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We discuss  a method for  construct ing the comple te  equation of s tate  of a condensed medium 
the rmodynamica l ly ,  th i s  method being based  on the uti l ization of exper imenta l  data  on shock 
compres s ion  and on the second law of t he rmodynamics .  Determinat ion of the accuracy  of the 
solution so obtained, so fa r  as i ts  dependence on e x p e r i m e n t a l  e r r o r  connected with the dyna-  
mica l  expe r imen t s  and initial conditions was  concerned ,was  c a r r i e d  out by means  of s t a t i s -  
t i ca l  t e s t s  (Monte Carlo). The method is  f r ee  f r o m  r e s t r i c t i ng  assumpt ions  as to the p r o p e r -  
t i e s  and nature of the medium under  invest igation.  In the p re sen t  paper ,  equations of state 
f o r  W, Cu, and L iF  are  constructed.  The r e su l t s  obtained are  compared  with exper imenta l  
r e su l t s  and with equations of s ta te  based  on models .  

At the p r e s en t  t ime  the theore t i ca l  calculat ion of t he rmodynamic  p r o p e r t i e s  of m a t t e r  in the condensed 
s ta te  meets  with se r ious  difficult ies owing to the p r e s e n c e  of s trong in te rpar t i c le  in terac t ions  in the quantum 
mechanica l  many-body  p rob lem [1]. Th is  c i r cums tance  p r o m o t e s  the use  of exper imenta l ,  and p r i m a r i l y  of 
dynamical  methods  of invest igat ion [2], these  being based  on ways of obtaining the requ i red  s ta tes  through 
compres s ion  and i r r e v e r s i b l e  heat ing of the ma te r i a l  in the front of a s t rong  shock wave. A cha rac t e r i s t i c  
fea ture  of dynamical  exper iments ,  connected with the record ing  of the  k inemat ic  p a r a m e t e r s  of shock wave 
propagat ion,  is the fact  that  such exper imen t s  give immedia te  informat ion that  concerns  only the ca lor ic  
equation of s tate  E =E(P,  V), f r o m  which the v e r y  impor tant  t he rmodynamic  p a r a m e t e r  - t h e  t e m p e r a t u r e  
T - is absent,  it being n e c e s s a r y  for  the  calculat ion of th is  p a r a m e t e r  to  r e s o r t  to models  to r e p r e s e n t  the 
p r o p e r t i e s  and nature of the ma te r i a l  under  investigation.  

All s e m i e m p i r i c a l  methods of cons t ruc t ing  an equation of s ta te  on the r e su l t s  of dynamical  ex p e r i -  
ments  that  a re  exploited at p resen t  a re  based  on the  division of the total  p r e s s u r e  and the internal  energy  
into " the rmal"  and "cold" components ,  with subsequent deductions based  on models  of theore t i ca l  r e p r e s e n -  
ta t ions  concerning the nature  of the functional dependence of the t h e r m a l  f ac to r s  on the specif ic  volume and 
the t e m p e r a t u r e .  At the same  t ime  the expe r imen t s  in question are  employed as a check on the constants  
and functions enter ing the a s sumed  equation of s tate,  pure ly  theore t ica l  expres s ions  often being employed 
as t e r m s  in the la t te r .  The c r i t e r ion  fo r  the mer i t  of an equation of s ta te  cons t ruc ted  in th is  way is the 
ag reemen t  between the Hugoniot adiabat  of the substance under  study as m e a s u r e d  and as calcula ted by 
theore t i ca l  cons idera t ions .  However ,  it i s  poss ib le  for  a si tuation to a r i se  when different  equations of 
s tate,  which give a sufficiently good descr ip t ion  of the original  expe r imen ta l  ma te r ia l ,  lead to different  
va lues  of the Gr[ineisen coeff icient  and of the~empera ture  of a s h o c k - c o m p r e s s e d  medium [3]. Moreover ,  
in the f r a m e w o r k  of equations of s ta te  based  on models  it is r a t he r  difficult to take account of po lymorphic  
t rans i t ions ,  mel t ing [4], poss ib le  depa r tu r e s  of the c o m p r e s s i o n  cu rves  f rom smoothness ,  filling of e l ec -  
t ron  energy  bands induced by anomal ies ,  and phase  t r ans i t ions  of an e lec t ron  type [5]. To take  account of 
exper imenta l  informat ion re la t ing  to  these  ef fec ts  would requ i re  the introduction of new t e r m s  and a con-  
s iderab le  moderniza t ion  of known models  of equations of state.  

