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Experimental  equat ions o f  s t a t e  f o r  s o l i d  

C> neon, argon, krypton, and xenon 

Marvi n  Sydney Anderson 

Under the  superv i s ion  o f  C. A.  Swenson 
From the  Department o f  Physics 

Iowa s t a t e  U n i v e r s i t y  o f  Science and Technology 

The experimental  pressure-volume-temperature r e l a t i o n s h i p s  have been 

determined f o r  so l i 'd  neon, argon, krypton, and xenon, us ing  the  p i s t o n  

displacement technique f o r  pressures t o  20 kbar and temperatures from 

4.2 K t o  near the t r i p l e  p o i n t .  A 4.2 K equat ion o f  s t a t e  i s  presented 

f o r  each s o l i d .  A reduced equat ion o f  s t a t e  i s  found t o  be v a l i d  f o r  these 

s o l i d s  a t  4.2 K, except a t  low pressures where systemat ic  dev ia t i ons  appear. 

.*- 
Temperature. dependent c o n t r i b u t i o n s  t o  the equat i on  o f  state, P'?(T, v), a re  

c a l c u l a t e d  f o r  each so l i d ,  and are  found t o  be s l i g h t l y  volume dependent 

a t  constant  temperature; High temperature ~ r i n e i s e n  parameters ca lcu-  

l a t e d  f o r  argon, krypton, and xenon from these data a re  i n  agreement 

w i t h  d i r e c t  experimental  values. Comparison w i t h  recent  t heo r ies  which 

i nc lude  three-body i n t e r a c t i o n s  are made. 



CHAPTER I. INTRODUCTION 

The r a r e  gas so l  ids, neon, argon, .krypton, and xenon, a r e  perhaps 

the most elementary examples o f  the  c lass  o f  molecular  so l i ds .  These ,. 
s o l i d s  a re  charac ter ized as weakly bound i n s u l a t o r s  w i t h  f i l l e d  e l e c t r o n i c  

s h e l l s  and s p h e r i c a l l y  symmetric charge d i s t r i b u t i o n s .  They s o l i d i f y  i n t o  

the  cub ic  close-packed (face-centered cub ic )  s t r u c t u r e  and have low m e l t i n g  

po in ts .  Table 1 l i s t s  some r e l a t i v e  p r o p e r t i e s  f o r  these s o l i d s .  

The weak b i n d i n g  energies f o r  these s o l i d s  a re  due p r i m a r i l y  t o  the  

smal l  i n t e r a c t i o n s  between the  c losed e l e c t r o n i c  s h e l l s  ( the  E i n  Table I), 

and the  cohesive energies a re  reduced even more due t o  the  r e l a t i v e l y  

l a rge  values o f  t h e  zero p o i n t  energy (i.e., the  k i n e t i c  energy o f .  t h e  

Tab le  1. some' p r o p e r t i e s  of  t he  r a r e  gas s o l  i d s  a t  T=O K. 

S o l i d  Nearest T r i p l e  Cohesive Zero Parameters 
Ne i ghbor Po in t  Energy Po in t  Lennard-Jones 
Distance . Energy p o t e n t i a l a  . 

a  o &I (K) ( e ~ / a  tom) (ev/atom) 0 (8) E (4 

neon 3.13 24.6 0.026 0.008 3.13 0.0032 

argon 3.76 83.8 0.108 0.010 3.82 0.0103 

k r y p t o n  4.01 116.1 0.155 0.008 4.08 0.01 42 

xenon 4-35 161.3 0.223 0.007 4.45 0.01 99 

a  
These parameters a re  f o r  t h e  6-12 case and a l l  neighbor i n t e r a c t i o n s  
( ~ e f  erence 1 ) . 



atomic v i b r a t i o n s  a t  0 K) (2). .Thus, the  p rope r t i es  o f  these s o l i d s  re -  

f l e c t  the  r e l a t i v e  importance of  the zero p o i n t  energy t o  the cohesive 

energy s ince  the  r a t i o  o f  these q u a n t i t i e s  va r ies  f rom 30% i n  neon t o  3% 

f o r  xenon ( ~ a b ' l e  1 ) .  The zero p o i n t  energy a l s o  increases the  T=O K 

e q u i l i b r i u m  volume o f  these s o l i d s  t o  a value which i s  cons iderab ly  

g reater  than would be expected f o r  a c l a s s i c a l  s o l i d .  The r e l a t i v e  impor- 

tance o f  t he  zero p o i n t  energy should decrease w i t h  increasing.  pressure, 

s ince the  zero p o i n t  energy i s  a s low ly  va ry ing  f u n c t i o n  o f  volume 

- 2 
( roughly V ), w h i l e  t he  s t a t i c  l a t t i c e  energy ( repu ls i ve  term) va r ies  

-4 
as V (2). 

Th.e bas ic  d e s c r i p t i o n  f o r  a s o l i d  i s  g iven by the  Helmhol tz  f ree  

energy, which can be w r i t t e n  as 

F (T,v) = u0 (v) + F"(T, V) ( 1 - 1 )  

-1- 

where U (v) i s  the cohesive energy a t  0 K and F!'(T,v) = U""(T;V) - TS (T,v) 
0 

-'. 
i s  a temperature-dependent term w i t h  S, the entropy, and u", t h e  thermal. 

energy, being associated w i t h  the  l a t t i c e  v i b r a t i o n s  f o r  t h e . r a r e  gas 

s o l i d s .  A l l  q u a n t i t i e s  i nd i ca ted  by  an a s t e r i s k  (*) i n  t h i s  and fo l l .owing 

equat ions represent  q u a n t i t i e s  which are  temperature-dependent and approach 

zero as the  temperature approaches 0 K. I n  w r i t i n g  Equat ion 1 - 1  and the  

f o l l o w i n g  equat ions i n  t h i s  form, the  assumption i s  made t h a t  the ground 

s t a t e  and temperature-dependent c o n t r i b u t i o n s  are  independent and addi -  
\ 

t ive. 

The equat ion of  s t a t e  o r  P-V-T (pressure-volume-temperature) r e l a t i o n -  

sh ip  fo l l ows  d i r e c t l y  from Equat ion 1 - 1  as 



with the isothermal bulk modulus being given by 

The entropy and the internal energy also can be calculated from the free 

energy as 

and 

The equation of state at 0 K, which is given by P,(v)  q qua ti on 1-21, 

reflects directly the volume dependence of the cohesive energy, so it is 

important that reliable experimental P-V data be obtained close to 0 K.  

Stewart has used the piston displacement technique to obtain P-V-T data 

for solid neon to 19.6 kbar at 4 K (3). Other measurements by Stewart 

for neon,.argon, and krypton (4) have been taken for higher temperature 

isotherms and have been extrapolated to obtain a 0 K relation. A detailed 

piston displacement equation of state for solid xenon was reported by 

Packard and Swenson (5). Their values for the 0 K equation of state were 

obtained by extrapolation from their lowest temperature isotherm at 20 K. 



The thermal c o n t r i b u t i o n s  t o  the  equat ion  o f  s t a t e  are  conta ined i n  

the  second term o f  Equat ion 1-2, P*(T,v). Th i s  term, c a l  l e d  the  thermal 

pressure, i s  the  pressure t h a t  i s  necessary t o  h o l d  t h e  volume of  t he  
. . 

so l  i d  constant  as the  temperature i s  ra ised.  I f  P*(T,v) i s  known pre-  

c i s e l y ,  the f o l l o w i n g  equat ions can be used t o  o b t a i n  i n fo rma t ion  about 

t he  v i b r a t i o n a l  p rope r t i es  o f  t he  l a t t i c e  

and 

The P-V-T data o f '  Packard and Swenson (5) f o r  xenon covered a  s u f f i -  
-Q. 

c i e n t  l y  wide range o f  temperatures and pressures t o  determine P"(T,v) w i t h  

some p rec i s ion .  S tewar t ' s  measurements f o r  argon and k ryp ton  were fo r ,  two 

isotherms each, whi l e  he measured o n l y  one isotherm f o r  neon (4). Re-' 

cent ly,  a  capacitance s t r a i n  gauge technique was used t o  o b t a i n  an i sochor i c  

(constant volume) equat ion o f  s t a t e  f o r  s o l i d  argon i n  the  0  t o  5 kbar 

reg ion  (6). A P-V-T r e l a t i o n  f o r  s o l i d  neon was obta ined f rom recent  

\ d i r e c t  determinat ions o f  t h e  constant  volum'e heat capac i t y  i n  t he  0  t o  2.5 

kbar reg ion  ( I ) .  

Simnons and CO-workers have used the x-ray technique t o  measure the  

change i n  the  l a t t i c e  constant  w i t h  pressure (0 t o  20 bar)  f o r  neon (8), 

argon (9, lo) ,  and k ryp ton  (10, l l ) .  From these measurements the  P=O value 



f o r  the  isothermal  compress ib i l i t y ,  5 = 1 / B T ,  can be ca lcu la ted .  x f o r  
T  

k ryp ton  a t  l o w  pressures a l so  has been obta ined f rom i n t e r f e r o m e t r i c  

measurements (1 2). 
. . 

Ad iabat ic  e l a s t i c  constant  determinat ions have been made us ing  

u  1 t rason i c  techniques f o r  po l  y c r y s t a l  1 i ne neon (13,14), and krypto'n -and 

xenon (15), w h i l e  s i n g l e  c r y s t a l s  were used f o r  argon (16). The value of  

the  e l a s t i c  constants f o r  s o l  i d  xenon have been measured a t  P=O and 156 K 

us ing  a  B r i l l o u i n  s c a t t e r i n g  technique (17). P=O values f o r  t he  b u l k  

modulus can be obta ined from both o f  these techniques. 

The fo rego ing  d iscuss ion  i l l u s t r a t e s  t h a t  very  l i m i t e d  equat ion o f  

s t a t e  data e x i s t  f o r  the  r a r e  gas s o l i d s .  The i n v e s t i g a t i o n ' o f  xenon by 

Packard and Swenson (5) i s  t he  most ex tens ive  i n  bo th  range o f  temperature 

and pressure. This  d iscuss ion  has suggested the  importance o f  o b t a i n i n g  

a  0 K equat ion o f  s tate,  and o f  i n v e s t i g a t i n g  the  temperature-dependent 

c o n t r i b u t i o n s  t o  the  equat ion  o f  s t a t e  over as wide a  temperature and 

pressure range as poss i b l  e. 

