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The effect  of the initial p r e s s u r e  of the surrounding gas on the intensi ty of the shock wave 
(SW) fo rm ed  during the d i spers ion  of ma te r i a l  vapor ized  by a powerful  l a s e r  pulse is ex -  
amined.  The initial s tage of expansion of the p l a s m a  genera ted  through the focusing of 
powerful  l a s e r  radia t ion on the sur face  of a solid mate r i a l  in a i r  was  studied exper imen ta l ly  
in [1, 2]. The t i m e s  of format ion  and the initial radi i  of the SW were  r eco rded  on the photo-  
scans  of the SW front  radia t ion p resen ted  in these  r epo r t s .  It is found that  at an a i r  p r e s s u r e  
below ~ 0.1 m m  Hg the record ings  of the intr insic  radiat ion of a f la re  do not differ  f r o m  the 
co r respond ing  record ings  in a vacuum. For  instance,  in [2] a br ight  shock front  was obse rved  
a t  a p r e s s u r e  of 0.18 m m  Hg, while at a p r e s s u r e  of 0.1 m m  Hg SW radiat ion was  not detected.  
In [2] the hypothesis  was made that  at an a i r  p r e s s u r e  below ~ 0.1 mm Hg a SW is not fo rmed  
and the in teract ion of the vapor ized  m a t e r i a l  with the surrounding gas has  a diffusion nature.  
However ,  in [1] SW were  detected by the Schlieren method at a cons iderab ly  lower  p r e s s u r e ,  
about 2" 10 -2 m m  Hg. It will  be shown below that  the sharp  dec r ea se  obse rved  in the b r igh t -  
ness  of the radiat ion of SW f ron ts  genera ted  during l a s e r  heating of a solid ma te r i a l  in a 
r a r e f i ed  gas  is explained by the rapid dec rease  in the max imum SW veloc i ty  at a p r e s s u r e  
below ~ 0.1 m m  Hg. The expansion of the vapor ized  ma te r i a l  at a p r e s s u r e  of the surrounding 
gas much l e s s  than 0.1 m m  Hg is a l so  examined.  

Cr i t e r ion  for  Format ion  of a Weakly Radiat ing Shock Wave. Let us de te rmine  the p r e s s u r e  p ,  of the 
surro(mding gas  below which the initial ve loci ty  of the SW produced during vapor iza t ion  of a solid ma t e r i a l  
by  a powerful  pulse of l a s e r  radiat ion begins to dec rea se .  We will a s sume  that the vapor ized  m a t e r i a l  is 
sur rounded by a weight less  opaque shell  having the same p r o p e r t i e s  as  the gas behind the fo rming  SW front ,  
while the i nc rea se s  in m a s s ,  momentum,  and energy  of the gas  in the space occupied by the f ronts  of cy l in -  
dr ica l  and spher ica l  SW per  unit a r e a  of the f ront  sur face  a r e  equal to the co r respond ing  va lues  for  a 
plane SW. 

Under these  assumpt ions  the equation of continuity can be wr i t ten  in the following fo rm [3]: 

0.SL 

Rpl I �9 k = [ p ( z ) - - p ~ ] d x  

--0.5L 

f r o m  which 

R -~ (P~ipt --  t) Lk/2 (1) 

where  R is the init ial  SW radius  (the dis tance t r ave l l ed  by the shell  by the moment  of SW format ion) ,  p(x) 
is  the dis t r ibut ion of gas  densi ty  in the SW front ,  02/Pl  is the ra t io  of gas  densi ty  behind the SW front  to 
the densi ty  of the undis turbed gas,  L is  the SW front  th ickness ,  and k = l ,  2, and 3 for  plane, cyl indr ica l ,  
and spher ica l  s y m m e t r y ,  r e spec t ive ly .  It can be conf i rmed  that  Eq. (1) is val id  for  the th ree  different  
0(x) dis t r ibut ions p re sen ted  in [4] (p. 154). This  indicates  the weak dependence of R on p (x). 
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For  s t rong SW in a i r  L ~ 1.4l [5], consequently 

R ~ 0 . 7  (P~/Pl--t) l (2) 

where I is the mean free path length of molecules  in the undisturbed gas. 