A the rmodynamica l l y  complete  equation of s ta te  can, however,  be cons t ruc ted  on the ba s i s  of ex p e r i -  
menta l  da ta  alone, without the introduction of t he ro re t i ea l  assumpt ions  concerning the p r o p e r t i e s  and the 
nature  of the medium under  invest igat ion [6]. The t he rmodynamic  un iversa l i ty  of the method under  d i s cus -  
sion enabled us to cons t ruc tequa t ions  of the s tate  for  media  with v e r y  different  physical  p rope r t i e s :  me ta l s  
of the t rans i t iona l  (W) and the main (Cu) groups  of the per iodic  sy s t em and an ionic c rys t a l  (LiF). 
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T A B L E  1. P a r a m e t e r s  of the  Equa t i ons  of S ta te  (1.4) 

W Cu LiF 

g00' 
gl0 
g20 
8g9 
g01 
ell  
e21 
e02 
el2 

Note :  

--.2979872305 2 
�9 t020466665 4 

--.1026855tt~ 5 
.325694626~ 5 
.22317024O1 0 

--.656993225~ I 
. 552261t557 2 

-- .  564755165 T --3 
.954237483 T --2 
.386205157~ --6 

-- ,2979837230 

--.48982t103~ l 
-- �9 3 

�9 282661005~ 
-- .t13090465~ 45 

.1567705681 0 
--.426786389 t t 

.329967t75~ 2 
--.2204330407 --3 

.4316561071 --2 
-- .  5600813647 --7 

2 =-- 29,79837230 

�9 
--.253883236i 

.645766095i 
-.5a6o77t39~ 
-.23o157248i 

.976449861' 
--.802928927' 

.725437439' 

4 
4 
4 
1 
i 
t 
t 

--A22096372~--t 
--.9472t61021--5 

T A B L E  2 

P "10-12, ,C.lO-S, ~avJs "l ' ,~vJp - '  I,~u~ em a 
dyn/cm 2 cm/see erg/cm a gZ/cm 4 "see z ] ' - -  v 

[ 

Data of [14] 

t .31 1.065 5.61 t .039 264 0.025 t �9 
0�9 i .017 4.79 0.84 210 0.027 i .87 
2.62 0 � 9  . . . .  i�9 13 
0�9 0 . 8 7 1  . . . .  1.26 

Results of calculations according to the equation of state (1.4) 
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1. G e n e r a l  I n t r o d u c t i o n  to  t h e  Method  fo r  C o n s t r u c t i n g  an Equa t ion  of S ta te .  The  m e a s u r e m e n t  of 
two of t he  f ive  p a r a m e t e r s  c h a r a c t e r i z i n g  t h e  p r o p a g a t i o n  of  a s t e a d y  s h o c k  t h r o u g h  a m a t e r i a l  u n d e r  s tudy 
e n a b l e s  one,  t h r o u g h  u s e  of g e n e r a l  c o n s e r v a t i o n  l a w s ,  to  d e t e r m i n e  the  i n t e r n a l  e n e r g y  E as  a func t ion  of 
t he  p r e s s u r e  P and the  s p e c i f i c  v o l u m e  V in each  p a r t i c u l a r  e x p e r i m e n t  [2]. By c a r r y i n g  out s u i t a b l e  m e a -  
s u r e m e n t s  wi th  v a r i o u s  i n i t i a l  cond i t i ons  and i n t e n s i t i e s  of t he  shock  wave  one can  d e t e r m i n e  the  c a l o r i c  
equa t ion  of s t a t e  E = E  (P, V) in a r e g i o n  of t he  P V - p l a n e  t ha t  i s  c o v e r e d  b y  Hugoniot  a d i a b a t s  [2]. 

