.8 at X=4400-~ 
10-3T ~ 37.8 3 3 . 5  3t.9 3 2 . 0  . . . .  at  ~ = 6500 A 

a tenfold c o m p r e s s i o n  of  the gas  co lumn involved  in 

the mot ion .  P u r e  a rgon (containing not m o r e  than 0o01% 
ni t rogen,  0.003% oxygen, and 0.03 g / m  3 m o i s t u r e )  was  

*Thanks a r e  due to E. G. Popov who took an ac t ive  

p a r t  in the p r e p a r a t i o n  of exp los ive  l ight  s o u r c e s .  

The m e a s u r e d  t e m p e r a t u r e s  a r e  in a g r e e m e n t  wi th  
those  ca lcu la ted  ( f rom the m e a s u r e d  v e l o c i t y  of the 
shock wave  front)  with the aid of the  exp los ive  ad iaba-  
t ic  c u r v e  of a rgon [12] in whose computa t ion  the ion i -  

Zation was taken into account .  

It was  shown in [12] that  at  a v e l o c i t y  of  17 k m / s e c  

the b r i gh tne s s  t e m p e r a t u r e  of  a rgon  i s  v e r y  much  low-  



24 ZHURNAL PRIKLADbIOI MEKHANIKI I TEKHNICHESKOI FIZIKI  

e r  than  i t s  r e a l  t e m p e r a t u r e ,  th i s  d i f f e r ence  be ing  a t -  
t r i b u t e d  to i n t ense  s c r e e n i n g  of the  l u m i n e s c e n c e  of  
the  wave  f ron t  by the  hea ted  zone [4, 1 3 - 1 5 ] .  Evident ly ,  
t h e r e  i s  no s c r e e n i n g  at  v e l o c i t i e s  of  8 -12  k m / s e c  ob -  
t a in ing  in  ou r  e x p e r i m e n t s .  

02 [ / I ' W/c~2 

0 I 0 ~s z# 

F i g .  2. Top: Dependence  of the  r e f l e c -  
t ion  coe f f i c i en t  k on the  r e f l e c t i o n  angle  
p lo t ted  for  the  v i s i b l e  l ight :  1) a luminum 
m i r r o r  on g l a s s ;  2) po l i shed  a l u m i n u m  
fo i l .  Bo t tom:  T ime  dependence  of  the  
l ight  f lux at  the  tube  ou t le t  t ak ing  into a c -  
count the e n e r g y  a b s o r p t i o n  in  cold  a rgon  

(X < 1070 k). 

Our results are in good agreement with those ob- 
tained in [16] where the temperature in the blue-red 
region of the spectrum (with the wave front moving at 
a v e l o c i t y  of 8.5 k m / s e c )  was  29 000 ~ K. 

To e s t i m a t e  the  e m i s s i v i t y  of the r a d i a t i o n ,  one 
can  ca l cu l a t e  the mean  f r e e  pa th  of quanta  f r o m  

of the  e n e r g y  i s  r a d i a t e d  in  the  u l t r a v i o l e t  r a n g e  (X = 
= 1300/~) .  When a l u m i n e s c e n t  s u r f a c e  c o n s i s t s  of 
zones  c h a r a c t e r i z e d  by  d i f f e ren t  luminance  and t e m -  
p e r a t u r e  (which o c c u r s  in  the  i n i t i a l  s t a g e s  of the  p r o -  
c e s s  a s  a r e s u l t  of c o l l i s i o n s  be tween  shock w a v e s  in 
the  r a d i a t i o n  source ) ,  the  s p e c t r u m  in the  long wave 
r a n g e  m a y  be c l o s e  to P l a n c k i a n  with  a c e r t a i n  a v e r a g e  
(over  the  wave  f ron t  su r f ace )  t e m p e r a t u r e ,  d i f fe r ing  
f r o m  the P l a n c k i a n  s p e c t r u m  in  the  s h o r t  wave  r a n g e .  