In the exper iments  of [1] the veloci ty of d ispers ion of the vapors  at the initial t imes  was 5" 105-5 �9 106 
c m / s e c .  At such veloci t ies  and an air  p r e s s u r e  of 1 mm Hg the degree of compress ion  in the S W is 11-15 
[6]. Taking P2/Pl  =13 and k=3  we find f rom Eq. (2) that R ~1.2 mm. The initial SW radius determined 
f rom the record ing  of [1] is ~ 1 ram. 

We can determine the p r e s s u r e  p ,  f rom the equation of conservat ion of energy.  For  this we must  
find the energy W Impar ted  by the vapor ized m a t e r i a l t o t h e  surrounding gas up to the  moment of SW f o r m a -  
tion. Using the function P(X) obtained in [5] for the kinetic energy of the gas in a SW front propagating 
through a s ta t ionary  gas we find 

W dS  -- C (PJPl) D2p,L/2 

, _ _  

= + - ~ .  T 4 p~. p*Ipl+ p( ) 
t In t + (p~ / pl)exp (2) 
4 I + (~2 / On) exp (-- 2) 

(3) 

where S is the a rea  of the SW front surface.  It follows f rom the equations at the SW front ([7], p. 57) that 
the increase  in the internal energy of the gas in a powerful SW front, including the energy of excitation of 
the internal degrees  of f reedom of the molecules,  is approximately  equal to W i. Thus, for powerful SW in 
a i r  

W/S ~-~ 1.4C (P2/P,) D2Pl l ~ D2rn/Q 

where m is the mass  of a molecule and Q is its gas kinetic c r o s s  section. 

The maximum initial SW veloci ty  is approximately equal to the asymptotic veloci ty U of dispersion of 
the vapors  into a vacuum, which is reached when the gas dynamic p re s su re  is close to the p res su re  generated 
in a powerful explosion. In the initial stage of a powerful explosion the average  p re s su re  in the inner region 
of the explosion is ~ P2/2 ([7], p. 88), where P2 is the gas p r e s s u r e  behind the SW front. Consequently, the 
internal energy of the vapors  at the moment of SW format ion is 

E 1 ~ SRpIU2/(7 + l) (y~ -- l) k 

where 7 and 71 are  the ra t ios  of the specific heat capaci t ies  of the surrounding gas and the vapor ized 
mater ia l ,  respectively.  The kinetic energy  W 2 of the vapors  at this stage is 2-4 t imes  g rea t e r  than E 1 [1]. 
Taking this  into account (W z =3El) the equation of conservat ion of energy takes the fo rm 

4 S ( p . )  R ( p . ) o l ( p . )  UVk(y + t) (g~-- 1) + t.4C(p=/p,) S ( p . ) p , l =  E (4) 

where E l s the  l iberated energy.  Since during l a se r  heating of a mass ive  ta rge t  the d ispers ing  mater ia l  is 
approximately bounded by a hemisphere ,  we obtain f rom (2) and (4) 

p,  ~ 6.2 ~ -  (T + t) (~--  l) + C ~ P,/J (5) 

(A = pll, B = pll) 

where for  a i r  A ~7.8 �9 10-a kg /m 2 and B ~6.4 �9 10 -a N/m. Since U ~ E  n where n=0.15-0 .3  [1, 8], the p r e s -  
sure  p ,  depends weakly on E. 

Under the conditions of the exper iments  of [1] E ~3 J and U ,~ 1.4 �9 l0 T c m / s e e .  Then setting P2/Pl = 
9 and 71=5/3  in (5) we obtain p .  ~0.2 mm Hg, which is c lose  to the a i r  p r e s s u r e  ( ~ 0 . 1  mm Hg) below 
which a sharp dec rease  was observed in the br ightness  of the air  radiation behind the SW front in [1, 2]. 
For  the given example R ~4 mm and the p roces s  of SW format ion is completed af ter  the end of the l a se r  
pulse. 