M e a s u r e m e n t s  of the  i n i t i a l  s t a t e s  of  t he  m a t e r i a l  can  be  m a d e  by  p e r f o r m i n g  s h o c k - w a v e  e x p e r i m e n t s  
at  v a r i o u s  t e m p e r a t u r e s  T O and d e n s i t i e s  t ha t  a r e  r e l a t e d  to  T O by the  law of t h e r m a l  e x p a n s i o n  [7, 8]. 
C h a r a c t e r i s t i c  of  t h i s  p r o c e d u r e  i s  t h e  fac t  t h a t  the  p a r a m e t e r  d o m a i n  t ha t  i s  a c c e s s i b l e  to  e x p e r i m e n t a l  
d e t e r m i n a t i o n  i s  w i d e n e d  only  i n s i g n i f i c a n t l y .  F a r  m o r e  e f f ec t i ve  fo r  t h i s  p u r p o s e  i s  t he  c o m p r e s s i o n  of  a 
s u b s t a n c e  by  a s h o c k  wave ,  t h e  s u b s t a n c e  b e i n g  in t he  f o r m  of a l o o s e l y  d i s p e r s e d  p o w d e r ,  as  t h i s  m a k e s  i t  
p o s s i b l e  t o  i n c r e a s e  t he  e n t r o p y  j u m p  g r e a t l y  and t hus  c o n s i d e r a b l y  to  ex t end  the  r e g i o n  of t h e  P V - p l a a e  
t h a t  i s  a c c e s s i b l e  to  e x p e r i m e n t  [9]. An  add i t i ona l  e x t e n s i o n  of t he  r e g i o n  in q u e s t i o n  can  be  a c c o m p l i s h e d  
both  by  u s e  of  i nc iden t  and r e f l e c t e d  shocks  and by  the  r e c o r d i n g  of the  un load ing  a d i a b a t s  of a s h o c k - c o m -  
p r e s s e d  s u b s t a n c e  [2]. In t h e  l a t t e r  c a s e  t he  p a r a m e t e r s  of t he  m e d i u m  ( d i s t i n g u i s h e d  by d a s h e s )  in the  
c e n t e r e d  r a r e f a c t i o n  wave  are  r e l a t e d  to  the  p a r a m e t e r s  beh ind  t h e  shock  f r o n t  by R i e m a n n ' s  i n t e g r a l s  

P P 

\-s d P ,  E - -  = P \ d P ]  d P  
, t:J~ 

which  a r e  c a l c u l a t e d  a c c o r d i n g  to  t he  e x p e r i m e n t a l l y  known func t iona l  r e l a t i o n s h i p  b e t w e e n  the  p a r t i c l e  
v e l o c i t y  and the  p r e s s u r e  u =u (P).  

T h u s  a d y n a m i c a l  e x p e r i m e n t  e n a b l e s  one to  d e t e r m i n e  an equa t ion  of s t a t e  d i r e c t l y  only in a c a l o r i c  
f o r m :  E = E  (P, V). In t h i s  f o r m  the  equa t ion  of s t a t e  can  be  u s e d  f o r  h y d r o d y n a m i c  c a l c u l a t i o n s  of a d i a b a t i c  
f lows ,  s i n c e  in t h i s  c a s e  i t  i s  not n e c e s s a r y  t o  i n t r o d u c e  the  t e m p e r a t u r e  ( through an equa t ion  of  s ta te )  in 
o r d e r  to  c l o s e  the  s y s t e m  of h y d r o d y n a m i c a l  e qua t i ons .  
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The internal  energy,  however,  is not a t he rmodynamic  potential  with r e spec t  to P - V  va r i ab les ,  and 
for  the construct ion of the complete  t he rm odynamics  of the sy s t em under  study the supp lementa ry  depen-  
dence T= T(P,  V) is  r equ i r ed .  M e a s u r e m e n t  of the t e m p e r a t u r e  together  with o ther  p a r a m e t e r s  of shock 
c o m p r e s s i o n  in an overwhelming  number  of c a s e s  does not s e e m  to be poss ib le  because  of the sma l l  
length of the f r ee  path of light rad ia t ion  in condensed media ,  s ince light rad ia t ion  of a s h o c k - c o m p r e s s e d  
med ium is abso rbed  in f ront  of the shock wave and is  not sufficient  for  r eg i s t r a t ion .  Even in opt ic-  

al ly i so t ropic  and t r a n s p a r e n t  med ia  - ionic c ry s t a l s  - the equi l ibr ium t e m p e r a t u r e  can be m e a s u r e d  only 
in a compa ra t i ve l y  nar row p r e s s u r e  range (0.5-1.0 Mbar),  outside of which light radiat ion has an essen t ia l ly  
nonequi l ibr ium c h a r a c t e r  [10]. 