H is  t o r i  c a l  ly, the  Lennard-Jones two-body potent  i a1 has been used t o  

c a l c u l a t e  the  p r o p e r t i e s  o f  t he  r a r e  gas s o l i d s .  Th i s  p o t e n t i a l  i s  g iven 

where E i s  the depth o f  the p o t e n t i a l  wel l ,  a i s  t h e  p o t e n t i a l  minimum, m 

i s  a  measure o f  the  r e p u l s i v e  energy ( u s u a l l y  m=12), and t h e  second term 

i s  the  van der Waals a t t r a c t i o n .  and E  a able 1 )  u s u a l l y  a re  c a l c u l a t e d  

from the  0 K l a t t i c e  constant  and sub l ima t ion  energy respec t i ve l y .  A 

rev iew a r t i c l e  by Horton (1) g ives several  o ther  two-body p o t e n t i a l s  which 



were used by e a r l y  theor ies f o r  ca l cu la t i ng  the thermodynamic proper t ies  

f o r  the i n e r t  gas sol ids.  Hansen (18) has used a  Lennard-Jones 6-12 po- 

t e n t i a l  w i t h  a  Monte Carlo determination o f  the zero po in t  energy t o  

ca lcu la te  an equation o f  s t a te  f o r  s o l i d  neon a t  0  K. 

Barker and h i s  co-workers recen t l y  have developed t r ue  two-body 

po ten t i a l s  f o r  argon (19,20,'21) and krypton (22) from a  co r re l a t i on  .o f  gas, 

l iqu id ,  and s o l i d  propert ies.  They f i n d  t ha t  three-body terms must be 

included fo r  the co r rec t  ca l cu la t i on  o f  the proper t ies  f o r  the s o l i d  and 

l i qu i d .  The ca lcu la t ions f o r  the sol ids, espec ia l l y  a t  h igh temperature, 

must take i n t o  account the h i gh l y  anharmonic nature o f  the l a t t i c e  v ibra-  
I 

t i ons  using the theory o f  se l f -cons is tent  phonons. Klein, ets. have 

used t h i s  potent ia l ,  p lus three-body in te rac t ions  and the improved s e l f -  

cons is tent  phonon theory t o  ca lcu la te  the P=O temperature-dependence o f  

the bu lk  modulus f o r  s o l i d  argon (23). They a lso have ca lcu la ted the P=O 

bu lk  modulus a t  T=O K f o r  s o l i d  krypton (22). No d i r e c t  equation o f  

s ta te  ca lcu la t ions  have been reported using these theories. 

The ob ject ives f o r  the present work are t o  ob ta in  de ta i l ed  P-V-T data 

for  - each o f  the ra re  gas sol ids, neon, argon, krypton, and xenon f o r  
/ 

pressures in  the 0 t o  20 kbar reg ion and f o r  temperatures from 4.2 K  t o  

4 
close t o  the t r i p l e  po in t  f o r  each so l id .  These data hopefu l ly  w i l l  pro- 

v ide r e l i a b l e  P0(v) r e l a t i ons  and some informat ion about the temperature- 

dependent equation o f  s t a te  f o r  these sol ids.  



CHAPTER I I. EXPERIMENTAL APPARATUS 

Method . 

The piston-displacement technique which i s  used i n  t h i s  experiment 

t o  determine the pressure-volume-temperature re la t ionsh ips  f o r  the ra re  

gas sol ids, neon, argon, krypton, and xenon i s  s im i l a r  t o  t ha t  used by 

Beecroft and Swenson (24) and Packard and Swenson (5). A sample w i t h  low 

y i e l d  stress ( length ZZ diameter), i s  placed i n  a th ick-wal led c y l i n d r i c a l  

s in te red  tungsten carbide (~ennametal) sample holder which has c lose ly  

f i t t i n g  pistons on each end. The sample holder i s  placed i n  a ten-ton 

hydrau l ic  press, Figure lA, and a d i a l  gauge i s  connected as shown i n  

Figure 1B t o  read the r e l a t i v e  movement o f  the two pistons. A dead 

weight gauge, not shown, i s  used t o  generate the o i l  pressure i n  the 

hydrau l i c  ram. By adding o r  removing weights t o  the dead weight gauge, 

the pressure i n  the ram and hence the fo rce  on the sample can be var ied 
r 

incremental ly. '  Three d i f f e r e n t  diameter sample holders, 0.500 in. f o r  

pressures t o  7 kbar, 0.354 in. .for pressures t o  14 kbar, and 0.250 in. f o r  

pressures t o  20 kbar, are used t o  detect  poss ib le  systematic discrepancies. 

The temperature o f  the sample holder i s  con t ro l l ed  automat ica l ly  above 

40 K, wh i le  manual con t ro l  must be used f o r  lower temperatures. I n  each 

mode the f low o f  r e f r i ge ran t  i n t o  the heat exchanger, Figure 1A, i s  con- 

t i nuous ly  adjusted so t ha t  the heat o f  v a p ~ r . ~ z a t i o n  and vapor enthalpy o f  

the gas j u s t  balance the heat leak down the press. The sample holder 

temperature i n  either case can be con t ro l led  t o  0.2 K for long periods o f  

t ime i n  the 4.2 t o  473 K region (5). Compress ion data are taken f o r  each 

of the d i f f e r e n t  diameter sample holders a t  approximately the same 
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temperature so t h a t  compari.sons descr ibed l a t e r  can be made. 

Press 

The press as shown i n  F igure  1A and as described i n  t he  l i t e r a t u r e  

c i t e d  above was not  mod i f i ed  f o r  these measurerrients. However, the  va,cuum 

j a c k e t  on the  r e f r i g e r a n t  supply dewar end o f  t h e  t r a n s f e r  tube, n o t  

shown, was lengthened t o  accommodate a 50 l i t e r  l i q u i d  hel ium dewar, and 

t h e  temperature range was extended t o  4.2 K. 

Compression Measuring System 

Two d i f f e r e n t  S t a r r e t t  d i a l  gauges a r e  used f o r  t h i s  work; t he  f i r s t  

(model No. 655-441, l o c a l  No. 12) has a 1.000 in. range w i t h  0.001 in .  

graduations, w h i l e  the  second (model No. 655-611, l o c a l  No. 6) h'as a range 

o f  0.2100 in. and graduat ions o f  0.0001 in.  The gauge w i t h  the  1 in .  range 

i s  used i n  t h e  i n i t i a l  compression run  and t o  determine the  sample length.  

The second gauge i s  used t o  measure the  r e l a t i v e , m o t i o n  o f ' t h e , p i s t o n s  
. . 

( w i t h  a o f  2 x l o m 5  in.) d u r i n g  a compression run. 

A f l e x i b l e  mechanical coup l i ng  i s  used t o  keep bo th  components o f  . 

t he  d i a l  gauge holder, F igure  lB, i n  phys i ca l  contac t  a t  a l l  t imes (25). 

Care fu l  adjustment o f  t he  d i a l  gauge holder  and micrometer screw d i  s t r i  but'es 

the  weight equa l l y  between each p a i r  o f  qua r t z  f e e l e r  rods. Th is  i s  

necessary so t h a t  the  movement o f  the  p i s tons  w i l l  be r e f l e c t e d  d i r e c t l y  

i n  t he  d i a l  gauge reading. 
. . 

Sample Holder 

F igu re  2 i s  'a  sketch o f  t he  sample ho lder  which i s  used f o r  the  0.250 

in.  and 0.354 in .  c y l  inders. The Kennametal (K-92) c y l  inder  i s  jacketed 



1 FEELER ROD HOLDER 

Figure 2. Sample holder details. 



w i t h  a  s t a i n l e s s  s t e e l  c y l i n d e r  t o  prevent  a  ca tas t roph ic  loss  i f  the  

c y l i n d e r  should f a i l  w h i l e  a t  h igh  pressure.   he top  p i s t o n  and b l i n d  

(dead) p i s t o n  used t o  'apply f o r c e  t o  the sample are made from Kennarnetal 

(K-96). The th ree  p iece I nva,r vacuum clamp i s  used t o  o b t a i n  a  vacuum- 

t i g h t  sample space. The t r i a n g u l a r  ex t rus , ion  r i n g s  (brass f o r  t he  0.500 
. . 

in.  and 0.354 in. and c o l d  r o l l e d  s t e e l  f o r  t h e  0.250 in.  diameter sample 

ho lders)  a re  used t o  prevent  the  sample from leak ing  past  the  p is tons .  

The maraging s t e e l  disk, which i s  used t o  support the  b l i n d  p i s t o n  and t o  

form the  bottom vacuum seal, i s  greased l i g h t l y  (DOW Corning High Vacuum 

grease) and p laced on the  bottom o f  t h e  c y l  inder. The top  o f  the  c y l  i nder 

i s  greased l i g h t l y  and the  middle and bottom pieces o f  the  l nva r  clamp 

a re  pu t  i n  p lace  and the  screws are  t ightened.  Care must be taken t o  i n -  

sure t h a t  ' the  grease used t o  make the vacuum seal does not  creep i n t o  t h e ,  

sample space s ince  t h i s  would g i ve  a  f a l s e  l eng th  and compression measure- 

ment. The bore must l i n e  up p e r f e c t l y  w i t h  the  middle p iece o f  t he  clamp 

t o  prevent the  top  p i s t o n  from h i t t i n g  t h e  top  edge o f  the, c y l i n d e r  a f t e r  

punc tur ing  t h e  diaphragm. The r e s u l t i n g  ch ipp ing  of- t he  p i s t o n  leads t o  

p i s t o n  f a i l u r e  a t  h i g h  pressures. The diaphragm (0.010 in. l nva r )  i s  

greased l i g h t l y  and i s  clamped t i g h t l y  between the  top  and middle p ieces 
. . 

o f  the  l n v a r  clamp. The copper c a p i l l a r y  i n  t he  midd le  p iece o f  the.c lamp 

connects t o  the  gas hand l ing  system which i s  descr ibed below. A t h i n  

l nva r  d i s k  (0.010 in.)  i s  p laced between the  e x t r u s i o n  r i n g  and t h e  b l i n d  

p i s t o n  i n  t he  0.250 in.  sample ho lder  t o  prevent  breakage of  t he  b l i n d  

p i s t o n  from sample motion a t  h i g h  pressure. The diaphragm serves t h e .  

same purpose f o r  the top p i s ton .  



