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The passage  of a med ium-power  shock wave through a condensed medium with smoothly changing 
densi ty is considered (initial speed of sound is var ied) .  The solut ions obtained desc r ibe  the t h e r -  
modynamic  p a r a m e t e r s  of the medium behind the shock-wave  f ront .  

Propaga t ion  of shock waves in inhomogeneous media has been studied by a number  of authors  [1-7]. In 
those  studies the equation of s ta te  of the medium was chosen in the s implif ied f o r m  of that  for  an ideal gas .  
However ,  it is of physical  and prac t ica l  in te res t  to study the ru les  of shock-wave  propagat ion  in condensed 
media  with var iab le  c h a r a c t e r i s t i c s .  

1 .  E q u a t i o n  of  S t a t e  

The p resen t  study will examine media with a L a n d a u -  Stanyukovich-type equation of s ta te  [8], which 
allows var ia t ion  of both densi ty and the speed of sound in the condensed ma te r i a l  through which the wave pro-  
paga tes .  At modera te  p r e s s u r e s  in the shock wave (~10 ~ arm) the dependence of energy  and p r e s s u r e  on t e m -  
pe r a tu r e  and densi ty  may be wr i t t en  in the f o r m  of two components ,  one of which is r e la ted  solely to e las t ic  
fo rces ,  while the other is connected sole ly  with t h e r m a l  mot ion [9]. They a r e  usual ly t e r m e d  the "cold" (E c 
and Pc) and " the rmal"  (E t and Pt) components .  The t h e r m a l  p r e s s u r e  Pt is p ropor t iona l  to  t e m p e r a t u r e  T 
(with T fa r  exceeding the initial t e m p e r a t u r e  of the ma t e r i a l  before  compress ion)  and inverse ly  propor t ional  

to  speci f ic  vo]Lume V. The propor t ional i ty  coefficient  F (Gruneisen coefficient),  genera l ly  speaking,, is densi ty  
dependent.  However ,  this  dependence may be neglected [9]. We take F = 2, which co r r e sponds  to a number  
of meta ls  at sl ight compres s ion .  For  the cold p r e s s u r e  we use the function proposed in [10]: 

where ,  as Gande l 'man  indicated [11], a = (1/3) P0c~, Then the total  energy  E ; E c + E t of the ma te r i a l  has the 
f o r m  

E =  c~ 
6VoV ~ (V o - -  V) [V2o -k VVo ~ 2V ~] -k 3RT.  (1,2) 

2 .  S h o c k  A d i a b a t  a n d  I s e n t r o p e  

The equation of s tate  chosen gives v e r y  s imple  express ions  for the shock adiabat .  
obtain the function for  the change in p r e s s u r e  ampli tude 

P~ = : c~ v o - v f  

V o 2Vf - -  V o 

and the t e m p e r a t u r e  change 

On the wave front  we 

(2.1) 

Co (Vo + vf ) (vo - -  vf )' 
Tf = 18R-" V o V f ( 2 V f - - V o )  (2.2) 

Behind the wave front  the motion of the ma te r i a l  is i sen t ropic .  Since TV 2 = TfV}, the equation of the 

i sen t rope  re la t ing  values on the front to values  within the volume encompassed  by the shock wave takes  on the 
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for m 

V~ 2V0--Vf (2.3) C2 2 
= co V W  o 2Vf - -  V o 

3.  B a s i c  E q u a t i o n s  

Since a shock wave propagat ing through a ma t e r i a l  with var iab le  densi ty c r ea t e s  a var iab le  entropy 
at each mass  e lement ,  it will be convenient to solve the p rob lem in Lagrange va r i ab l e s .  