The s h o c k - c o m p r e s s i o n  t e m p e r a t u r e  T =T (P, V) can be de te rmined  d i rec t ly  f r o m  the ca lor ic  equation 
of s ta te  E =E (P, V) without introducing r e s t r i c t i v e  assumpt ions  as to the p rope r t i e s ,  nature,  and phase  
constitution of the m a t e r i a l  under  invest igat ion [9, 6]. Taking account of the  dependence E =E (P, V), as 
known f r o m  exper iment ,  we eas i ly  obtain, on the bas i s  of the second law of t he rmodynamics :  

P +  \ o v  / p J  o P  \ a p  j v  "-6-r = T 
(1.1) 

The solution of th is  l i nea r  inhomogeneous par t ia l  different ial  equation with va r i ab le  (known f r o m  ex -  
per iment)  coeff ic ients  is the functional dependence T =T (P, V). The solution of (1.1) is cons t ruc ted  f r o m  
the solution of the c h a r a c t e r i s t i c  s y s t e m  of ord inary  di f ferent ia l  equations 

dP P -5 (OE/OV)p 

dV -- (OE/OP) v (1.2) 

dT _ r (1.3) 
d V  (OEIOP) v 

Equation (1.1) or  Eqs.  (1.2), (1.3) a re  supplemented  by the boundary conditions: the t e m p e r a t u r e  must  
be  given in a region e i ther  where  it is  poss ib le  to make  a re l iab le  calculat ion of the  equation of s tate  by the 
method of s t a t i s t i ca l  phys ics  or  where  the t e m p e r a t u r e  is  known f rom exper iment .  F o r  condensed media  
the l a t t e r  case  is  p r e fe rab l e .  In calcula t ions  In the p r e sen t  pape r  the t e m p e r a t u r e  is  p r e s c r i b e d  as a func-  
t ion of the specif ic  vo lume on the I sobar :  P =1 atm, where  exper imenta l  data  on the t h e r m a l  expansion V 0' 
= V0'(T0') of  the subs tance  is used. 

Supposing that N exper imen ta l  points { E i • ~ E i ,  Pi,  Vi }i N = l ,  randomly  dis t r ibuted over  the P V -  
plane,  a r e  known, we cons t ruc t  a ca lo r ie  equation of s ta te  in the f o r m  of a power  polynomial  

E~(P, v)= ~,Y, ~,v~p ~ (1.4) 
~+z.<<q 
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The coefficients  ek/ (see Table 1, where  P is exp re s sed  in 10 l~ 
dyn /cm 2, V in cm~/g, and E in 10 t~ ergs /g)  were  found f rom the condi- 
t ion for  a minimum OS/aekl =0 of an element  of the best  approxi-  
mation S 

N 

S = ~ ~? [El- -  g~ (P~, Vi)l ~ (1.5) 

which leads to the requ i rement  that Gauss '  sys tem of normal equa- 
t ions be solved. Difficulties, fami l ia r  in the one-dimensional  analogue 

of the problem,  that are  connected with the poor  conditionality of the ma t r ix  of the sys tem of normal  equa-  
t ions can be removed  by conversion to orthogonal Chebyshev polynomials [6]. 

The degree  q of the polynomial in (1.4) is chosen by an analysis  of the exper imenta l  data, using the 
s tat is t ical  c r i t e r ion  of F i she r ' s  relat ionship [11]. 

