
F o r  any t and z, exp re s s ions  (2.4) s a t i s fy the  las t  equation of (2.3) and a l l  the boundary conditions 
exact ly ,  while the f i r s t  equation of (2.3) is sa t i s f ied  approx ima te ly  s ince as t -  ~ and z -< h 

Ll(cl, c~) ~ c o a ( U t  - -  h ) - l / ~  exp { - - 2 o U - l ( U t  - -  h) l /~} + O. 

It  is seen f r o m  (2.4) that  the reagent  concentra t ions  in the phases  nea r  the r e a c t o r  en t rance  equalize 
with the lapse  of t ime ,  reaching  the value e ~ c ~ 0. + 

Let  us note that  the approx imate  expres s ion  for  the concentra t ion c(x, t) in the continuous phase  (2.4) 
yie lds  the exact  value at  the r e a c t o r  en t rance  for  z = 0. This  is p roved  by d i rec t  in tegrat ion of the f i r s t  
equation in (2.3) for  z = 0 with the equal i ty c+(t, 0) = 0 taken into account.  
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Since the f i r s t  d i s c o v e r y  of l a s e r  cavi ta t ion in liquids [1] a l a rge  number  of s tudies  of th is  phen-  
omenon have appeared .  The p r o b l e m  is of i n t e re s t  because  this  is  in p r ac t i ce  the only way of :producing 
an isola ted cavi ta t ion  bubble within a liquid (with e l e c t r i c a l  d i scharges  dis tor t ions  a r e  produced by the p r e s -  
ence of the e lec t rodes)  and a lso  because  of the uncer ta in ty  surrounding the s ta te  of the ma t e r i a l  r ea l i zed  when 
such a cavi ty  co l l apses .  Studies have been made of the dynamics  of bubbles fo rmed by l a s e r  breakdown in a 
liquid using a technique based  on record ing  of acous t ica l  and light impulses  produced during bubble format ion  
and co l lapse  [1], with h igh-speed  photography [2], and by the shadow method with background i l lumination by 
a gas l a s e r  [3]. 

The goal of the p r e s e n t  s tudy is to inves t igate  the l a se r  cavi ta t ion in a m o s t - s i m p l e  cryogenic  liquid - 
liquid ni t rogen.  Due to the c loseness  of the liquid ni t rogen t e m p e r a t u r e  to the boiling point, the p r e s s u r e  
within the cavi ta t ion cavi ty  at the l a t t e r ' s  m a x i m u m  dimensions ,  de te rmined  bas ica l ly  by the sa tu ra ted  ni-  
t rogen  vapor  p r e s s u r e ,  will differ  only insignif icant ly f r o m  the ex te rna l  p r e s s u r e  and the degree  of bubble 
c o m p r e s s i o n  R / r  will  be smal l  (here R is the maximum;  r ,  the min imum bubble radius ,  respec t ive ly) .  

The t e m p e r a t u r e  T within the bubble at m a x i m u m  bubble c o m p r e s s i o n  can be wri t ten in the adiabat ic  
approx imat ion  as 

T = To(R/r)3~v-1), 
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where  T o is the initial t e m p e r a t u r e ;  ~/= 4 /3  is the adiabatic  index. As will  be shown below, at a tmosphe r i c  
p r e s s u r e  R / r  - 3. In this  case  the t e m p e r a t u r e  within the bubble does not exceed 240~ Thus the re  will 
be no light radia t ion at the momen t  of bubble col lapse .  

Reg i s t r a t ion  of acous t i ca l  pu lses  developed upon bubble col lapse  is compl ica ted  by s t rong  ref lec t ions  
f r o m  the c r y o s t a t  wal ls  of the acous t i ca l  radia t ion genera ted  during breakdown. 

Thus,  it is des i r ab le  to use  e i ther  h igh-speed  photography or the shadow method to s tudy cavitat ion 
bubble dynamics .  The la t te r  technique is methodological ly  s i m p l e r  and gene ra t e s  suff icient  informat ion on 
the cavi ty  (value of the ra t io  R / r  and cavi ty  pulsat ion per iod) ,  so it was chosen for  the p re sen t  study. 