M o r e o v e r ,  the  s p e c t r u m  of the  r a d i a t i o n  r e f l e c t e d  
f r o m  the foi l  m a y  change i f  the  a b s o r p t i o n  coe f f i c i en t s  
of  d i f f e ren t  p a r t s  of the  s p e c t r u m  a r e  not  the  s a m e .  
However ,  the  l a r g e s t  quant i ty  of e n e r g y  i s  t r a n s f e r r e d  
to the  s p e c i m e n  at  m o m e n t s  c l o s e  to the  m o m e n t  at  
which  the shock wave  i s  emi t t ed  f r o m  the tube .  And 
y e t  i t  i s  p r e c i s e l y  at t h i s  m o m e n t  tha t  the l u m i n e s c e n c e  
a p p e a r s  to  be un i fo rm  a c r o s s  the  tube  c r o s s  sec t ion ,  
and the  bulk  of the  e n e r g y  t r a n s m i t t e d  to the  s p e c i m e n  
c o m e s  d i r e c t l y  f r o m  the shock wave  f ron t  (without b e -  
ing  r e f l e c t e d  f r o m  the  fo{1). Consequent ly ,  the  above  
c i ted  f a c t o r s  which could d i s t o r t  the  P l a n e k i a n  c h a r a c -  
t e r  of  the  s p e c t r u m ,  do not p l ay  a s ign i f i can t  p a r t  d u r -  
ing  th i s  p e r i o d .  In view of  t h e s e  c o n s i d e r a t i o n s ,  and 
b e c a u s e  of the  known d i f f i cu l t i e s  of  m e a s u r e m e n t s  in  
the  u l t r a v i o l e t  r a n g e  of the  s p e c t r u m ,  hence fo r th  we 
sha l l  a s s u m e  the  P l a n c k i a n  c h a r a c t e r  of  the  s p e c t r u m .  

The c a l c u l a t e d  s t r u c t u r e  of the  r a d i a t i o n  e m i t t e d  by  
the s o u r c e  employed  i s  g iven  be low (for T = 32 000 ~ K) 
in t e r m s  of the  p e r c e n t a g e s  of v a r i o u s  wave leng ths  
r e l a t i v e  to the o v e r - a l l  flux. 

kk f r o m  t000 t500 200O 2500 3000 3500 40O0 >4500 
to <1000 1500 2000 2500 3000 3500 4000 4500 

% 34 27 16 9 5 3 2 1 3 

the  m o r e  a c c u r a t e  UnSi J ld -Kramer  f o r m u l a  [4, 17, 18]. 
F o r  quanta wi th  an e n e r g y  hp = 1.7 eV the  m e a n  f r e e  
pa th  in a rgon  at  30 000 ~ K is  0.5 �9 10 -1 cm.  The mean  
f r e e  path  can  be a l so  e s t i m a t e d  [16] f r o m  the r i s e  
t i m e  of  the  r e c o r d  of the  p h o t o m u l t i p l i e r  m e a s u r i n g  
the l igh t  f lux when a shock wave  i s  emi t t ed  by the e x -  
p l o s ive  into a rgon .  Th i s  e s t i m a t i o n  g ives  the  m e a n  f r e e  
path  (at 29 000 ~ K and quantum e n e r g y  h~ = 3 eV} equal  
to 1~2 �9 10 -1 cm.  

Since the  hea ted  l a y e r  in the s o u r c e  used  in  th i s  i n -  
ve s t i ga t i on  i s  s e v e r a l  cm,  the  r a d i a t i n g  s u r f a c e  of  the  
shock wave  m a y  be r e g a r d e d  as  an a b s o l u t e l y  b l a c k  
body wi th  a P l a n c k i a n  r a d i a t i o n  s p e c t r u m .  However ,  
i t  i s  n e c e s s a r y  to t ake  into account  the  cont inuous  a b -  
s o r p t i o n  of  the  h a r d  p a r t  of  r a d i a t i o n  in cold  a r g o n  due 
to the  photoeffec t  (the ion iza t ion  po ten t ia l  = 15.7 eV),  
and a l so  the  p o s s i b i l i t y  of  e n e r g y  l o s s e s  fo r  exc i t a t ion  
at  quantum e n e r g i e s  s t a r t i n g  f r o m  about  11 eV. The 

v a l i d i t y  of  the  a s s u m p t i o n  of the  P l a n e k i a n  c h a r a c t e r  
of  the  s p e c t r u m  i s  p r o v e d  a l so  by  the  fac t  that ,  wi th in  
the  l i m i t s  of e x p e r i m e n t a l  e r r o r ,  the  m e a s u r e d  t e m -  
p e r a t u r e s  of the  shock wave  f ron t  in  the  r e d  and blue 
r e g i o n s  of  the  s p e c t r u m  a r e  p r a c t i c a l l y  the  s a m e .  