An equation of state in the fo rm (1.4) can be ut i l ized immediate ly  in hydrodynamic calculations. Shock 
adiabats of the mater ia l  under  study are de termined  by numer ica l  solution of the Rank ine -  Hugoniot equation 

E" (P, V) -- E, (P, 1/3 = ~/~ (P + Pc) (Vo -- 1/3 (1.6) 

where the subscript 0 refers to the state in front of the shock front and Eq (p, V) is taken in conformity with 
(1.4). The characteristic equation (1.2) determines adiabatic compressibility and consequently the sound 
speed C 2 =-V 2 (0P/OV)s in a shock-compressed medium. Numerical integration of Eq. (1.2) enables one 
to find the isentropic unloading curves. Using (1.4), one can calculate the right-hand sides of the system 
(1.2), (1.3) and integrate it throughout the region for which relation (1.4) holds. 

The dependence of the accuracy of the results obtained on errors in the original data is determined 
by the Monte Carlo method through a modeling of the random structure of the measuring process by a 
computer [6], A uniform estimate of the accuracy of the solution for a given configuration of the distribu- 
tion of experimental points in the PV-plane and of a specific level of experimental error was made. 

2. Results of the Construction of Equations of State. In vlew of the thermodynamical universality of 
the method under discussion it is possible to construct the equation of state of media having very different 
physical properties by a single procedure. These media were simple (Cu) and transitional (W) metals and 
an ionic c rys t a l  (LiF). Nickel has been d iscussed  ea r l i e r  in [12]. 

In the construct ion of the equations of state of the ma te r i a l s  under  discussion h e r e  we used exper i -  
mental  data on the shock compress ion  of solid andporous  samples  (see points in Figs. 1, 2, 3). Moreover ,  
points corresponding to the solid and liquid phases  on the a tmospher ic  p r e s s u r e  i sobar  were  used. In ca l -  
culating the p a r a m e t e r s  of these  points , the  internal  energy  of the solid and liquid phases  and also the latent 
heat of melting at P =1 bar  were  assigned for  tungsten in accordance with [15, 17, 34], for  copper  [22-24], 
and for  L iF  [28]. For  the determinat ion of the bulk t he rma l  expansion curves  (initial data for  the t e m p e r a -  
tu re  calculations) the data of [15, 17] for  tungsten, of [16, 24, 25] for  copper,  and of [28] fo r  L iF  were  
employed. In view of the complete  lack of exper imenta l  data on liquid tungsten, the single point used here  
in the calculation of the internal  energy  in the domain of the liquid phase [its weight in the construct ion 
(1.5) was w =0.5] was based  on the theore t i ca l  data of [17]. The value AOm/Om=O.02 was taken as the 
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change in density upon melting,  t a k i n g  account of the 
p r e s e n c e  of a cor re la t ion  between this  quantity and the 
type  of c rys t a l  la t t ice  [18]. P a r a m e t e r s  of the equa-  
t ions of state (1.4) that  were  cons t ruc ted  are  given 
In Table  i .  

Stat is t ical  ana lys is  showed that  for  the d e s c r i p -  
t ion of available exper imenta l  ma te r i a l  it is sufficient 
to take q = 3 in {1.4) fo r  W, Cu, and LiF.  Resul t s  of 
calcula t ions  of the Hugoniot adiabats  fo r  va r ious  initial 
po ros i t i e s  m =P0*/P0 (P0* being the density of the c o m -  
pact  mater ia l )  a re  shown in Figs.  1-3.  The cons t ruc ted  
shock adiabats  of W, Cu, and LIF  have an "anomalous"  
fo rm [2] with an a l ternat ing der iva t ive  (dP/d u) along 
the Hugoniot adiabat which, in the  f r a m e w o r k  of the 
model equations of s tate,  is connected with the depen-  
dence of the Gr i ine isen  coefficient  ~, on the t e m p e r a -  
tu re  [14]. The equation of state obtained for  l i thium 
fluoride desc r ibes  (see the kink in the shock adiabat 
m =1 on Fig. 3) a polymorphic  t rans i t ion  to the dense r  
c rys ta l l ine  modificat ion (of the type CsC1 [27]); the 
dashed curve in Fig. 3 is a p l o t  of the shock adiabat 
of [27]. The mer i t  of the const ructed equations of 
s tate  is de te rmined  by the cor respondence  between 
calculated and exper imen ta l  m e a s u r e m e n t s  of s t a t e s  
of shock compress ion .  The manner  in which the ca l -  
culated Hugoniot adiabat p a s s e s  through exper imenta l  
points that  were  not used in the construct ion of (1.4) 