With the above assumpt ions  the s y s t e m  of equations for the p rob l em*  will have the f o r m  

OU OP . . . . .  , ( 3 .1 )  
Ot Om 

OV OU 
Ol Om ' (3 .2)  

p - - c ~  [ ( - ~ ~  3 2V~ 1] .  (3.3) 
3V o 2Vf - -  V o 

As boundary conditions on the shock wave we take the equations for veloci ty  of the ma te r i a l  
1 

Vo 

and for the front  t r a j e c t o r y  in Lagrangian  f o r m  
1 

d / T L f  Co i2 Vf i)  2 (3.5) 
dt V o V o 

We as sume  that the shock wave in the medium is excited by detonation of a very  thick layer  of explo-  
s ive  substance  at tached to  one s ide.  The detonation wave s t r ik ing the boundary of the medium m = 0 is r e -  
f lected and propagates  in the opposite d i rec t ion  f rom the explosion products .  Because  the explosion p ro -  
ducts  fo rm a thick layer ,  on the boundary with the c o m p r e s s e d  ma te r i a l  a constant p r e s s u r e  is maintained.  
Thus ,  at m = 0, P = const,  and, consequently,  the specif ic  volume is constant .  F r o m  continuity conditions 
for the value of this p r e s s u r e  we have 

V ~ ' Co p 
0"578-- Pp-~ V --Vo l t-~0Vo + 2  -~o ) ----- ~ / ( - ~ o - - I ) [ I - -  ( - ~ ) ~ - 1 "  (3.6, 

which was obtained by use of the s imp le s t  f o r m  of the equation of s ta te  for the detonation products [12]. 

4 .  A s y m p t o t i c  S o l u t i o n  f o r  I n i t i a l  S t a g e  o f  P r o c e s s  

To  e s t ima te  the cha rac t e r  of• change in the shock wave upon propagat ion through the medium of 
inhomogeneous densi ty we use an expansion of the dependent va r i ab les  for sma l l  m and t i n the  f o r m  of a 
power s e r i e s  in m and t .  We a s s um e  that 

V 0 = V00(1 + am + ~rn2), (4.1) 

c o = Cuo(1 + xm -+- &n2), (4.2) 

where  V00, ~ ,  /3, Coo, v~, 6 a r e  some a r b i t r a r y  cons tants .  We s e e k t h e  expansions near  m = 0 i n t h e  fo rm 

V = V (I + Vim -4- Vgn ~ -i-' V6nt), (4.3) 

U = U (I + U~t + Up_m" + U3t 2 + U~mt), (4.4) 

mf (1 + Dlmf). (4.5) i f - -  D 

To de te rmine  the coefficients of the expansion we subst i tute Eqs.  (4.3) and (4.4) in Eqs.  (3.1)-(3.3) and 
use boundary conditions (3.4)- (3.6). 

/ 
*The br ie f  paper  by Kompaneets ,  Romanova,  and Yampol ' sk i i  in Zh. Eksp.  T e o r .  F i z . , P i s ' m a  Red.,  [16, 
No. 4, 259 (1972)] unfortunately p resen t s  these  equations in an e r roneous  fo rm,  as was indicated to the 
authors  by V. N. Svidinskii.  
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The express ions  for p re s su re ,  mass  velocity, and shock-front  velocity at m = 0 are  wri t ten in t e rms  

of the constant initial compress ion  value 0 = (V00/V): 

5 ~ 0 - - 1  
---- c~o Poo - -  , (4.6) 

2 - - 0  

0 -- l (4.7) 
D=C0o ~ ( 2 - - o )  ' 

V /  o (4.8) /P ~- Coo Po0 2 -- 0 

The coefficients of the linear t e r m s ,  wri t ten in t e rms  of the dimensionless  parameter  ~ = (0 -- 1)/(1 --  20), 
have the fo rm 

n + l  1 
U,D ---- D1 = a • - -  , (4.9) 

3 n + 2  3 n + 2  

V l = ( z  3 n ~ + 4 a r + 2  + z  3n (4.10) 
(~ + I) (3g ~- 2) (n + I) (33 ~- 2) 

The expressions for coefficients of the quadratic t e rms  have a more cumbersome fo rm and therefore  will 
not be presented.  