It should be b o r n e  in  mind  tha t  the  t e m p e r a t u r e  
m e a s u r e m e n t s  w e r e  c a r r i e d  out  in  the v i s i b l e  r e g i o n  
of the  s p e c t r u m  (X = 4400 and 6500 ~) ,  whi le  the  bulk 

F o r  c o m p a r i s o n  the  fo l lowing da ta  i s  c i t ed  on the  
wave  lengths  h i  c o r r e s p o n d i n g  to the  f i r s t  i on iza t ion  
po ten t i a l  I of a t o m s  o f  c e r t a i n  s u b s t a n c e s  used  in  o u r  
e x p e r i m e n t s :  

A1 S Fo Cu Zn Sn J Pb 
2070 1200 1570 1610 1320 16~0 .I190 1670 

Let  us  c a l c u l a t e  the  l ight  f lux p e r  uni t  s u r f a c e  a r e a  
p l aced  at  the  out le t  of the  r a d i a t i o n  s o u r c e  tube and 
n o r m a l  to i t s  a x i s .  The l ight  f lux d e  e mi t t e d  f r o m  a 

l u m i n e s c e n t  s u r f a c e  dS on to a s u r f a c e  ds  a t  a d i s t a n c e  
R i s  

d ~  = ] cos ~1 d3 (d~ / ds) = 

= (1 cos "0'~ cos ~, 4 ;R ~) dS'. 

w h e r e  J i s  the  r a d i a t i o n  i n t e n s i t y  in  t h e  d i r e c t i o n  n o r -  
m a l  to the  l u m i n e s c e n t  su r f ace ,  ~l  i s  the  angle  be tween  
the b e a m  and the  n o r m a l  to the  l u m i n e s c e n t  s u r f a c e ,  
and ~2 the  angle  be tween  the  b e a m  and the n o r m a l  to  
the  i r r a d i a t e d  s u r f a c e .  

Since the  shock wave  f ron t  and the  i r r a d i a t e d  s u r -  
f ace  a r e  p a r a l l e l ,  we  have ~l = ~2 = 0, w h e r e  0 i s  the  
angle  be tween  the  b e a m  and the  tube a x i s .  Subst i tu t ing  
in  the  above e x p r e s s i o n  v a l u e s  dS and R e x p r e s s e d  
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F i g .  3. H i g h - s p e e d  pho tog raphs  of  the  ef fec t  of  i r r a d i a t i o n  on iodine~ 
The f r a m e s  a r e  spaced  at  4 ~sec  i n t e r v a l s .  

th rough  the  d i s t a n c e  of the  shock wave  f ron t  f r o m  the 
exi t  a p e r t u r e  of the  tube and the  angle  0, we obta in  

d ~  = 2n ] sin 0 cos OdO 

In the  p r e s e n c e  of  r e f l e c t i n g  channel  wa l l s ,  an ob -  
s e r v e r  p l aced  at  the tube ou t le t  wi l l  see  c i r c u l a r  zones  
of m i r r o r  r e f l e c t i o n  of the  shock wave  f ron t  r e l a t i v e  
to the  channel  ax i s ,  the  zones  be ing  bounded by b e a m s  
at  ang les  00 (without r e f l ec t ion ) ,  01-00 (s ingle  r e f l e c -  
t ion) ,  02- 01 (double r e f l ec t ion ) ,  e tc .  Under  t h e s e  con-  
d i t ions  the  r a t i o  of  the  l ight  f lux at  the  tube edge to 
the  f lux emi t t ed  f r o m  the  l u m i n e s c e n t  s u r f a c e  wi l l  be 
(for each  of t h e s e  c i r c u l a r  zones)  

Oo/oT 4 = sinS0o 
~1 / crT~ = k (sin ~ 01 - -  sin s 0o) 

~s  / oT~ = k~ ( sins 0~ - -  sin 01) 

dg~ / r T 4 = k n (s~n ~ 8= - -  sin20=_0 

H e r e  k i s  the  r e f l e c t i o n  coe f f i c i en t  of the  c h a n n e l w a l l s .  
The to ta l  Hght f lux wi l l  be 

r = EO~ �9 

In ca l cu l a t i ng  the  l ight  f lux we took into account  
changes  in  the  t e m p e r a t u r e  of the  moving  shock wave  
f ron t  and the v a r i a t i o n  t ak ing  p l a c e  in  the  r e f l e c t i o n  
angle  a s  the  wave  a p p r o a c h e s  the  tube ou t le t .  