The brass vacuum clamp used by Packard and Swenson (5) was used f o r  
. 

p r e l  iminary compress.ion data on argon, bu t  i t  was impossib le t o  make the  

sample space c o n s i s t e n t l y  vacuum t i g h t .  The 'problem i s  be l i eved  t o  be 

due t o  the 1 arge d i  f f  e rent  i a l  thermal expans i o n  between t h e .  brass, clamp 

and t h e  Kennametal c y l i n d e r .  The vacuum clamp f o r  t he  present  experiment 

i s  made o f  l n v a r  because the  thermal expansion o f  t h i s  metal  i s  very c lose  

t o  t h a t  o f  t h e  Kennametal. L i t t l e  d i f f i c u l t y  i s  experienced making the  

sample space vacuum t i g h t  w i t h  the  l n v a r  clamp. 

The 0.500 in .  sample ho lder  and vacuum clamp a re  made from maraging 

s tee l ,  w h i l e  t he  p i s tons  are  made from d r i l l  rod. Thes.e metals  can be 

used s ince  the  7 kbar maximum pressure i s  less  than the  y ie , ld  s t r e n g t h  o f  . . - ,  

these s tee ls .  The 0.500 .in. sample ho lde r  has components s i m i l a r  t o  those 

discussed above and shown ' i n  F igu re  2, a l though.  i t  i s  p h y s i c a l l y  d i f f e r e n t .  

The e f fec t i veness  o f  t he  s e a l i n g  o f  t he  e x t r u s i o n  r i n g s  i s  increased 

b y  chamfering the  90' corner.  Th i s  a l s o  reduces the  f r i c t i o n  i n  t he  sam- 

p l e  ho lder  s ince  the  r i n g s  a re  kept  from ex t rud ing  between the  p i s t o n  and 

c y l i n d e r  wa l l .  On occasion, t he  gas ( l i q u i d )  d i d  n o t  leak past  the  ex t ru -  

s ion  r i n g s  a t  temperatures above the  t r i p l e  p o i n t  u n t i l  severa l  weights 

pressure (a few kbar) had been appl ied.  Th i s  suggests t h a t  t he  e x t r u s i o n  

r i n g s  i n  those experiments were wel l -seated t o  bo th  the  c y l i n d e r  wal1,and 

p i s t o n  face. 

I f  the  d i f f e r e n c e  between the  diameter o f  the  p i s t o n  and the  diameter 

o f  the  bore o f  t he  c y l i n d e r  i s  equal t o  o r  g rea ter  than 0.001 in., t h e  

f r i c t i o n  i n  t he  sample ho lder  i s  reduced. The excess f r i c t i o n  which i s  

e l im ina ted  i s  be l i eved  t o  be due t o  t h e  l a t e r a l  expansion o f  t h e  p i s t o n s  

as t h e  pressure i s  increased. 



Temperature Sensing and Cryogens 

. .  . . . 
Temperatures a r e  determi ned us i ng a copper-cons tan tan  thermocouple 

which i s  referenced t o  t h e  i ce -po in t  i n  con junc t i on  w i t h  a Le,eds and ' 

Nor thrup K-3 Un iversa l  po ten t iometer  and a Honeywell 0-100 m i c r o v o l t  . 

potent iometr  i c  recorder .  The thermocouple i s  c a l  i b r a t e d .  i n  t h e  4.2 t o  

20 K reg ion  us ing  a germanium r e s i s t o r  ( s e r i a l  No. 638) as a standard. 

Th i s  res i s tance  thermometer was used i n  the  neon heat capac i t y  experiments 

o f  Fugate and Swenson (26). A c a l i b r a t i o n  t a b l e  f o r  our  .thermocouple i s  

cons t ruc ted  us ing  these da.ta and an a d d i t i o n a l  77 K p o i n t .  i n  con junc t i on  

w i t h  the  Nat iona l  Bureau o f  Standards thermocouple t a b l e s  ,(27). Tempera- 

t u res  are  be l i eved  t o  be accura te  t o  0.1 K from 13.5 t o  20 K, and t o  0.5 .K 

above 20 K. 

L i q u i d  hel ium i s  used as t h e r e f r i g e r a n t  i n  c o n t r o l l ' i n g  temperature 

between 4.2 and 77 K, w h i l e  1 i q u i d  n i t r o g e n  i s  used f o r  temperatures above 

77 K. ~ ~ ~ r o x i m a t e l ~  25 1 i t e r s  o f  1 i q u i d  he1 ium a re  used over a 16 hour 

p e r i o d  w h i l e  t a k i n g  compression data f o r  an average s e t  o f . i so therms,  

77 K, 40 K,. 4.2 Ky 20 K, 60 K, and 77 K. 

Gas Hand1 i ng and Samples 

The sample gas i s  rece ived from the  manufacturer i n  a smal l  h i g h  

pressure c y l i n d e r  which conta ins  from 10 t o  25 l i t e r s  STP. The 

c y l i n d e r  i s  connected w i t h  app rop r ia te  f i t t i n g s  t o  a one l i t e r  standard 

volume which i s  connected through a va lve  t'o the  copper capi  1 l a r y  l ead ing  

t o  the sample holder.  A vacuum pump i s  connected t o  the  system also, and 

bo th  a compound gauge and a mercury manometer a r e  used t o  measure the  

pressure i n  the standard volume. 



The gases used t o  make the  samples were purchased commercial ly w i t h  

a s t a t e d  p u r i t y  o f  g rea ter  than 99.9% i n  a l l  cases. The manufacturer 

and des ignat ion  f o r  'each gas a r e  as fo l l ows ;  neon (Matheson, ~ e s e d r c h  

Grade gas), argon ( ~ i  r products, suppl i e d  from t h e  Ames Laboratory s tock  . . . . 

w i t h  a guaranteed p u r i t y  o f  99.996%), k ryp ton  ( ~ i n d e ,  Research Grade gas), 

. . 
and xenon ( ~ r y 0 ~ e n . i  c Rare Gas Laborator i es, Research. Grade gas). 



CHAPTER I l l *  EXPERIMENTAL PROCEDURE 

Sample S o l i d i f i c a t i o n  and the  Taking o f  Data 

The.sample ho lder  i s  assembled c a r e f u l l y  w i t h  t h e  minimum amount o f  

grease requ i red  t o  ensure vacuum-tight seals. The vacuum seal i s  checked 

by  the rma l l y  shocking t h e  sample ho lder  between room temperature and 77 K 

- 2 
w i t h  the  requirement t h a t  t he  sample' space ho ld  a good (10 t o r r )  vacuum 

t h e  whole time. . T h e  sample ho lder  i s  i n s e r t e d  i n t o  the  press and t h e  

copper c a p i l l a r y  i s  connected t o  the  standard volume. The qua r t z  f e e l e r  

rods a r e  p u t  i n  p lace  w i t h  the  1 in .  t r a v e l  d i a l  gauge i n s t a l l e d .  The 

vacuum i n s u l a t e d  dewars a re  mounted i n  place. The sample space i s  evacu- 

a ted  and f l ushed  several  t imes w i t h  the  sample gas, t o  prevent  contamina- 

t i o n  by o the r  gases, and a pressure o f  approximate ly  15 p s i g  i s  l e f t  i n  t h e  

sample space. L i q u i d  n i t r o g e n  i s  t r a n s f e r r e d  and t h e  sample ho lde r  i s  

cooled t o  rough ly  20 K above the  t r i p l e  p o i n t  o f  t h e  sample. The sample 

. . 
space i s  evacuated and i f  i t  remains vacu'um t i g h t ,  the  sample ho lder  i s  

cooled t o  t h e  t r i p l e  p o i n t  and as t h e  pressur ized standard volume i s  

connected, a very r a p i d  warming sp ike  i s  noted on t h e  temperature recorder.  

Rapid condensat ion i s  necessary t o  prevent  c a p i l l a r y  b lock ing.  A f t e r  con- 

densing a predetermined amount o f  gas (as i s  i n d i c a t e d  by the  pressure 

drop i n  t h e  standard volume), t h e  va lve  between t h e  sample ho lde r  and 

standard volume i s  closed. 

I t  i s  very  important t h a t  t he  e x t r u s i o n  r i n g s  be t i g h t l y  seated 

aga ins t  t he  c y l i n d e r  w a l l  t o  prevent  sample leakage a t  h i g h  pressures. 

Since the  s o l i d  sample.has a r e l a t i v e l y  h igher  shear y i e l d  s t r e s s  a t  low 

temperatures than near t he  t r i p l e  point,  t he  sample ho lder  i s  cooled t o  a 



temperature considerably below the t r i p l e  po in t  before the diaphragm i s  

broken and the i n i  t l a l  compression run i s  made. 

A f t e r  the temperature o f  the sample holder i s  stable, ,a d i a l  gauge 

reading i s  taken which w i l l  be used l a t e r  i n  determining the sample length, 

and the pressure i s  increased s lowly u ' n t i l  the diaphragm breaks. 'The 

j a r r i n g  o f  the compression measuring system dur ing t h i s  operat ion i s  . 
bel ieved t o  cause the major uncer ta in ty  i n  the samp'le length  ca lcu la t ion.  

The sample then i s  "seasoned" by cyc l i ng  t o  maximum pressure and back t o  

minimum pressure several times u n t i l  the d i a l  gauge readings reproduce t o  

- 4 - 
less than-  10 in. 

The f i r s t  set o f  compression data now I s  taken by recording the d i a l  

gauge reading as a func t ion  o f  the number o f  weights on the pan o f  the 

dead weight gauge as the pressure i s  increased and then decreased mono- 

t on i ca l l y .  The 1 in. t r ave l  d i a l  gauge i s  replaced w i t h  the 0.21 in. 

t rave l -gauge and the f i r s t  compression run i s  repeated a t  exac t l y , the  same 

temperature t o  t i e  the scales o f  the two d i a l  gauges together. 

A t yp i ca l  set  o f  compression data i s  shown i n  Figure 3 f o r  two tem- 

peratures. The hysteresis loop ex i s t s  because o f  the f r i c t i o n  i n  the press, 

the sample, and sample holder components. The greater hysteres is  f o r  the 

lower temperature curve presumably i s  due t o  the increase i n  shear y i e l d  

stress o f  the sample w i t h  decreasing temperature. ' 

Data are taken f o r  a number o f  isotherms f o r  a g iven sample. The 

order I n  whlch the isotherms are taken i s  chosen so as t o  ind icate  system- 

a t i c  d i f fe rences i n  the data (d i a l  gauge readings) which could be caused by 

sample loss o r  by j a r r i n g  o f  the apparatus, etc. I n  par t i cu la r ,  one o f  
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Figure 3. A typical raw data plot showing sample length change vs. 
increasing and decreasing pressure for two isotherms. The 
true compression curve is obtained by averaging the frictional 
force at constant displacement as is described in the text. 



t h e  isotherms, u s u a l l y  t he  i n i t i a l  one, i s  repeated a t  t he  end o f  .a run  

t o  e s t a b l i s h  the  i n t e r n a l  consis tency o f  t h e  data. 