A block d i ag ram  of the equipment used is shown in Fig.  1. The b e a m  f r o m  neodymium l a s e r  1 is fo- 
cused by lens 2 with focal  length 25 m m  to a point within the liquid ni t rogen,  located in optical  c ryos t a t  3. 
The l a s e r  pulse length was 10 nsec ,  with a m a x i m u m  ene rgy  level  of ~ 3 �9 10 -2 J .  The  s y s t e m  was adjusted 
s o  that  breakdown occu r r ed  on the s t ra igh t  line connecting the h e l i u m - n e o n  l a s e r  4, used for  background 
i l lumination,  and the FI~U-13 photomul t ip l ie r  6, in front  of which a KS-13 red f i l te r  5 was instal led.  The light 
f i l te r  was  needed to at tenuate the light radia t ion f rom the breakdown spa rk  incident on the photomul t ip l ier .  

A typ ica l  o s c i l l o g r a m  of cavi ty  pulsat ions  is shown in Fig. 2. Since the cavi ty  d imensions  were  much 
l a r g e r  than the gas  l a s e r  wavelength,  the effect ive light s c a t t e r i n g  sect ion may  be cons idered  equal to ~l 2, 
where  I is the bubble rad ius .  Then the value of the ra t io  R / r  may  be obtained f r o m  the express ion  

t l lr  = (Ala)li 2, 

where  A is the m a x i m u m  and a,  the min imum,  signal ampli tude on the shadowgram.  

This  re la t ionsh ip  may  be ver i f ied  in the following manner .  It is known that  the bubble pulsat ion per iod 
T depends on the value of the m a x i m u m  radius  R as [4] 

v = t,83 R(o/P)'/2, 

where  p is the liquid densi ty  and P is the surrounding p r e s s u r e .  Then for  the ra t io  of the per iods  of the 
f i r s t  and second bubble pulsa t ions  we obtain 

T1/~. = (A1 /A . ) l l  ~, 

where  the index 1 r e f e r s  to the f i r s t  pulsat ion and 2, to the second.  This  re la t ionship  proved  valid for  al l  
shadowgrams .  

F igu re  3 shows the dependence of the per iod of the f i r s t  pulsat ion upon the ex te rna l  p r e s s u r e .  The 
5/6 solid l ine shows the theore t i ca l  function ~- ~ P -  , val id for  the condition of constant  ene rgy  expended by the 

cav i ty  [4]. It  is evident that  in the p r e s s u r e  range  above 1 a i m  the expe r imen ta l  data  ag ree  well  with theory .  
Below 1 a i m  the re  is s ignif icant  d ivergence  between theo ry  and exper iment ,  which can be explained by the 
deviat ion of the cavi ty  f r o m  a sphe r i ca l  shape.  The amount of such dis tor t ion i nc rea se s  with reduction in 
p r e s s u r e ,  due to inc rease  in cavi ty  d imens ions ,  and consequent  reduct ion in the s tabi l i ty  of its fo rm.  This  
conclusion may also be conf i rmed  by ana lys i s  of shadowgrams ,  which show signif icant  d is tor t ions  in pulsat ion 
f o r m  at low p r e s s u r e s .  

F i g u r e s  4 and 5 show the dependence of the r a t io  R / r  upon ex te rna l  p r e s s u r e  and t e m p e r a t u r e .  Accord -  
ing to [5], the value of the ra t io  R / r  is de te rmined  by the gas content p a r a m e t e r  75 = p / P ,  where  p is the 
p r e s s u r e  within the cavi ty  at m a x i m u m  bubble rad ius ,  name ly  

B/r  = (1 + 38 - -  6~.6)/38. (1) 

In a f i r s t  approx imat ion  one may  cons ide r  the p r e s s u r e  within the cavi ty  at its m a x i m u m  dimensions  to 
be equal  to the p r e s s u r e  of sa tu ra ted  n i t rogen vapor .  Resul t s  of ca lcula t ions  with Eq. (1) and this assumpt ion  
a r e  shown by the l ines in Figs .  3-5.  It  is evident that  the expe r imen ta l  data agree  well  with Eq. (1). 