F ig .  4. P h o t o t r a c e  of  the ef fec t  of  r a d i a t i o n  on 
su l fu r .  

In F i g .  2 (top) the  m e a s u r e d  v a l u e s  of the  r e f l e c t i o n  
coe f f i c i en t  of  po l i shed  a l u m i n u m  foi l  i s  p lo t t ed  (for the  
v i s i b l e  l ight)  a g a i n s t  the  r e f l e c t i o n  ang le .  In the  c a l -  
cu l a t i ons  i t  was taken that  k = 0.5. The r e f l e c t i on  coe f f i -  

c ien t  m a y  v a r y  with the  wave length .  Acco rd ing  to da ta  
in  [19], however ,  the  v a r i a t i o n  in  the  c a s e  of  a luminum 
m i r r o r s  i s  s m a l l  ( f rom 0.85 to 0.75) r i g h t  down to t = 
= 2000/~ .  It was ,  t h e r e f o r e ,  a s s u m e d  in the  c a l c u l a -  
t ions  tha t  the  r e f l e c t i o n  coe f f i c i en t  i s  independen t  of 

the  wavelength .  

Fig~ 5. P h o t o t r a c e  of the ef fec t  of r a d i a t i o n  on l ead .  

A c u r v e  r e p r e s e n t i n g  the t i m e  dependence  of the  
l ight  f lux (in whose  compu ta t ion  the a b s o r p t i o n  of  r a d i -  
a t ions  with wave l eng ths  X < 1070/~ in  cold  a r g o n  was  
t aken  into account) ,  i s  a l so  shown in F i g .  2 (bottom)~ 
Here  the  to ta l  e n e r g y  t r a n s m i t t e d  to unit  s u r f a c e  a r e a  
of the  i r r a d i a t e d  s p e c i m e n  dur ing  the e n t i r e  p e r i o d  of  
the  o p e r a t i o n  of  the  r a d i a t i o n  s o u r c e  E = 40 j o u l e s / c m  2, 
and the  a v e r a g e  e n e r g y  f lux dur ing  th i s  p e r i o d  i s  equal  
to 1.3 �9 106 j o u l e s / c m  2 sec .  

w 3. Ef fec t  of  r a d i a t i o n  on i r r a d i a t e d  s u b s t a n c e s .  
The s p e c i m e n s  s tud ied  (up to 40 m m  d ic ta  o, 1 - 2  m m  
th ick)  w e r e  mounted  in  a g l a s s  tube a t  a d i s t a n c e  of 
1 0 - 2 0  m m  f r o m  the  tube  out le t ,  and a rgon  was  flown 
th rough  the a s s e m b l y  for  the  e n t i r e  d u r a t i o n  of  each  
e x p e r i m e n t .  The i n t e r a c t i o n  be tween  the  e m i t t e d  r a d i -  
a t ion  and the i r r a d i a t e d  s u r f a c e  was  r e c o r d e d  on a 
type  SFR i n s t r u m e n t  ( t ime m a g n i f i e r  and p h o t o r e c o r d -  
e r ) o  

When iodine ,  su l fur ,  lead ,  t in ,  and i r o n  w e r e  i r -  
r a d i a t e d ,  the  b roaden ing  of the  l u m i n e s c e n t  zone was  
o b s e r v e d  (F ig .  3). The b o u n d a r y  of th i s  zone moved  
t o w a r d  the  r a d i a t i o n  f lux at  a v e l o c i t y  of the  o r d e r  of  
s e v e r a l  hundred  m / s e e  which  v a r i e d  f r o m  one m a t e r i a l  
to ano the r .  It can  be shown tha t  the  l u m i n e s c e n t  zone 
bounda ry  wi l l  be f i a t  only  in the  i n i t i a l  s t a g e s ,  b e c o m -  
ing  convex  in the  l a t e r  s t a g e s  of  the  p r o c e s s .  When 
the  s p e c i m e n  d i a m e t e r  i s  c l o s e  to the  tube d i a m e t e r ,  
the  r a d i u s  of  the  bounda ry  c u r v a t u r e  i s  qui te  l a r g e  

e 
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(see Fig.  3 re la t ing  to a specimen 40 mm diam. ). The 
broadening of the luminescent  zone in our exper iments  
did not begin immedia te ly  after  the onset  of i r r a d i a -  
tion, the t ime lag varying f rom one substance to anoth- 
e r  (Figs.  4-6)~ F igu res  4 and 5 show c l ea r l y  the r i s e  
of the luminescent  zone boundary, then i ts  movement 
toward the shock wave front, and, finally, the r e f l e c -  
tion of this  wave; the luminescence t ime was 32 /~sec, 
the displacement  of the luminescent  zone boundary 
(at the moment of the a r r i va l  of the shock wave) bei~ g 
6 mm in Fig .  4 and 4 mm in Fig.  5. No format ion of 
a luminescent  zone was observed during exper iments  
with zinc, nickel,  magnesium, copper,  and aluminum. 