Sample Length Determinat ion  

The exper imenta'l sample 1 ength i s determi ned by two .i ndependent 

methods, one o f  which i s  used a t  the beginning and t h e  o the r  a t  the  end 

o f  a run. The agreement o f  t he  two methods o f t e n  i s  as good as 2 0.5%, 

a l though incons is tenc ies  o f  up t o  2% a re  found . f o r  t h e  0.250 in. .diameter 

sample when r e s u l t s  f o r  i t  a re  compared w i t h  r e s u l t s  f o r  the.0.500 in. 

and 0.354 in .  diameter samples. 

The f i r s t  method used t o  determine the  experimental  sample l eng th  i s  

s imi  l a r  t o  t h a t  descr ibed by Packard and Swenson (5). Before assembl i ng 

t h e  sample holder, F igure  2, t he  d is tance from the  bottom o f  the  diaphragm 

t o  the  bottom o f  t he  s t e e l  d i s k  i s  measured c a r e f u l l y ,  and. the  th ickness 

o f  the s t e e l  disk, the  l eng th  o f  t he  b l i n d  p is ton ,  an'd thle equ iva len t '  

l eng th  o f  the  e x t r u s i o n  r i n g s  a1 1 a r e  subt rac ted  f rom the  measurement t o  

o b t a i n  the  t o t a l  sample-space-available. The p i s t o n  mot ion  ' is determined 

by  s u b t r a c t i n g  the  d i a l  gauge read ing  p r i o r  t o  breaking the  diaphragm'from 

a d i a l  gauge read ing  on the  true-compression curve o f  the  f i r s t  compres- 

s i o n  run. The sample l eng th  a t  a g iven temperature and pressure then i s  

o b t a i  ned by sub t rac t  i n g  the  p i  s ton  mot i o n  f rom the  t o t a l  sample-space- 
. . 

a v a i l a b l e  minus t h e  smal l  c o r r e c t i o n s  which a r e  discussed below. 

The second method f o r  experimental  sample l eng th  de terminat ion  i s  

s i m i l a r  t o  t h a t  used by Stewart (3). Th i s  l eng th  de terminat ion  i s  made 

a f t e r  a l l  compression data f o r  a g iven sample a r e  taken. A compression 

run  i s  completed j u s t  below the  t r i p l e  p o i n t  o f  t he  sample. The 0.21 in. 



t r a v e l  d i a l  gauge i s  replaced w i t h  the 1  in .  t r a v e l  gauge and another 

s e t  o f  compression data i s  recorded a t  t he  same temperature t o  t i e  the  

two d i a l  gauge scales together.  A f t e r  t he  compression run  i s  completed, . 

t he  sample ho lde r  i s  warmed above the  t r i p l e  p o i n t  o f  the  sample, and the  
. . . . 

sample i s  a1 lowed t o  leak past  the  & x t r u s i o n  r i ngs .  A f t e r  t h e  semple . . 

escapes, t he  top p i s t o n  i s  d r i v e n  down as c lose  t o , t h e  bottom p i s t o n  as 

t h e  e x t r u s i o n  r i n g s  w i l l  al low, a  f o r c e  o f  several  weights i s  app l i ed  t o  

ensure t h a t  the  e x t r u s i o n  r i n g s  a re  together, and the  d i a l  gauge reading 

i s  recorded. The p i s t o n  t r a v e l  i s  ca lcu la te ,d  by s u b t r a c t i n g  the  d i a l  

gauge reading a t  some pressure and temperature be fore  the  sample escapes 

from the  d i a l  gauge read ing  taken a f t e r  d r i v i n g  the  p i s tons . toge thec .  

The press now i s  warmed t o  room temperature and disassembled. The d i s -  

tance between the  bottom o f  t he  s t e e l  d i s k  and the  top  o f  the  top  p i s t o n  

i s  measured, and the  lengths o f  a l l  components between these two p o i n t s  

a r e  subt rac ted  f rom t h i s  rea'ding t o  o b t a i n  a  smal l  a d d i t i o n a l  sample space 

no t  p rev ious l y  recorded on the  d i a l  gauge. Th is  a d d i t i o n a l  sample space 

i s  added t o  the  p i s t o n  t r a v e l  recorded above t o  o b t a i n  the  sample length  

as a  f u n c t i o n  o f  temperature and pressure. 



CHAPTER I V. DATA ANALYS I S 

True Compress i o n  Curve 

The f r i c t i o n - c o r r e c t e d  ( t r u e  p i s t o n  motion) curve i s  ob ta ined from 

the  hys te res i s  loops shown ' in  F igu re  3 by assuming t h a t  f o r  a g iven d i a l  

gauge read ing  the  f r i c t i o n  i s  i d e n t i c a l  i n  magnitude (but of  oppos i te  

s ign) f o r  t he  pressure-  i ncreas i ng and pressure-decreasi ng curves. Thus, 

t he  t r u e  compression curve i s  found by averaging the  pressures on the  two 

curves a t  a g iven displacement. 

The j o i n i n g  o f  these curves a t  bo th  low and h i g h  pressures i s  caused 

by the  reve rsa l  o f  t he  f r i c t i o n  fo rces  when the  d i r e c t i o n  o f  t h e  p i s t o n  

mot i o n  i s  reversed. I n the  1 ow pressure region, t h e  pressure- i ncreas i ng 

and pressure-decreasing curves taper  together  smoothly, except a t  t he  

very end. Th is  tapered reg ion  i s  assumed t o  s a t i s f y  t he  c o n d i t i o n  s t a t e d  

above, and the  t r u e  compression curve i s  determined by averaging the  

pressures. l t  i s  obvious f rom F igure  3 t h a t  t h i s  procedure cannot be 

c a r r i e d  ou t  a t  the lowest pressures, nor  can data  be obta ined a t  zero 

weights. I n  t he  h i g h  pressure region, the f r i c t i o n  has approached a con- 

s t a n t  value by 6 weights, so the  t r u e  compression curve i s  drawn para1 l e l  

t o  t h e  pressure- increasing curve by assuming t h a t  t h e  f r i c t i o n  remains 

cons tant  t o  t he  h ighes t  pressure. The averaged pressure p o i n t s  a re  

connected g r a p h i c a l l y  w i t h  a smooth curve t o  o b t a i n  the  t r u e  p i s t o n  

motion. The f r i c t i o n - c o r r e c t e d  curve i s  determined f o r  each isotherm and 

d i a l  gauge readings corresponding t o  incremental pressures i n  kbar a re  

recorded. 

The convers ion from pressure i n  weights (or f o r c e  on t h e    is tons), 



t o  pressure i n  k i  lobars  i s  g iven by  

where P i s  t he  . pressure . .  i n  kbar,. n  i s  t h e  number o f  weights on the,dead 

weight gauge ( the  pan i s  equ iva len t  t o  0.151 wts.) and A i s  a conversion 

f a c t o r  which depends on the  sample ho lder  area. I t  is, respect ive ly ,  

1.6821, 0.841'3, and 0.4250 weights/kbar f o r  t he  0.500 in., 0.354 in., and 

0.250 in .  diameter sample ho lders  which a re  used. 

Cor rec t  ions 

. The d i a l  gauge readings r e f l e c t  d i r e c t l y  t he  compression o f  t he  

sample and t h e  l i n e a r  and l a t e r a l  d i s t o r t i o n  o f  t he  sample ho lde r  compo- 

nents. S i m i l a r l y ,  temperature v a r i a t i o n s  represent  a combinat ion o f  sample 

and sample ho lder  e f f e c t s .  Hence, var ious  c o r r e c t i o n s  must be made t o  t h e  

d i a l  gauge r e a d i n g s * b e f o r e . t h e  sample compression can be obtained. 

The temperature and pressure dependence o f  t he  d i a l  gauge reading, 

Rd.g.' i s  g iven by the  r e l a t i o n  

V T P  
R d. g. ( T , P ) = M + L  (T,P)+*  

P 
C Y ~  

where L i s  the  l eng th  o f  t he  p is tons,  V/Acyl i s  the  sample length  and M 
P 

i s a temperature- and pressure-  i ndependent constant  whi ch conver ts ,  t he  d i 'a l  

gauge readings t o  t r u e  sample lengths. The s t r e s s  dependence of R i s d. g. 

ob ta ined by d i f f e r e n t i a t i n g  Equa.tion IV -2  w i t h  respect  t o  f o r c e  



where ( a ~ ~ / a F ) ~ ,  the  p i s t o n  compression, i s  s l i g h t l y  temperature depen- 

dent, the second te rm i s  a  f i r s t  o rder  c o r r e c t i o n  caused by t h e  s l i g h t  

deformat ion o f  the c y l i n d e r  b o r e . w i t h  a p p l i e d  force, and the  t h i r d  te rm.  

conta ins  the q u a n t i t y  o f  i n te res t ,  ( ~ v / B P )  f o r  t he  sample. 
T  . . . . 

I f  t h e a v e r a g e a r e a o f  t h e c y l i n d e r  bore i s  g iven b y A  =A0(1+6P) ,  
CY 1 

( B A / ~ P ) ~  = Ao6 = A ~ ( ~ A / ~ F ) ~ .  The area o f  t he  c y l  inder  bore a t  the  pistons, 

which determines the  sample pressure c e r t a i n l y  i s  l ess  than the  

average area def ined above because the  c y l i n d e r  d i s t o r t i o n  w i l l  be 

barrel-shaped. I f  the  area o f  the  c y l i n d e r  bore a t  each p i s t o n  va r ies  as 

A ' .  = A o ( ]  + EP),  with^ < 6, the  f o r c e  app l i ed  t o .  the  p i s tons  i s  r e l a t e d  
CY 1 

t o  the  pressure on the  sample by F = ( A '  ) P  = Ao( l  + EP)P, and 
CY 1  

( a F / a ~ ) ~  = AD (1  + ~ E P )  . Equat ion I V - 3  now becomes 

where 

and Ls=V/AcYl.  S i n c e B  i s  smal l  comparedwi th  ( a ~  DP).,. ( t y p i c a l l y  d.  g. 