Assuming that when p~ does not differ v e r y  much f rom p ,  a powerful SW is formed and the motion 
af ter  the end of the l a se r  pulse is adiabatic, we can find the dependence of the initial SW veloci ty  D on Pl 
when Pl < P*" The initial SW radius is R ~ l ~ pl -l,  the average density and average p re s su re  in the 
vapor ized  mater ia l  at the moment  of SW format ion are  

P3 ~ R - s  ~ P l  3' p:$ ~ p37, ~ p3"tl 
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respec t ive ly ,  the gas p r e s s u r e  behind the SW front  is 

p~ ~ 2 piD~/(? + t) ~ 2ps - -  plY, 

and the tn~ial  SW veloc i ty  is  

D ~ p ~ r , - l )  / ' *  

Consequently,  powerful  SW a re  fo rm ed  when 

p~ >~ p ,  (tOe1 / U)~ I ~3~.,-1~ 

where  c 1 is  the speed of sound in the undisturbed gas.  A dec rea se  in the ve loc i ty  of the fo rming  SW toge ther  
with a dec r ea se  in the gas  densi ty  behind the SW front  when Pl ~ P* leads  to the abrupt  d imming of the 
b r igh tness  of the radia t ion of the gas behind the SW front  which was  detected in [1, 2]. 

Cr i t e r ion  for  Absence  of Shock Wave. Let us de te rmine  the p r e s s u r e  p** of the surrounding gas b e -  
low which not even a weak SW is formed.  When the rad ius  of the vapor ized  m a t e r i a l  r e aches  s i zes  r >> 
(QM1/m)I/~ in the p r o c e s s  of d i spers ion  the mean f ree  path length of the molecu les  in the vapor ized  
m a t e r i a l  become s  much g r e a t e r  than r.  Here  M 1 is the m a s s  of heated mate r ia l .  At this  s tage the m o l e -  
cu les  of vapor ized  m a t e r i a l  will d i spe r se  without col l is ions  in the f o r m  of an expanding layer .  This  c i r c u m -  
s tance along with the pulsat ions of the vapor i zed  ma te r i a l  about the equi l ibr ium radius  will not be taken into 
account. For  the r e s t  the s ta tement  of the p rob lem is analogous to the p reced ing  prob lem.  

The express ion  fo r  the initial rad ius  of a weak SW 

R N_,-~2'~ ~ [ 4 _ . . ~ _  -F ('r -- l) (9-r -- -]l (6) 

follows f r o m  (1) ff the express ion  obtained in [91 is used for  L and It is cons ide red  that  

P2/P~ --  t ~ 4 (M - - t ) / ( ?  + 1) when~I - -  t ~ t 

where  M is  the Mach number  of the SW. 

We can de te rmine  the p r e s s u r e  p** f r o m  the condition that  the inItial  SW radius  co r respond ing  to this  
p r e s s u r e  equals the rad ius  of the vapor ized  ma te r i a l  which has expanded to the p r e s s u r e  of the surrounding 
gas.  

Fo r  th is  we mus t  find W. It follows f rom (3) that  W 1 -~ 0 as  M -~ 1. We note that  the momentum of 
the gas  in a weak SW front  is  f inally 

as  M -* 1. Thus,  fo r  a weakSW, W coincides  with the inc rease  tn the Internal  ene rgy  of the gas in the 
volume occupied by the SW front.  Setting the ave rage  gas p r e s s u r e  in the SW front  equal to (132 +pl)/2 we 
obtain 

W/S = (192 + p~) L/2 (y + t) - -  p~L/ (y - -  t) --  p~R/k (~ --  t) 

�9 If It is cons ide red  that  

p~/p~ - -  t ,~ 4y (M --  l)/(y 4- t)when M --  t , ~  1 

we a r r i v e  at the expres s ion  W / S  =PlR/k  for  the work  done by the vapor ized  m a t e r i a l  in expanding to the 
p r e s s u r e  of the surrounding gas.  

The equation of couserva t ion  of ene rgy  takes  the f o r m  

k p , , S ( p , , ) R ( p , , ) ( ~  t - - ~ _ t + t ) = E  

f r o m  which we find with the help of (6) that  

p , , = t o l f - ' - f f - ~  ~" 2 ~ 4 B 
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For example, for air with E =3 J and ~/1 = 5/3 we obtain p , ,  ~ 10 -4 mm Hg. 
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