t psec 
O 8 lg g# 32 

Fig .  6. Time dependence of the 
veloci ty  of the luminescent  zone 
boundary plotted for  var ious  sub- 

s tances .  

The var ia t ion  in p r e s s u r e  on i r r ad i a t ed  specimens  
was studied in the following way. A specimen 12 mm 
in d iamete r  was at tached to a piezoprobe (a bar ium 
ti tanate disk in an epoxy resin) and placed in the outlet 
of the radia t ion  source.  The e lec t r ica l  pulse (Fig. 7) was 
amplif ied and fed to the input of a type OK-24MA osc i l -  
lograph.  

The probe was ca l ib ra ted  using a shock a i r  wave of 
a known ampli tude.  

The r e su l t s  of measu remen t s  of the maximum p r e s -  
su re  Pmax (kg/em2), p r e s s u r e  pulse J (kg/~sec/cm2), 
t ime  lag t ~ (~sec) of the onset of the effect and the 
maximum veloci ty  Urea x (m/sec)  of the luminescent  
zone boundary a re  reproduced in a table.  No mechani -  

cal  pulse was recorded  in exper iments  with zinc, i . e . ,  
the substance which produced no opt ical  effects .  

It was postulated above that  vola t i l iza t ion of i r r a d i -  
ated substanees  ean be expected under ce r ta in  exper i -  
mental  Conditions. Taking into account this  postulate 
and the exper imenta l ly  established fact that  the me-  
ehanical  effect is  assoc ia ted  with the veloci ty  of the 
luminescent  zone boundary, i t  may be postulated that  
the l ight flux produees  sublimation of the solid sur- 

d 
face, after  which the vapor ized  substance expands, be -  
ing continually heated by the radiat ion,  which explains 
the luminescence of the vapors .  

Of course the above reasoning a n d  t h e  arguments outlined below are 
only indirect proofs of the volatilization of solids under the influence 
of radiation. Direct (spectrographic) studies of luminescence are also 
carried out, however. 

The delay in the onset of vola t i l iza t ion can be at- 
tributed to the intense heat removal into the subsurface 
l aye r s  of the substance. Volatilization becomes pos-  

sible at the moment at which the radia t ion  flux ab- 
sorbed by the substance exceeds the inward heat flux, 
since otherwise the solid surface cannot reach  i ts  boi l -  
ing point. 

The t ime elapsed from the onset of i r r ad ia t ion  to 
the moment at which these  two fluxes become equal 
cor responds  to the de l ay  in the onset of volat i l izat ion.  
Assuming that the t empera tu re  of a flat specimen su r -  
face r ema ins  constant at the boiling point, we obtain 
the following express ion  for the maximum inward heat 
flux: 

ql = T= g ~ l  V ~  

Here k T i s  the the rmal  conductivity coefficient,  p 
i s  the density, c v the specific heat, and t t ime .  

Es t imates  of the delay of the onset  of volat i l izat ion 
made with the aid of the above formula fur substances,  
for which the ref lec t ion  coefficients  in the u l t rav io le t  
"range of the spec t rum are  known and are  in good ag ree -  
ment with exper imenta l  data (iron). In the case  of cop- 
pe r  and aluminum the delay t imes  approached the total  
radia t ion t ime so that the volat i l iza t ion did not occur .  
The behavior  of zinc is  evidently a t t r ibutable  to i ts  
high ref lect ion coefficient in the u l t rav io le t  range of 
the spec t rum.  

Consequently, with radia t ion fluxes of the o rde r  of 
1013-1014 e r g s / c m  2 sec the onset of vola t i l iza t ion is  
determined by the the rmal  conductivity and ref lect ion 
coefficient of a given substance.  