10% f o r  t h i s  experiment), the  i d e n t i t y  A. = A' has been assumed i n  i t s  
C Y  1  

d e f i n i t i o n .  

The I tpress correct ion,"  B(L~,T) ,  i s  determined from compression da ta  

which are taken f o r  several  indium samples o f  d i f f e r e n t  lengths a t  several  

temperatures i n  each o f  the  sample ho lders  used, u s i n g . e x a c t l y  . . t he  same 

press and sample ho lder  c o n f i g u r a t i o n  which i s  used f o r  the s o l i d  gas 

compressions. An equat ion o f  s t a t e  f o r  indium i s  assumed f o r  t h i s  



c o r r e c t i o n  (28). when. the  indium compressions a r e  subt rac ted  from t h e  

f r i c t i o n - c o r r e c t e d  data, the  sample ho lder  d i s t o r t i o n s  are  found t o  be 

- 4 
l i n e a r  t o  10 in.; t h a t  is, B i s  independent o f  pressure. Experimental ly,  

B i s  found t o  be temperature-independent a l s o  between 4.2 and 77 K 

( ~ i g u r e  4), w h i l e  i t  changes by rough ly  10% i n  the  77 t o  300 K region. B 

i n  e f f e c t  r e f l e c t s  the temperature dependence o f  t he  e l a s t i c  moduli o f  the 

p i  s ton  and c y l  i nder mat.er i a l s .  The length-dependence o f  t he  "press 

co r rec t i onu  ( ~ i g u r e  5) i s  g iven by Equation IV-5 and i s  determined from the  

indium compression data us ing  var ious  l eng th  samples. The f i r s t  o rder  

c o r r e c t i o n  t o  the  c y l i n d e r  bore, 6, i s  est imated from Equation IV-5 and 

F igu re  5 t o  be 4 x kbar- '  f o r  the  Kennametal sample holders, and 

1.33 x kbar- '  f o r  t h e  maraging s t e e l  sample holder .  

Equat ion IV-4 can be i n t e g r a t e d  t o  g i v e  

where AV, = AL,A, = A ~ [ A R  - (B(L~,T) )AP] .    he second term i n  Equation 
d *  g 

Iv-6. . represents a second order  c o r r e c t i o n  f o r  6, and a f i r s t  order.  co r -  

r e c t  i on  f o r  e. The magnitude o f  t h i s  ,cor rec t  i on  must 'be evaluated t o  

es t imate  the e f f e c t  which i t  has on the  data. For t he  neon isotherm a t  

19.9 K, which has the  la ' rgest  r e l a t i v e  compression, t he  i n t e g r a l  has approx- 

3 imate values o f  7.5, 17.0, and 26.0 kbar cm /mole, respect ive ly ,  f o r  pres- 

sures from 0 t o  7, 14, and 20 kbar which correspond t o  the  pressure ranges 

f o r  the  var ious  sample holders used.  he- c o r r e c t  i on  can be evaluated f o r  

t h ree  t y p i c a l  values o f  E; . f i r s t ,  6 and e a r e  (unreasonably) assumed t o  

be equal i n  magnitude, second, E = 6/2, and l a s t  E = 0. The value o f  t he  



F igu re  4. The temperature-dependence o f  t he  "press c o r r e c t  ion." 
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Figure 5. The sample length and temperature dependence o f  the 
"press correct  ion." 



cor rec t ion  f o r  neon f o r  each o f  these assumptions i s  given i n  Table 2. 

The E = &/2 value i s  bel ieved t o  g ive approximately the r i g h t  magnitude 

for  the correct ion.  Thus, the estimated cor rec t ion  i s  c lose t o  the 

estimated experimental p rec is ion  i n  the high pressure* 1 i m i  t (0. 2%vo, o r  

3 2.8 x lo - *  cm /mole), and because i t  cannot be evaluated w i t h  any pre- 

c i s i o n  i t  i s  neglected i n  the data analysis. Neon i s  chosen as an example 

for  these considerations, and represents an extreme case. 

The area o f  the c y l  inder bore a t  the pistons i s  assumed t o  remain 

constant .(i.e., E = 0) i n  the cal 'culat ions o f  the 'pressure (force/area) on 

the sample. The. e r ro r  i n  the pressure due t o  t h i s  assumption . is be1 ieved 

t o  be less than 0.5% ( f o r  E = 6/2) a t  20 kbar. Since the bu lk  modul i of  

, al, 1 samples. are approximately 150 kbar a t  these pressures, the 'equivalent  

. . 
Table 2,.  he value o f  the r e l a t i v e  correct ion, AVc/Vo= (6 + 26) 

SV2 P~(v,/v,), i n  percent, fo r  values o f  E = 0, E = 2 ,  and 
v ,  

I .  
E = 8, as ca lcu la ted f o r  the 19.9 K neon isotherm f o r  each 

of the sample holders. 

Sample Holder 
D i'amet e r  

(in.) 



uncer ta in ty  i n  the volume i s  less than 0.1%. 

The sol  i d  gas sample compressions are q u i t e  large, so the . t o t a l  

"press correct ion" o r  length  change due t o  p i s t on  compression, etc., 

must be obtained by i n teg ra t i on  since B depends on the sample length. A 

su i t ab le  approximation t o  t h i s  procedure i s  given by choosing an average 

- 
I1press cor rect  ionltl B, which gives the same t o t a l  cor rect  ion 

- 
As a general rule, B corresponds t o  sample lengths a t  pressures o f  3, 6, 

and 7 kbar, respectively, f o r  each o f , t h e  sample holders used. The value 

o f  var ies w i t h  temperature as the sample length changes and, therefore, 

must .be determined separately f o r  each isotherm. The e r r o r  i.ntroduced by 

- t h i s  choice o f  an average value o f  B which corresponds t o  a sample length 

a t  a cha rac te r i s t i c  pressure i s  by actual  ca l cu la t i on  less than 0.1% o f  

the volume. 

The d i a l  gauge readings are corrected f o r  thermal expansion e f f ec t s  

: 
i n  the sample holder as fo l lows. Equation IV-2  i s  d i f f e r e n t i a t e d  w i t h  

respect t o  temperature 

a R a~ 
aAc 1 

(**) = ($lp - LS A 1 bV 
aT P 

( 1  + &) 
CY 1 P cy l  P -. 

where ( a ~  AT) represents the thermal expansion o f  the p i s t on  material,  
P P Y 

the second term involves the area thermal expansion o f ' t h e  cy l inder  bore, 

and the t h i r d  term contains the thermal expansion o f  the sample. The 

p i s t on  . length and cy l inder  bore area can be w r i t t e n  i n  terms o f  t h e i r  



l i n e a r  expansion c o e f f i c i e n t s ,  a and acyl, and a f t e r  i ntegr.at i ng Equat ion 
P. 

'IV-8 w i t h  respect  t o  temperature, t h e  volume changes o f  the  sample a t  

constant  pressure become 
1 

= AcylCARd. - c (LS,T)I (I v-10) 

where C(L ,T) i s  a pressure-independent thermal expansion co r rec t i on .  
s 

I n  general, the  maximum v a r i a t i o n  i n  the  c y l i n d e r  bore area w i t h  tempera- 

t u r e  and pressure i s  l ess  than I%, w h i l e  the  volume changes a t  constant  

pressure are  never gi-eater than 1 1%, so A can be taken as equal t o  i t s  
CY 1 

zero  pressure value. 

Experimental ly,  i t  i s  found t h a t  C i s  temperature-independent between 

4.2 and 77 K (F igure 6) a l though i t  decreases by f rom 1 t o  2 x in. 

from 77 t o  300 K. The temperature dependence o f  c . f o r  the  xenon 

samples i s  g iven i n  F igure  6. 

Data Comparison and Computer E x t r a p o l a t i o n  

The co r rec ted  d i a l  gauge readings g i v e  r e l a t i v e  l eng th  changes, AL, as 

a f u n c t i o n  o f  temperature and pressure f o r  each sample. I n  p rac t ice ,  t h e  

expe r imen ta l l y  determined sample l eng th  (see the  Experimental  Procedure 

sec t i on )  i s  used t o  determine the  constant  M i n  Equat ion IV-2 so t h a t  

ac tua l  sample lengths a r e  ob ta ined as a f u n c t i o n  o f  temperature and pres-  

sure, L(T,P). Whi le the  absolute sample length  o n l y  may be known t o  0.5% 
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F igure  6. The thermal expansion correct ions,  C, which were used f o r  t h e  xenon's8mples. .  , 



( 1  t o  2  x  l o m 3  in.), r e l a t i v e  l eng th  chknges are  known w i t h  a  p r e c i s i o n  

which i s  approximate ly  an order  o f  magnitude greater  than t h i s  (0.1 t o  

0.2 x  in.). 

The data f o r  each o f  t he  sample ho lders  a re  compared by forming the  

a r b i t r a r y  r a t i o  L(T,P)/L,~, where Lo4 = ~ ( 4 . 2  K, 4  kbar).  I f  the  data 

a re  no t  taken a t  approximate ly  t he  same temperature f o r  t h e  var ious  

sample holders, a  graph o f  L(T,P)/LO4 vs. temperature i s  made t o  normal ize 

the  da ta  a long the isotherms. A computer i s  used as descr ibed below t o  

compare the  data f o r  the  var ious  sample holders. I f  systemat ic  e r r o r s  

appear, the absolute sample length  (or LO4) i s  ad jus ted  s l  i g h t l y  f o r  one 

o f  t he  samples t o  b r i n g  the  data i n t o  b e t t e r  agreement. 

Several emp i r i ca l  equat ions o f  s t a t e  have been used success fu l l y  t o  

f i t  P-V data (29). These r e l a t i o n s  g i v e  a  s e n s i t i v e  method f o r  comparing 

d i f f e r e n t  se ts  o f  data, and a l s o  a l l o w  an e x t r a p o l a t i o n  t o  be made t o  zero 

pressure f o r  comparison w i t h  o t h e r  experiments. I n  computer f i t t i m g  

equat ions t o  the  data, t he  major u n c e r t a i n t y  i s  i n  t he  de terminat ion  o f  L  

2  
(or  v), so the  q u a n t i t y  ZAVi = L : ( v ~ - V ~ ~ ~ ~ ) ~  = d(Pi-Pcalc) ( v ~ / B ~ ( v ~ ) ) I ~  

i s  minimized i n  t he  f i t t i n g  r o u t i n e  f o r  each o f  t h e  equat ions discussed 
$ 

below, us ing  an i t e r a t i v e  procedure. 