(these "control"  points  a re  indicated by c r o s s e s  in Figs.  1, 3) de t e rmines  the interpolat ion p r o p e r t i e s  of the 
equations of s tate  we have obtained. In both cases  the deviation in the degree  of compres s ion  (at the spec i -  
f ied p r e s s u r e )  did not exceed  1-2%, which is obviously within the l imi t s  of exper imenta l  e r r o r  [2]. 

Measu remen t s  of the sound speed  in s h o c k - c o m p r e s s e d  tungsten [14] and copper  [29] p rov ide  an addi-  
t ional  poss ib i l i ty  for  the compar i son  of these  quantit ies with r e su l t s  of the calculation of l sen t ropic  c o m -  
p r e s s i b i l i t y  according to  Eq. (1.2). Resul t s  of such a compar i son  for  Cu are  shown in Fig. 4 [solid curve,  
ca lcula ted  according to (1.2), (1.4)], and for  W in Table  2 where ,  m o r e o v e r ,  a compar i son  is made between 
de r iva t ives  of the in ternal  energy  found in [14] and the  Gr[ ineisen coefficient  7 and r e su l t s  of calculation of 
t hese  quant i t ies  according to  the equation of s ta te  (1.4). 

An impor tan t  c h a r a c t e r i s t i c  of ma t t e r ,  used  in all model  equations of s tate,  is the cold compres s ion  
curve  Po(V), the dependence of the p r e s s u r e  on the speci f ic  vo lume along the i so the rm T =0~ The method 
of ex t rac t ing  th i s  dependence f r o m  re su l t s  of a dynamical  exper iment  is  based  onthe  numer ica l  solution of 
a different ia l  equation fo r  P0, which is der ived  f r o m  model r ep re sen ta t ions  of the dependence of the f r e -  
quency spec t rum of ha rmonic  v ibra t ions  on the specif ic  volume.  Another  way of de te rmin ing  P0(V) is to 
p r e s c r i b e  this  curve  in the f o r m  of a polynomial  [3] 

�9 ~ [ v 0 ~ \ ~ / 3 + i  
P0 (V) ~, a, k -F-  ] (2.1) 

i = l  

where  the coefficients  a i a re  found f r o m  c h a r a c t e r i s t i c s  of the substance  under  normal  conditions, the data  
of dynamical  expe r imen t s ,  aad the  Thom as - -  F e r m i - - D i r a c  theory .  Taking account of the fact  that  the i so -  
t h e r m  T =0 ~ K coincides with an l sent rope ,  we can obtain the cold compres s ion  curve  according to th is  
approach by integrat ing (1.2) fo r  T O =0 ~ K. The P0(V) obtained in this  way are  shown in Figs.  1, 2, 3 (dashed 
curves}, where  they are  c o m p a r e d  with the cold compression curves  cons t ruc ted  according to (2.1). Sa t i s -  
f ac to ry  ag reemen t  between these  cu rves  is  evident. It is  significant that  the ze ro  i sen t rope  for  copper 
(Fig. 2), cons t ruc ted  in th is  way, does not exceed the upper  bound of the ze ro  i sent rope  J0 obtained by m e a -  
s u r e m e n t s  of the sound speed [29]. We r e m a r k  that  the  method of const ruct ing the cold compres s ion  curve  
under  considera t ion  p r e s u p p o s e s  an ext rapola t ion  of the equation of s tate  (1.4) out of the region where  ex-  
pe r imen ta l  informat ion is specif ied,  and f o r  that  r e a son  the curve is an approximat ion  in the h i g h - p r e s s u r e  
domain.  
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The bas i c  p r e m i s e  underlying an equation of s tate  in the Mie-Gri ineisen f o r m  is the assumpt ion  that  
the Griineisen coefficient  T =V (8 E/O P)v - I  is independent of the t e m p e r a t u r e  [2]. Th is  assumpt ion  b r e a k s  
down in the domains  of high p r e s s u r e s  and low densi t ies .  As an i l lus t ra t ion of th is  fact ,  calculat ions of 7 
w e r e  made for  va r ious  p r e s s u r e s  ( t empera tu res )  on the i sochors :  a =1.1 and ~ =0.9, using the equation of 
s tate  cons t ruc ted  fo r  W (Fig. 5). It is evident that ,  in cont ras t  to the assumpt ion of the Mie-Grt ineisen 
theory  (~/ =cons t  for  V =const) ,  the coefficient  y d e c r e a s e s  with inc reas ing  p r e s s u r e ,  tending in the l imit  
to the v(alue 2/3 that  is c h a r a c t e r i s t i c  for  an ideal gas.  The smal l  i nc rea se  in ~ during the initial port ion 
of the i sochor  ~ =]..1 is apparent ly  connected with exper imen ta l  e r r o r .  A s im i l a r  i nc rea se  in ~ on the 
adiabat m =1.8 was noted in [14]. 