A l aye r  of expanding vaporized substance produces  
mechanical  pulse  on the specimen.  Under usual  ex- 

pe r imen ta l  conditions the vapor ized substance comes 
in contact with a gas at a tmospher ic  p r e s s u r e  and 
loses  a pa r t  of i t s  energy to acce le ra t e  the in i t ia l ly  
s ta t ionary  gas and to produce in i t  a shock wave, which 
differs  f rom the case  when the vapor ized substance e s -  
capes into a vacuum. 

The es t imat ion of the p r e s s u r e  behind a shock wave 
produced in a gas  by a f lat  piston moving at constant 
veloci ty  equal to the veloci ty  of the vapor ized l aye r  
boundary gives a value approaching (within 30%) the 
measured  maximum p r e s s u r e  for  al l  the substances 
studied except iodine.  In r ea l i t y  the motion i s  not uni-  
fo rm.  A solution of the p rob lem of a spher ica l  piston 
moving at a constant  veloci ty  [20] showed that  the p r e s -  
sure  pp exer ted  on the piston i s  only 50% higher  than 
the p r e s s u r e  Ps at the front of a shock wave (at pp 

2 -6  kg/cm2).  And so, the p r e s s u r e  at  the surface 
of an i r r a d i a t e d  specimen cor responds  to the p r e s s u r e  
behind a shock wave produced in a gas with an expand- 
ing vapor ized  substance ,  and the p r e s s u r e  in the en- 
t i r e  vapor  l ayer  i s  approximate ly  the same.  

J 
S 
Pb 
Sn 
Fe 

t~ Umax /?max J 

3--4 520 5.7 
t0 360 3.0 
t3 280 2.3 35:5 
t7 220 2. i  27.3 

0.8 
4 
i 

i .5  
t .5  

The last column in the table gives values of a di- 
mensionless  coefficient ~ = J ~ / E ,  where J is  the 
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p r e s s u r e  pulse,  Q the heat  of vo la t i l i za t ion ,  and E the 
to ta l  e n e r g y  suppl ied.  This  coef f ic ien t ,  which can be 
condi t ional ly  ca l led  the coef f ic ien t  of u t i l i za t ion  of en-  
ergy,  i s  lower  for  iodine than for  o the r  subs tances .  
This  can be expla ined e i t h e r  as  a r e s u l t  of pos s ib l e  
e x p e r i m e n t a l  e r r o r s  (iodine f o r m s  a low qual i ty  bond 
when glued to a p iezoprobe ;  ca lcu la ted  p r e s s u r e s  de -  
t e r m i n e d  f r o m  the ve loc i t y  of the vapor  l a y e r  boundary 
a r e  100% h igher  than the m e a s u r e d  va lues) ,  o r  by the 

fact  that  the c h a r a c t e r i s t i c  p r o p e r t y  of iodine i s  i t s  
d i s soc i a t i on  ene rgy  Qd r a t h e r  than i ts  hea t  of v o l a t i l i -  
za t ion Q, i~ Co, a va lue  that  i s  l a r g e r  by app rox ima te ly  
one o r d e r  of  magni tude .  In fact ,  the  d i s soc i a t i on  "po-  
ten t ia l  ~ of iodine i s  1.6 eV, i .  e o, a l a r g e  p a r t  of  the 
ene rgy  supplied should be used up to hea t  the vapor  
before  the d i s soc i a t i on  of iodine (in c o n t r a s t  to lead,  

tin, and i ron ,  in the c a s e  of which I = 7 .5 -8  eV, i . e . ,  
h i  ~ 1500/~ and a l a r g e  p ropor t i on  of the ene rgy  can 
p a s s  through the v a p o r s  even  if  they  a re  heated con-  

s i d e r a b l y  above the me l t i ng  points  of t he se  subs tances ) .  
The magni tude  of the puls  e produced  in the c a s e  of 
m e t a l s  l i s ted  in the a b o v e - c i t e d  tab le  should be sub-  
s tan t ia l ly  af fec ted  by the r e m o v a l  of ene rgy  due to i n -  
ward  heat  conduct ion as indica ted  by long de lays  in 
the onse t  of l u m i n e s c e n c e  and in the bui ld-up  of  p r e s -  

su r e .  
The e s t ima t i on  of the ene rgy  which,  on the one hand, 

i s  supplied to the vapor  l aye r  boundary and, on the 

o ther ,  expended on vo l a t i l i z ing  the substance,  used up 
fo r  a c c e l e r a t i n g  the vapor  produced  and abs t r ac t ed  
into the sol id subs tance  is  diff icul t  because  the p r e s -  
s u r e  m e a s u r e m e n t s  w e r e  c a r r i e d  out under  condi t ions  
of subs tan t i a l ly  t w o - d i m e n s i o n a l  mot ion .  In fact ,  the 