E a r l i e r  P-V data (5,30,31) were represented success fu l l y  by a  r e l a -  

t i o n s h i p  g iven by B i r c h  (32), Anderson (33) 

where y  = ( V ~ / V ) " ~  (or  ( L ~ L ) ~ ) ,  8, and Vo (or  Lo) a re  the  b u l k  modulus 

and molar volume, respect ive ly ,  a t  pressure Po, and 6 i s  an ad jus tab le  



parameter which i s  r e l a t e d  , t o  T) = '  (aB DP) Equat i on  I V- 1  1  can be 
T T,P=O' 

r e w r i t t e n  i.n a  genera l i zed form as 

which i s  f i t  t o  the data us ing  a  l e a s t  squares method w i t h  an IBM-360, 

model 65 computer. The value o f  Vo (or L  ) i s  ad jus ted  by an i t e r a t i v e  
0 

method u n t i l  A. = P i s  zero. 
0 

The Lennard-Jones 6-12 p o t e n t i a l  has been w ide l y  used t o  descr ibe the  

i n te ra tom ic  p o t e n t i a l  f o r  t h e  r a r e  gas s o l i d s  (1) .  A genera l i zed equat ion 

of  s t a t e  based on a  p o t e n t i a l  o f  t h i s  form i s  g iven by 

Several d i f f e r e n t  forms o f  t h i s  equat ion  were f i t  t o  the  da ta  us ing  l e a s t  

-m 
squares techniques. F i r s t ,  even i n tege r  powers i n  V were used, then odd , 

i n t e g e r  powers, and f i n a l  l y  a1 1 powers. The best  r e s u l t s  '(see below) are  

ob ta ined  w i t h  m > - 3 and odd. Thus, t he  equat ion used t o  f i t  the  data i s  

g i ven by 

I n  a d d i t i o n  t o  de termin ing  V and g i v i n g  a  smooth rep resen ta t i on  f o r  
0 

t he  data, the computer programs c a l c u l a t e  the  isothermal  b u l k  modul us, 

BT = - (aP/a i n  v ) ~ ,  f o r  each experimental  pressure. The b u l k  modulus a t  

zero pressure, Bq, i s  determined f rom the  e x t r a p o l a t i o n  t o  zero pressure. 

The data f o r  each o f  t h e  th ree  sample ho lders  a long each isotherm are  



i nc luded i n  the  computer f i t t i n g .  Two d i f f e r e n t  ranges o f  data a r e  used. 

t o  insure  t h a t  t he  e x t r a p o l a t i o n  t o  zero pressure i s  range-independent. 

The f u l l - r a n g e  f i t s  inc lude a l l  data t o  maximum pressure, w h i l e  t he  h a l f -  

range f i t s  inc lude o n l y  volumes (o r  lengths)  g rea ter  than (vo-Av/2), where . . 

A V  i s  t he  ' t o t a l  compression. 

Several d i f f e r e n t  orders o f  Equations IV-12 and IV-14 a re  f i t  t o  the  

P-V data. The c r i t e r i a  used t o  determine the  most s a t i s f a c . t o r y  represen- 

t a t i o n  are  f i r s t ,  t h a t  t he  r o o t  mean square d e v i a t i o n  be equal t o , o r  less  . . 

t han  0.1% V and second, t h a t  the zero pressure thermal expansion obta ined 
0 

by e x t r a p o l a t i o n  must agree w i t h  t h a t  obtai,ned f rom d i r e c t  P=O experiments. 

Th i s  l a t t e r  comparison can be made by n o t i n g  t h a t  t h e  ex t rapo la ted  P=O ' 

sample lengths and . the  P=O molar volumes must be r e l a t e d  by 
. . 

The l e f t  hand s i d e  o f  t h i s  r e l a t i o n  i s  ob ta ined from t h e  data, w h i l e  t h e  

r i g h t  hand s ide  i s  ob ta ined from the  1 i te ra tu re .  . I n  p rac t ice ,  ~ ( 4 . 2  K, 

P=o) i s  ad jus ted  s l  i g h t l y  t o  g i v e  the best  agreement poss ib le  f o r  

Equalion IV-15 a t  a l l  tcmperatures. Then, t h ~  equat ion of s t a t e  can be 

c a l c u l a t e d  as 

L T P  
V(T, P) = ~ ( 4 . 2  K, P=O) [,+I L . 2  K,P=O) . 



.CHAPTER V. EXPERIMENTAL RESULTS 

Th is  chapter summarizes t h e  experimental r e s u l t s  f o r  each ,o f  t he  

so l ids .  The ac tua l  d a t a , ' a f t e r  c o r r e c t i o n  f o r  sample ho lder  thermal 

expansion, pressure d i s to r t i on , .  and any sample loss o r  d i a l  .gauge 

sh i f ts ,  are g iven i n  Appendix A'where they are expressed i n  terms of 

molar volumes as a func t i on  o f  pressure f o r  each isotherm. Appendix B 

gives the  c o e f f i c i e n t s  f o r t h e  equat ion which best  represents the  data 

f o r  each isotherm, and Appendix C presents p l o t s  o f  t he  d i f f e rences  be- 

tween the  data and the  computer-calculated r e l a t i o n s .  The experimental 

values o f  t he  4 kbar sample lengths a t  4.2 K ( L ~ ~ )  are  g iven i n  Table 3 

f o r  t h e  var ious  samples. During t h e  computer smoothing o f  t h e  isotherm 

d a t a  f o r  each so l  id, t h e  values o f  L~~ f o r  c e r t a i n  samples were adjusted 

t o  t h e  values g iven i n  parentheses t o  make t h e  f i n a l  r e s u l t s  i n t e r n a l l y  

consistent .  The tabu la t i ons  i n  Appendix A do no t  r e f l e c t  t h i s  ad jus t -  

ment, bu t  i t  i s  inc luded i n  t h e  f i t  c o e f f i c i e n t s  o f  Appendix B and 
. - 

t he  "experimental datat1 o f  Appendix C. The experimental length  change 

data f o r  each sample f i r s t  were expressed i n  terms o f  absolute lengths 

us ing  the  i n i t i a l  L values o f  Table 3, then t h e  molar volumes o f  04 

Appendix A were ca l cu la ted  using t h e  conversion f a c t o r s  which are  l i s t e d  

i n  t h i s  Appendix. 

The procedure which was used t o  analyze t h e  data was i d e n t i c a l  f o r  

each so l  id .  The B i  rch  and Lennard-Jones r e l a t i o n s  ( ~ q u a t  ions I V-  12 and 

IV-14) were f i t t e d  i n  t u r n  f i r s t  t o  t h e  f u l l - r a n g e  (20 kbar) and then 

t o  t h e  ha1 f-range (approximately 5 kbar) ad jus ted data. A s a t i s f a c t o r y  



Table 3. Experi,mental sample lengths a t  4.2 K and 4 kbar f o r  t he  

var ious '  so l  i d  gas 'samples.  he adjusted values used i n  
. . 

t h e  data ana lys is  are g iven i n  parentheses. 

Samp 1 e Sample Holder Diameter 

0.500 in. 0.354 in. 0.250 in. 

( in . )  ( i n . )  ( in . )  

neon 0.4079 

0. 4394a 0.30jg argon I 0.2163 
(0.2217) 

I I. 0.4490 - 0.2769 
(0.2804 

krypton ' .  0.4382 0.2382 0.2 198 
(0.4358) 

0.4386 0.31 14 xenon 0.1969 
(0.4434) (0.2008) 

?he sample length  i s  ex t rapo la ted  t o  4.2 K s ince t h e  minimum 
temperature fo r .  t h i . s ,  se t  o f  compression data i s  20 K. 

representa t ion  f o r  each o f  these f i t s  has a roo t  mean square d e v i a t i o n  

- 3 o f  less than 10 Vo  and shows no systematic deviat ions.  The extrapo- 

l a t e d  P=O values o f  t h e  molar volume, 
vo' 

and t h e  bu 1 k modu 1 us, Bo, 

then are compared w i t h  d i r e c t  P=O measurements from o t h e r  experiments 

and representat ions are  chosen f o r  each s o l i d  which reasonably repro- 

duce these P=O proper t ies .  I n  each case Lennard-Jones r e l a t i o n s  

( ~ ~ u a t  ion  Iv- 14) were used t o  represent the  data f o r  a1 1 isotherms over 



t he  e n t i r e  pressure range wh'i l e  g i v i n g  agreement w i t h  ' d i r e c t  P=O molar 

volume data. The P=O b u l k  modulus data tiowever, are not  always i n  

ag reemen t . 

Neon 

Four compression runs were made on s o l i d  neon f o r  each o f  t he  

th ree  sample holders i n  the  4.2 K t o  20 K region. The low temperature 

b r i t t l e n e s s . o f  t h e  sample reported by Stewart (4) d i d  no t  appear t o  .' 

a f f e c t  t h e  resu l t s .  

The isotherms f o r  the,0..250 in.  diameter sample were taken a t  

s l  i g h t l y  d i  f fe l rent  temperatures from the  o the r  samples, so an i s o b a r i c  

p l o t  (L/Lo4 vs. temperature)  was used t o  ad jus t  these data t'o.cominon3 

temperatures. ,Loll f o r  t h e  0.250 in.  diameter sample  a able 3)  was 

lengthened by 0.5% t o  ob ta in  b e t t e r  agreement w i t h  t h e  data from t h e  

o the r  sample holders. 

S a t i s f a c t o r y  representat ions o f  a l l  t he  data f o r  each isotherm are 

obta ined f o r  t h e  '0 i rch  ( ~ ~ u a t  i on I V -  12) and t h e  Lennard-Jones (~cqu'at ion  

Iv-14) r e l a t i o n s  us'ing t h e  minimum values o f  N l i s t e d  i n  .Table 4. The 

r c s u l t  i ng  ex t rapo la t  ion t o  P=O of t h e  molar volume Vo  f o r  e a c h  o f  these 

representat ions i s  g iven i n  F igu re  7 f o r  comparison with'. t h e  x - ray  data 

o f  Batchelder -- e t  al .  (8) .  F igure  8 g ives  t h e  P=O i.sotherma1 b u l k  

modu 1 us, 
Bo' 

f o r  each representa t ion  along w i t h  those which are ob ta in -  

ed from the  u l t r a s o n i c  r e s u l t s  o f  Bezuglyi  e t  a l .  (13).  The dashed 

curve ( ~ i g u r e . 8 ) '  a l s o  represents ( w i t h i n  experimental accuracy) the  

x- ray^ measurements for  the  isothermal b u l k  moduli o f  Batchelder e t  a l .  