T e m p e r a t u r e  calcula t ions  were  made by s imul taneous in tegrat ion of Eqs. (1.2) and (1.3) by computer .  
The initial  t e m p e r a t u r e  T 0' was  de te rmined  by feeding the curve  of t h e r m a l  expansion at P =1 b a r  (see Figs. 
6, 7, 8) into the computer  as the initial value of the specif ic  volume V 0' > V0* on the a tmospher i c  p r e s s u r e  
i sobar .  With these  init ial  conditions the c h a r a c t e r i s t i c  s y s t e m  (1.2), (1.3) was in tegra ted  by Adams '  n u m e r i -  
cal  s cheme  up to the in te rsec t ion  of the i sen t rope  with the shock adiabat for  solid ma t t e r  in the PV-plaJ]e. 
In the TV-p lane  a few i sen t ropes ,  dist inguished by the index s, a re  shown in Figs.  6, 7, 8. In Fig. 6 the ca l -  
culated t e m p e r a t u r e  on the shock adiabat  for  tungsten (solid curve) is compa red  with the calculat ion acco rd -  
ing to the Mie-Gr[ ineisen theo ry  [13] (dashed curve) and the calculat ions of [30] (dot-dash curve).  In Fig. 7 
the t e m p e r a t u r e  obtained for  Cu is  compared  with the 5Iie-Gr~ineisen theo ry  [13] (dashed curve) and the 
" f r ee "  volume theory  [19] (point). In Fig. 8 the t e m p e r a t u r e  for  LiF  is compared  with the r e su l t s  of [10] 
(dashed curve) and of [26] (dot-dash curve) .  It is evident that  at modera te  c o m p r e s s i o n s  t h e r e  is good 
ag reemen t  between the ca lcula ted  t e m p e r a t u r e  and r e su l t s  of calcula t ions  according to the t h e o r i e s  cited. 
The lack  of smoothness  of the  plot of the t e m p e r a t u r e  for  L iF  in Fig. 8 is r e l a t ed  to the po lymorph ic  t r a n s i -  
t ion ment ioned above. 

The c h a r a c t e r i s t i c  " s tep"  in the t e m p e r a t u r e  on the shock adiabat m = l  (Fig. 6, 7) is caused by m e l t -  
ing of the ma te r i a l  behind the shock front.  The magnitude of the change in the specif ic  vo lume with mel t ing 
on the Hugoniot adiabat c o r r e s p o n d s  qual i ta t ively with exper imenta l  r e su l t s  for  ionic c r y s t a l s  [31]. 