d i a m e t e r  of p i ezop robes  to which s p e c i m e n s  of the 
subs tances  studied w e r e  at tached was  12 ram, whi le  

the d i sp l acemen t  of the l u m i n e s c e n t  zone boundary  at 

the  end of the p r o c e s s  was 5 -10  ram.  Cont ro l  e x p e r i -  
men t s  showed that the p r e s s u r e  exe r t ed  on a 4 0 - m m -  

d i a m e t e r  su l fur  spec imen  is 1.5 t imes  h igher  than that  
r e c o r d e d  fo r  a 1 2 - r a m - d i a m e t e r  spec imen .  

The estimation of the velocity of the shock wave front from the 
velocity of the piston formed by the %apo r~ layer shows that the shock 
wave front is shifted to approximately the same distance from the vapor 
layer boundary. A rough estimation of the volume of argon heated by 
the shock wave can be made if it is assumed that this volume and the 
vapor are in the form of a segment of a sphere (see Fig. 3). 

If it is assumed that the pressure and velocity are the same in the 
entire zone between the shock wave front (moved by the vapors) and 
the boundary, one can estimate the energy expended on accelerating 
the vapors. It is found then that this energy is of the same order of 
magnitude as the total energy supplied. A more accurate calculation 
of the energy expended on heating and accelerating the vapors would 
necessitate more detailed measurements and a more careful analysis. 
It should be pointed out, however, that our estimates of the volatilized 
mass are in agreement with the measured values of pressure, pressure 
paise, and vapor velocity, as well as with qualitative concepts outiined 
in w 1 and with the estimates of the "quiescent ~ mode of volatilization 
and heating of vapors presented in this paragraph and in w 1. More accu- 
rate quantitative calculations would require not only more extensive 
experiments but also a more precise formulation of the theoretical 
concepts. 

The r e s u l t s  of the p r e s e n t  i nves t iga t ion  showed that  

r ad ia t ion  emi t t ed  by l ight  s o u r c e s  of the exp los ive  type 

can be used in s tudies  of the e f fec t s  of in tense  l u m i -  
nescen t  r ad ia t ion  f luxes .  

Fig .  7. O s c i l l o g r a m  of p r e s -  
su re  exe r t ed  on i r r a d i a t e d  
lead spec imen .  T i m e  sca le  
runs  f r o m  lef t  to r igh t  and is  
m a r k e d  at 25-t~sec i n t e r v a l s .  
The t e r m i n a t i o n  of the t r a c e  
c o r r e s p o n d s  to the a r r i v a l  of 
the shock wave to the spec i -  

men.  

Thi s pape r  p r e s e n t s  the r e s u l t s  of s tud ies  of  th is  
kind in which one of the pos s ib l e  s o u r c e s  of th i s  type 
was  used .  The s o u r c e  produced  r ad ia t ion  pu l se s  of 

30 #sec (the rad ia t ion  f luxes  at the tube out le t  i n c r e a s -  
ing f r o m  105 to 5 �9 106 W) whose  s p e c t r a l  compos i t i on  
co r r e sponded  to T = 3 �9 104 ~ K. High- speed  mot ion  

p i c t u r e s  showed that  the l u m i n e s c e n t  zone at the i r -  
r ad ia t ed  su r f ace  i s  f o r m e d  by the v a p o r s  of the i r r a d i -  
ated subs tance .  The fac t  that  no f o r m a t i o n  of  the lu -  
m i n e s c e n t  zone took p lace  in the c a s e  of some  of the 

subs tances  s tudied was  a t t r ibu ted  to the e f fec t  of  good 
t h e r m a l  conduct iv i ty  of those  subs t ances  and r e f l e c t i o n  
of r ad ia t ion  f r o m  t h e i r  s u r f a c e s .  When l u m i n e s c e n c e  

e f fec t s  w e r e  obse rved ,  an i n c r e a s e  in p r e s s u r e  (by 
s e v e r a l  k g / c m  2) e x e r t e d  on the i r r a d i a t e d  su r f ace  was  

r e c o r d e d ;  th is  was  a t t r ibu ted  to the r e c o i l  act ion of 
eff luent  v a p o r s .  
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