Results  of calculations performed with the relat ionships obtained here permit  the following general  
conclusions.  Upon shock-wave propagation in a medium with decreas ing density the p re s su re  at the wave 
front drops ,  and the change in velocity of sound may reach  the energy output on the constant asymptote.  
Also, in the case of decreas ing density,  compress ion  in the wave increases  slightly, and with increase  in 
the initial speed of sound the opposite occurs ;  analogous resul ts  are  obtained for the t empera tu re  Tf and 
the ra t io  P t /Pc  at the front.  

The mass  velocity Uf for the case of falling density increases  at any c 0. 

When the shock-wave propagates through a mater ia l  with increasing initial density o0 the p res su re  
at the front Pf increases  if c o is constant or inc reases .  For  falling velocity of sound, although the depen- 
dence on c o is weaker than that on P0, the p res su re  Pf may fall. Moreover ,  for increas ing P0 the :mass 
velocity Uf, compress ion  in the wave, t empera tu re  Tf, and P t /Pc  on the front all fall with wave propaga-  
t ion.  A drop in initial velocity of sound affects the resul ts  negatively. 

Most interest ing f rom the viewpoint of change in thermodynamic  and mechanical  pa ramete r s  in a 
mater ia l  disturbed by a shock wave a re  media with constant acoustic impedance (P0C0 = const).  

Compar ison of the resul ts  with data of numerical  solution by computer indicated that for some values 
the solutions obtained by use of the expansion are  quite accura te  and, on the whole, do give a proper  indi- 
cat ion of the ~endencies of pa ramete r  var ia t ion in condensed mater ia ls  disturbed by a shock wave. 

NOTATION 

R, gas constant, referred to 1 g of substance; F, Gruneisen coefficient; m, mass coordinate; t, 
time coordinate; tf, time at which shock wave reaches mass mf; U, mass velocity; Uf, mass velocity at 
front; D, shock-front velocity; V, specific volume; V0, initial specific volume; Vf, specific volume of 
compressed material at front; P, pressure; Pt, thermal pressure; Pc, cold pressure; Pf, pressure at 
front; Et, thermal energy; Ec, cold energy; T, temperature; Tf, temperature of material at front; c, 
velocity of sound; co, velocity of sound in material before compression; ef, velocity of sound at front; P0, 
density of uncompressed material. 

I~ 
2~ 
3. 

4e 
5. 
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E F F E C T  OF L A T T I C E  O X Y G E N  ON T H E R M A L  AND 

E L E C T R I C A L  P R O P E R T I E S  OF F L U O R I T E  

B .  M.  M o g i l e v s k i i ,  V .  N.  R o m a n o v ,  
V .  F .  T u m p u r o v a ,  a n d  A .  F .  C h u d n o v s k i i  

UDC 536.21 +537.311 +537.22 

The e l ec t r i ca l  conductivity,  t h e r m a l  conductivity,  and t h e r m o - e m f  of CaF 2 c rys t a l s  with an 
oxygen impur i ty  a r e  m e a s u r e d .  Values of the defect  t r a n s f e r  p a r a m e t e r  a r e  obtained. The 
exis tence of t h e r m a l  diffusion of oxygen-vacancy  complexes  in f luori te  is proposed.  