Exper imenta l  [31] and theore t i ca l  [4] s tudies  of the mel t ing of ma t t e r  under  shock compres s ion  indi- 
cate that  for  the en t ropy  change along the mel t ing curve dS /dT  > 0. The lack of detai led expe r imen ta l  data 
in the a r e a  of the mel t ing  curve  r e su l t s  in th is  c u r v e ' s  coinciding with an i sent rope  in the calculat ions 
under  discussion.  The actual t e m p e r a t u r e  step is t h e r e f o r e  located somewhat  higher  than those  depicted 
in Figs.  7 and 6.* For  p r e s s u r e s  that  exceed  by an o rde r  of magnitude the value cor responding  to the 
in te rsec t ion  of the shock adiabat with the L i n d e m a n n - G i l ' v a r r  mel t ing  curve  in the phase  d i ag ram [10] the 
calculat ions under  d iscuss ion yield undis tor ted  r e su l t s  for  the melt ing effect  in view of the fact  that  the 
solution of Eq. (1.1) is cons t ruc ted  by the method of c h a r a c t e r i s t i c s  and the t e m p e r a t u r e  on the i sent rope  
does not depend onthe  solution in the neighboring region through which the i sent rope  in question does not 
pass .  

F igure  9 shows the t e m p e r a t u r e  of copper  a f te r  i sen t rop ic  expansion (unloading) of the s h o c k - c o m -  
p r e s s e d  m a t e r i a l  f rom the s ta te  on the Hugoniot adiabat  with m =1 to  the s tate  at a tmospher i c  p r e s s u r e  as 
a function of the p r e s s u r e  behind the shock front .  Relat ion (1.2) was used  for  the construct ion of the  

*The  c h a r a c t e r  of the kink in the i sen t ropes  at t he i r  in te rsec t ion  with the two-phase  region r e su l t s  in a 
shift of the s tep in Figs.  7 and 6 into the region of higher  t e m p e r a t u r e s  [32]. 
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isentrope. The t empera tu re  dependence of the density on the isobar  P =1 bar  was taken f rom experiments  
on thermal  expansion. Represented on the same diagram are  the data of [13] (dashed curve) and resul ts  of 
T y l e r ' s  experiments  [33] that measured  the t empera tu re  in the unloading wave in shock-compressed  copper 
by photoelectr ic  means.  

The agreement  between theoret ical  and experimental  results  on t empera tu re  measurements  l a t h e  
unloading wave is an indirect  confirmation of the co r r ec tnes s  of the method of calculating the tempera ture  
of optically dense media  that has been adopted here. Experiment [33] and the present  calculations indicate, 
moreover ,  that there is thermodynamic  equilibrium during the expansion of shock-compressed  copper f rom 
a state on the Hugoniot adiabat to normal conditions (P = 1 bar). 

As an example, Fig. 10 shows resul ts  of the determination of the accuracy  of the solution for W by 
the method of statist ical  sampling (Monte Carlo). Under the assumption of equal accuracy  of the m e a s u r e -  
ments var ious  values of the relat ive e r r o r  ( A E i / E i )  were given the dynamical experiments  sequentially. 
Ia each case  the size n of the sample used for  est imating the e r r o r  of the calculations was equal to 100. 
The dependence of the e r r o r  in the t empera tu re  determination for  a certain charac te r i s t i c  point of the shock 
adiabat m =1 on the average e r r o r  (AEi /Ei )  of the dynamical experiments  is plotted in Fig. 10a. Gaussian 
distribution formulas  were used for  the calculation of the mathematical  expectation and the var iance  of the 
random var iables  ( temperatures) .  The normal i ty  of the distribution law of a random variable  is ver i f ied in 
the probabil i ty text [11] (Fig. 11). The dependence of the e r r o r  in t empera tu re  determination (AT/T) H on 
the e r r o r  in the initial data at P = 1 bar  is represented  in Fig. 10b. A certain (very slight) growth along 
the isentrope is connected with the divergence of the fan of charac te r i s t i c s  in the TV-plane.  A s imi lar  
s tat is t ical  analysis of the accuracy  of the t empera tu re  determinat ions for  Cu and LiF was also made. On 
the basis  of es t imates  made by the Monte Carlo method we can conclude that, on taking account of the 
accuracy  and cha rac t e r  of the distribution of experimental  data in the PV-plane,  the e r r o r  in the de te rmina-  
tion of the t empera tu re  of a condensed medium on the adiabat with m = l  is of the o rder  of 5-8%. This is 
conf i rmed indepe~)dently by a comparison with t empera tu re  calculations according to model theories .  

The author thanks L. V. Al ' t shuler  and V. M. Ievlev for  many discuss ions  
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