Thus ,  we may  conclude that  the dynamics  of a cavi ta t ion cavi ty  in liquid n i t rogen a re  desc r ibed  well  by 
the known expres s ions  for  a conventional  liquid, with the exception of the l o w - p r e s s u r e  range ,  in which non- 
s p h e r i c a l  cav i ty  f o r m  begins to play a ro le .  The degree  of c o m p r e s s i o n  (rat io R / r )  in liquid ni t rogen is low, 
not exceeding a value of s ix (at an excess  p r e s s u r e  of 2 a i m  and t e m p e r a t u r e  of 65~ as a consequence of 
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which bubble compress ion  is not of a s eve re  ch a r ac t e r  (collapse),  leading to the emiss ion  of an acoust ical  
pulse,  comparab le  in magnitude to the pulse produced at breakdown. To inc rease  the degree  of compress ion  
it is n e c e s s a r y  to dec r ea se  the value of the gas content p a r am e te r ,  which can be done by increas ing the ex-  
t e r n a l  p r e s s u r e .  
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The investigation of the na ture  of wave propagat ion in substances  with a disruption of continuity is im-  
por tant  for  s eve ra l  reasons:  The study of  shock heating of a porous ma te r i a l  in high-intensi ty waves makes  
it  possible  to deduce the equation of  s ta te  of  the continuous m a te r i a l  under anomalous conditions (megabar 
p r e s s u r e s  and t e m p e r a t u r e s  of the o rde r  of the melt ing point) [1]; the major i ty  of ma te r i a l s  a re  not continuous 
in na ture ,  and the wave propagat ion p r o c e s s  is l a rge ly  de te rmined  by the actnal s t ruc tu re  of the solid. 

In the investigation of shock waves in solids with a disrupt ion of continuity it is essen t ia l  to take the 
following considera t ions  into account.  F i r s t ,  as in the analysis  of a shock front  in gases  with re t a rded  ex-  
ci tat ion of ce r la in  degrees  of f reedom [1], the s t ruc tu re  of the shock t rans i t ion  in porous  solids must  be in-  
vest igated with r e g a r d  for  the iner t ia l  p rope r t i e s  of the medium [2-4]. Thus,  in the shock loading of a porous 
solid to p r e s s u r e s  in the tens  of k i lobars  (such that the influence of heating of the substance can be neglected),  
the s t ruc tu re  of the wave front is affected by the po re - se l ec t ion  dynamics [2-4]. An investigation of this  type 
indicates that  the p r e s s u r e  in the substance depends not only on the densi ty  of the substance,  but also on its 
der iva t ives .  Second, a number  of theore t i ca l  and exper imenta l  studies [3-8] suggest  an appreciable  influence 
of the viscous  p rope r t i e s  of the porous  m a t e r i a l  on the nature  of the propagation and attenuation of shock 
waves.  Thi rd ,  e s t imates  [2-4, 9] show that  the poros i ty  changes significantly only when the en t i re  mass  of  
the sol id substance en ters  into the ducti le s ta te .  

In the p re sen t  study we discuss  the c h a r a c t e r i s t i c s  of low-intensi ty  shock wave propagation,  where  the 
influence of heating of the subs tance  can be neglected (tens ofk i lobars ) ,  but the actual nature  of wave p ropa-  
gation is l a rge ly  de te rmined  by the behavior  of the porous  solid in the ductile s ta te ,  v iz . ,  the po re - se l ec t i on  
dynamics  exe r t s  a s t rong influence on the wave s t ruc tu re .  

1. The shock prof i le  is invest igated in the example of a plane s ta t ionary  wave propagating with veloci ty  
D. In this  case  all  physica l  quantities (density,  pa r t i c le  veloci ty,  etc.) turn  out to depend only on one var iab le  

= x - IX, and the equations of mass  and momentum conservat ion  a re  eas i ly  integrated.  Consider ing media 
of low poros i ty ,  we can neglec t  the dependence of the s t r e s s  devia tor  on the poros i ty  factor  [10] and r ega rd  it  
as constant ,  with a value c lose  to the yield point of  the solid. Then in a coordinate  sys tem attached to the 
shock wave the equations are  wr i t ten  in the fo rm 

poD ---- p(D v), p -- Po ---- povD, (1.1) 
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