(8) and the  recent u l t r a s o n i c  r e s u l t s  above 18 K o f  Ba lzer  e t  a l .  (14). 
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Figure 8.. The zero pressure values o f  the  isothermal bulk modulus, Bo J 
. which are  obtained f o r  various ext rapola t ions  o f  the  present 

data t o  P=O, and t h e  smoothed u l t r a s o n i c  r e s u l t s  o f  Bezuglyi  
e t  a l .  (13) .  -- 
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Table 4. The minimum values o f  N f o r  Equations IV-12 and IV-14 

which g i v e  t h e  best  representat ions f o r  t he  s o l i d  ne,on 
, . 

h a l f -  and f u l l - r a n g e  data. 

Temperature 

B i r c h  r e l a t i o n  

f u  11  -range 

ha 1 f - range 

Lennard-Jones r e l a t i o n  

fu l l - range  2 2 3 

ha 1 f - range 2 

The f u  1.1 -range Lennard-Jones representat  ions (Equations I V -  14) 

were chosen t o  represent t h e  isotherms because of t h e  agreement w i t h  

t h e  o the r  P=O thermal expansion and isothermal b u l k  modulus data. The 

14% d.iscrepancy between the  ex t rapo la ted  and u l t r a s o n i c  values of Bo 

a t  19.9 K ( ~ i g u r e  8) may a r i s e  because Equation IV-14 i s  inadequate f o r  

t h e  e x t r a p o l a t i o n  o f  t h i s  isotherm. The conversion between reduced 

sample length  and molar volume (Appendix A) i s  chosen t o  g i v e  a 

reasonable correspondence between t h e  ex t rapo la ted values o f  Vo and 

the  P=O x-ray data a t  a l l  t h r e e  temperatures ( ~ i ~ u r e  7) f o r  t h e  chosen 

representat ion.  The c o e f f i c i e n t s  f o r  Equation IV-14 which reproduce 

t h e  data, along w i t h  t h e  r e s u l t i n g  values o f  Vo, Bo, and t h e  roo t  mean 

square deviat ion, are g iven i n  Appendix B. The dev ia t ions  o f  t h e  molar 



volumes ca lcu la ted  using these equations from t h e  experimental data are 

g iven as d e v i a t i o n  .p lo t s  i n  Appendik C. The excel l e n t  agreement be- 

tween the  data f o r  the  f i r s t  and l a s t  isotherms i n  a se r ies  can be 

seen on the  4.2 K dev ia t i on  p l o t  (Appendix C ) .  Systematic dev ia t ions  

from the  f i t  equation, p a r t i c u l a r l y  a t  h igh  pressure,could be meaning- 

fu l ,  bu t  they are w e l l  w i t h i n  t h e  est imated h igh  pressure p r e c i s i o n  

of 2 10%. 

The smooth P-V r e l a t i o n  f o r  neon ( ~ i g u r e  9) shows t h a t  thermal 

e f f e c t s  are n e g l i g i b l e  f o r  pressures g rea te r  than 6 kbar, w i t h  t h e  i'n- 

s e r t  g i v i n g  the  t o t a l  compression i n  20 kbar. While Stewar t ' s  e a r l i e r  

4 K p i s t o n  displacement r e s u l t s  (3). are i ncons is ten t  w i t h  t h e  present 

data, h i s  measurements a t  18 K (4) are i n  agreement w i t h i n  h i s  exper i -  

mental uncer ta in ty .  I t  i s  i n t e r e s t i n g  however, t h a t  t h e  present  re-  

s u l t s  do agree w i t h  Stewar t ' s  4 K data (3) ( w i t h i n  3% o f  A V / V o )  f o r  

2 
pressures from 2043 t o  20,000 kg/cm (2.003 t o  19.613 kbar), so the  

major d i f f e r e n c e  occurs i n  the  e x t r a p o l a t i o n  t o  P=O. F igure  10 com- 

pares the  present r e s u l t s  w i t h  an equat ion o f  s t a t e  which can be c a l -  
. , 

cu la ted  from t h e  h i g h  pressure heat capac i ty  data o f  Fugate and 

Swenson (26). The agreement i s  excel  l e n t  when a "reasonable'' form o f  

t he  Mie-Gruneisen equation o f  s t a t e  i s  used (7).  

Argon 

Twenty four sets o f  compression data were taken from 4.2 t o  77.K 

on f i v e  samples o f  s o l i d  argon. Extensive data which were taken on 

t h e  f i r s t  0.500 in. diameter sample were l i m i t e d  t o  temperatures be- 

tween 20 and 77 K s ince a dewar vacuum leak made i t  impossible t o  take 



PRESSURE (kbar) 

F igure  9. Smooth P-V r e l a t i o n s  f o r  sol i d  neon. 



F i g u r e  10. The present  da ta  ( s o l i d  dots)  compared w i t h  isochores calcu-  
l a t e d  from heat  c a p a c i t y  da ta  (7) .  The e r r o r  bars correspond 
to - + 10-3 V. 



a 4.2 K point .  Four compression runs on the second 0.500 in. diameter 

sample included a 4.2 K point .  Two d i f f e r e n t  samples a lso  were run i n  

the 0.250 in. sample holder, since the data f o r  the f i r s t  sample were 

not  i n  good agreement w i t h  data from the o ther  two sample holders. This 

disagreement l a t e r  was found t o  be due t o  an e r ro r  i n  the cor rect ions 

which were used i n  the  analysis o f  the f i r s t  0.250 in. diameter sample, 

and a l l  data now are consistent. The corrected data before computer 

smoothing are given i n  Appendix A i n  terms o f  the  molar volumes f o r  

each .o f  the compress ion runs. The experimental sample lengths, Lo4, 

f o r  the  s o l i d  argon samples are given i n  Table 3 f o r  each ser ies o f  runs. 

The minimum va lues .o f  N f o r  Equations IV-12 and IV-14 which are 

needed t o  represent the data f o r  each isotherm s a t i s f a c t o r i l y  are given 

i n  Table 5. The lengths o f  the two 0.250 in. diameter samples were 

Table 5. The minimum values o f  N f o r  Equations IV-12 and IV-14 

which g ive the  best representat ions f o r  the s o l i d  argon 

h a l f -  and fu l l - range  data. 

Temperature 

4.2 K t o  60 K~ - 77 K 

Bi rch  r e l a t i o n  

fu l l - range  

ha1 f-range 

Lennard-Jones r e l a t i o n  

fu l l - range 

hal f - range 

a 
Inc lud ing isotherms a t  20 K and 40 K. 



adjusted by +2.5%and +1.25% (Table 3) respectively, t o  obta in  b e t t e r  

agreement w i t h  the other data. The magnitudes o f  these cor rect ions 

are outs ide the estimated p rec is ion  o f  the sample length determination 

(0.5%) and are not understood. The ext rapo la t ion o f  the molar volume 

t o  P O ,  Vo, i s  given i n  Figure 1 1  f o r  each o f  the representat ions of 

Table 5 for  comparison w i t h  the x-ray resu l t s  o f  Peterson e t  al. (9). 

Figure 12 gives the P=O isothermal bu lk  modulus, Bo, f o r  each represen- 

t a t  ion. 

The Lennard-Jones representat ions (Equation IV-14) o f  t he  f u l l -  

range data are chosen t o  represent the data because o f  the agreement 

w i t h  the P=O thermal expansion data (Figure 11). The conversion fac to r  

f o r  changing sample lengths i n t o  molar volumes ( ~ ~ ~ e n d i x  A) i s  chosen 

t o  ob ta in  the best agreement between the  extrapolated value4 o f  Vo and 

the P=O x-ray data a t  a l l  f i v e  temperatures (Figure 11) f o r  t h i s  repre- 

sentat ion. The coe f f i c i en t s  f o r  Equation IV-14 which reproduce the 

data f o r  each isotherm, along w i t h  the r e s u l t i n g  values of  Vo, Bo, and 

the root  mean square 'deviat ion, are given i n  Appendix B. The deviat ions 

o f  the sol i 'd  argon f i t  equations from the experimental data are given 

as dev ia t ion p l o t s  i n  Appendix C. The h igh pressure deviat ions appear 

t o  be systematic, although they l i e  w i t h i n  the estimated h igh pressure 

3 
p rec is ion  ( 2  x I O - ~ V  o r  0.04 cm /mole). The 0.250 in. diameter data 

show in te rna l  inconsistencies a t  60 K and 77 K a t  h igh pressure, and a t  

40 K a t  low pressure. O n l y t h e  40 K deviat ions appear t o  be outsi.de 

the estimated experimental accuracy. 
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Figure 1 1 .  A comparison o f  x-ray measurements (9) f o r  sol i d  argon w i t h  
molar volumes which a r e  obtained from t h e  e x t r a p o l a t i o n  t o  
P=O o f  the present data using various representat ions.  



Figure 12. The zero pressure values o f  the isothermal bulk modulus, 
Bo J as obtained for  various ext rapola t ions  o f  the  present data 

t o  P=O. 
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The P=O values o f  BT ( B ~ ( T ) )  can be obtained by ext rapo la t ion i n  

two ways. F i r s t ,  the computer f i t s  t o  the data ( ~ ~ ~ e n d i x  B) g ive Bo 

d i r e c t l y  (broken l i n e  ~ i ~ u r e s  12 and 13). Second, s ince BThas only a ,, 

s l i g h t  temperature dependence a t  constant volurrie, values o f B T  which ' . 

are obtained using actual isothermal data ( s o l i d  dots i n  Figure 13) can 

be extrapolated a t  constant volume t o  the temperature a t  which P=O f o r  

t ha t  volume. The slope o f  these curves, (a~.,./aT) ,,, appears t o  be both 

volume and temperature independent, as i s  i l l u s t r a t e d  by the 22.00 

3 cm /mole isochore i n  F igure 13. I n  p r inc ip le ,  data obtained f o r  any 

volume can be extrapolated t o  P=O along an isochore, although i n  

Figure 13 the P=d volumes which correspond t o  the temperatures'of the 

isotherms (Figure 1 1 )  are'used. These two independent ex t rapo la t ion  

methods f o r  obta in ing Bo (Figure 13) are  i n  exce l len t  agreement. 