One of the g r ea t e s t  diff icult ies in synthesizing f luori te  c ry s t a l s  is e l iminat ion of oxygen, which is always 
0 resen t  in the or iginal  ingredien ts .  This  p rob lem a r i s e s  because  of the d i rec t  connection between optical  p rop -  
e r t i e s  of CaF 2 and 02- concentra t ion.  In pa r t i cu la r ,  the p resence  of oxygen produces  unsa t i s fac tory  r a d i a -  
t ion  s tabi l i ty  in the c r y s t a l s ,  low t r a n s p a r e n c y  in the ul t raviole t ,  exis tence  of l igh t - sca t te r ing  phases ,  e tc .  
At the s ame  t ime ,  in growth of CaF2 c rys t a l s  act ivated by r a r e  ea r th  meta ls  for use as volume r eg i s t r a t i on  
devices  oxygen plays an impor tant  ro le ,  s ince it ensu res  s tabi l i ty  of the nonequil ibr ium t rans i t ion  of the r a r e  
ear th  ion f rom the t r iva len t  to the bivalent  s ta te  [1]. Thus,  it is of p rac t i ca l  impor tance  to  study means for 
de t e rmina t ion  and control  of oxygen content in f luori te  spec imens .  

In cont ras t  to  univalent cat ion impur i t i e s  which a r e  able to produce both vacancies  and in te rs t i t i a l  ions 
(depending on the mode of solution in the f luori te  lat t ice),  the p resence  of 02- leads only to vacancies  [1]. 
Thus ,  the coincidence of kinetic defect  p a r a m e t e r s  in oxygen-containing c rys t a l s  and spec imens  of CaF 2 + MeF 
is additional and independent conf i rmat ion  of the vacancy nature of the defects  produced by a univalent meta l  
impur i ty  (as in the case  of BaF 2 [2]). In te res t  in the anion impur i ty  in an t i -F ranke l  s y s t e m s  is caused by the 
fact  that  in this  case  conditions exis t  for  t h e r m a l  diffusion of the impur i ty  ion or its complexes .  

The p resen t  study cons iders  the e l ec t r i ca l  conductivity,  t h e r m a l  conductivity,  and t h e r m o - e m f  of a num- 
b e r  of oxygen-containing CaF2 s p e c i m e n s .  The m e a s u r e m e n t  method is descr ibed  in [4, 5]. The spec imens  
were  produced by the S tokebarger  method in a graphi te  c ruc ib le .  Doping with oxygen was effeeted by a d m i s -  
s ion of a weak a i r  flow through the vacuum c rys ta l l i za t ion  chamber  over  the course  of the ent i re  c r y s t a l -  
growth p r o c e s s .  As a resu l t ,  the t r a n s m i s s i o n  s p e c t r a  of the c ry s t a l s  (Fig. 1) show intense absorp t ion  bands 
at ~155 nm and ~205 nm, connected with the p re sence  of 02 [3]. For  compar i son ,  Fig. 1 a lso  shows the t r a n s -  
mi s s ion  s p e c t r u m  of pure  CaF 2. In both spec imens  (Nos. 1 and 6, Fig.  2a) the oxygen content was de te rmined  
to  an accuracy  of 20% by the vacuum fusion method (No. 1, 0.22 mole % 02-; No. 6, 0.64 mole % O2-). 

Resul ts  of conductivity m e a s u r e m e n t s  on s e v e r a l  CaF 2 + O 2 spec imens  (Nos. 1-6, Fig. 2a) r e v e a l  that 
the t e m p e r a t u r e  dependences ~ = f(1/T) a r e  s i m i l a r  to  each other and to analogous functions for c ry s t a l s  of 
CaF 2 + NaF (No. 7, Fig. 2a). On the curves  a = f(1/T)  one can  dist inguish segments  of natural  conductivity 
(h igh- tempera ture  region),  d i ssoc ia t lon  (middle region), and assoc ia t ion  ( low- tempera ture  region) .  The slopes 
of these  segments  c h a r a c t e r i z e  the ac t ivat ion energ ies ,  which, within the l imits  of exper imenta l  e r r o r ,  coin- 
cide with the following values for  CaF2 + NaF [4]: in the d issoc ia t ion  reg ion  h_ = (0.5 ~ 0.03) eV, in the a s s o -  
c iat ion reg ion  (h_ + (l/2)ha-) = (0.7 ~ 0.05) eV. Hence, the bonding energy of the O~- - -vacancyha -complex i s  
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