The adi'abatic bu lk  modulus data o f  Keeler and ~ a t c h e l d e r  (16), 

were corrected t o  ob ta in  the isothermal moduli which are given i n  

Figure 13 f o r  comparison w i t h  the present resu l ts .  Figure 13 a lso gives 

the P=O x-ray resu l t s  f o r  B o f  Peterson e t  a l .  (9) a t  4.2 K and 
0 + 

Urvas e t  a l .  (10) a t  77.7 K, and the t heo re t i ca l  values o f  K l e i n  e t  a l .  

(23) f o r  comparison w i t h  the present data. 

The systematic dev ia t ion between the  present r esu l t s  and other 

experimental data (Figure 13) f o r  s o l i d  argon i s  surpr is ing.  The P=O 

x-ray resu l t s  (9,10) f o r  Bo are be1 ieved t o  be unre l  i ab l e  due t o  an 

i r r e v e r s i b l e  e f f e c t  on the observed l a t t i c e  spacing caused by the 

helium pressure medium (20). This low pressure hysteres is  e f f e c t  was 

r e l a t i v e l y  unimportant i n  simi l a r  measurements on the other gas 



Figure 13. The temperature and volume dependence o f  BT as c a l c u l a t e d  from 
the  c o e f f i c i e n t s  i n  Appendix B ( s o l i d  and c i r c l e d  dots).  The 
dashed l i n e s  correspond t o  i socho r i c  ex t rapo la t i ons  t o  P=O 
(broken 1 ine, F igure  12) f o r  molar volumes greater  than 
22.00 crnj/mole. The P=O x-ray (9,lO) and u l t r a s o n i c  (16) 
resu l ts ,  and t h e o r e t i c a l  values (23) a l s o  a re  given. 
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so l  ids  (10). The. u l t r a s o n i c  resu'l t s  o f  Keeler  and. Batchel der ( 1  6) al. so 

a re  be l i eved  t o  be unre l iab le ,  due t o  s t r a i n s  s ince t h e i r  

quar tz  transducer was imbedded i n  t h e  c r y s t a l  (34). The present data 

a re  i n  very  good agreement w i t h  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of K l e i n  

e t  a l .  (23) (F igure  13), and a  recent  Monte Car lo c a l c u l a t i o n  f o r  sol  i d  -- 
argon by Fisher and Watts (35) (not  shown). 

The smooth P-V representat ions f o r  s o l i d  argon are g iven i n  

F igure  14. These data are i n  good agreement ( b e t t e r  than 3% i n  bV/Vo) 

w i t h  S tewar t ' s  p i s t o n  displacement r e s u l t s  a t  38 and 77 K (4). . . 

. Benson (6) has made an 'independent determinat ion o f  t h e  equat ion 

o f  s t a t e  f o r  s o l i d  argon using a  constant  volume capacitance s t r a i n  

gauge technique, These data, f o r  f o u r  isochores, a re  compared w i t h  the  

present r e s u l t s  i n  F igu re  15. The open c i r c l e s  (d iameter 'approximately 

equal t o  2  x  lo-%) are  ca l cu la ted  f o r  t he 'mo la r  volumes o f  t h e  iso-  

chores using t h e  c o e f f i c i e n t s  f o r  argon i n  Appendix B. The agreement 

between these two very  d i f f e r e n t  se ts  o f  data i's exce l len t .  

Krypton 

Twenty e i g h t  sets o f  compression data were taken from 4.2 K t o  

110 K on t h r e e  samples o f  s o l i d  krypton. A  small  amount o f  t h e  0.500 in. 

diameter sample was l o s t  a t  maximum pressure w h i l e  on an i n i t i a l  c&- 

press i on  a t  110 K, and due : t o  incons is tenc ies  which appeared i n  t h e  

analysis, t h e  data taken a f t e r  t h e  sample loss  were discarded. No loss  

o f  sample was detected f o r  e i t h e r  t h e  0.354 in. o r  0.250 in. diameter 

sample ho lders  a t  110 K and t h e  h ighest  pressures. The data  from t h e  



Figure  14. Smooth P-V r e l a t i o n s  f o r  s o l i d  argon. 



Figure 15. 
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compression .runs, cor rec ted f o r  pressure and thermal expansion e f fec ts ,  

but  no t  computer smoothed, a re  g iven i n  Appendix A i n  terms o f  molar .  

volumes. The experimental sample lengths, Lo4, f o r  each o f  t h e  s o l i d  

k ryp ton samples a r e ' g i v e n  i n  Table 3. 

Some o f  t he  isotherms f o r  t h e  var ious  samples o f  s o l i d  k ryp ton 

(Appendix A) were taken a t  s l i g h t l y  d i f f e r e n t  temperatures, so an 

i s o b a r i c  p l o t  ( L / L ~ ~  vs. temperature) was used t o  ad jus t  these data 

t o  common temperatures. Lo4 f o r  t h e  0.500 in. diameter sample (Table 

3) was shortened by 0.5% t o  o b t a i n  b e t t e r  agreement w i t h  t h e  data 

from t h e  o the r  sample holdkrs.  

The minimum values o f  N f o r  Equations IV-12 and IV-14 which are  

needed t o  represent t h e  data f o r  each isotherm s a t i s f a c t o r i l y  a re  g iven 

i n  Table 6. The r e s u l t i n g  e x t r a p o l a t i o n  o f  t h e  molar volume t o  P=O, Vo, 

Table 6. The minimum values o f  N f o r  Equation IV-12 and IV-14 which 

are  necessary t o  represent  s a t i s f a c t o r i l y  t h e  s o l i d  k ryp ton 

. .  . 
h a l f -  and f u l l - r a n g e  data. 

! 

Temperature 

4.2 K t o 7 0 ~ ~  77 K t o  i o o  K~ ' I I O K  

B i rch  re1 a t  ion  
I 

f u l l - r a n g e  

h a l f  -range 

Lennard-Jones re1 a t  ion  

f u l l - r a n g e  3 1 2 

ha l f - range 2 1 1 

a Inc lud ing  isotherms a t  20 K, 40 K, and 60 K,. 

b l n c l u d i n g  t h e  isotherm a t  80 K. 



and t h e  P=O isothermal bu l k  modulus, Bo, a re  g iven i n  F igures 16 and 

17 respect ive ly ,  f o r  each o f  these representat ions.  The bas ic  com- 

par ison i n  these f i g u r e s  i s  w i t h  t h e  x-ray measurements o f  Losee and 

Simmons (11). 

The f u l  1 -range  enn nard-~onks representat  ions ( ~ ~ u a t  i on  1.V-14).. 

were chosen t o  represent the  data because o f  t h e  agreement w i t h  t h e  

P=O thermal expansion data (F igure  16). The convers ion ' fac tor  f o r  

changing sample lengths i n t o  molar volumes (Appendix A) i s  chosen t o  

o b t a i n  t h e  best  agreement between t h e  ex t rapo la ted v a l u e s . o f  V f o r  
0 

t h i s  representa t ion  and t h e  P=O x- ray  measurements a t  a l l  n i n e  tempera- 

tu res  (F igure  16). The c o e f f i c i e n t s . f o r  Equation IV-14 which repro- 

duce t h e  data,. along w i t h  t h e  r e s u l t i n g  values o f  Vo, Bo, and the  r o o t  
, : 

mean square deviat ion,  a re  g iven i n  Appendix B. The d e v i a t i q s  o f  t h e ' .  

molar vol'umes which a re  ca l cu la ted  us ing  these equations from t h e  s o l i d  

k ryp ton  data a re  g iven as d e v i a t i o n  p l o t s  i n  Appendix C. The 0.500 in. 

data a t  60 K and t h e  0.250 in. data a t  77 K show systemat i c  dev ia t i ons  

which appear t o  be ou ts ide  t h e  est imated low pressure experimental 

3 accuracy ( 1  x  I O - ~ V  o r  0.028 cm /mole). The 0.354 in. 'diameter data 
. . 

show i n t e r n a l  incons is tenc ies  a t  80 K and 100 K a t  low pressure. ' Th i s  

poss ib l y  i s  caused by ove r -co r rec t i on  f o r  a d i a l  gauge s h i f t  between 

t h e  two se ts  of 80 K data, t h e  lower se t  (open t r i ang les ,  .Appendix C) 

be ing taken f i r s t .  These low pressure dev ia t i ons  a t  80 K and 100 K 

.appear t o  be ou ts ide  t h e  est imated experimental accuracy. 

The t w o  independent methods o f  o b t a i n i n g  Bo (discussed under argon 

above) are  g iven i n  F igu re  18 f o r  comparison w i t h  t h e  x-ray data o f  



F i g u r e  16. Various e x t r a p o l a t i o n s  o f  molar  volumes t o  P=O f o r  s o l i d  
k r y p t o n  and t h e  x - r a y  r e s u l t s  o f  Losee and Simmons ( 1 1 ) .  
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~ i g u r e  17. The zero pressure value o f  the isothermal bulk modulus, Bo, as 
i s  obtained f o r  various ext rapola t ions  o f  the  present data t o  
P=O: The s o l i d  l i n e  represents the  x-ray measurements o f  Losee 
and Simmons (11) .  





Losee and Simmons ( 1  1) which agree w i t h  s i m i l a r  data by Urvas e t  a l .  ' ' 

( l o ) ) ,  t h e  u l t r a s o n i c  r e s u l t s  o f  Bezugly i  e t  a l .  '(l!), and t h e  
. . 

t h e o r e t i c a l  va lue of Barker -- e t  a l .  (22). The molar 'vo1um.e~ chosen f o r  

t he  i'sochor i c  ex t rapo l  a t  i on  (F igure  18) correspond t o  t h e  P=O values 

f o r  t h e  temperatures o f  t he  isotherms (F igure  16). The agreement be- 

tween t h e  d i f f e r e n t  experiments i s  sa t  i s f a c t o r y  below 100 .K,. i nc lud ing  

i n t e r f e r o m e t r i c  data by Coufal e t  a!. ( 1 2 ~ 3 6 ) .  The d i f f e rences  a t  

temperatures above 100 K (F igure  18) may a r i s e  because Equation IV-14 

i s  inadequate f o r  e x t r a p o l a t i n g  these isotherms. 

The smooth P-V representat ions f o r  s o l i d  k ryp ton  are g iven i n  

F igure  19. These data are  i n  good agreement ( b e t t e r  than 3% i n  AV/V ) 
.o . . 

w i t h  Stewar t ' s  p i s t o n  displacement r e s u l t s '  a t  81 K and f o r  pressures 

from 0 t o  20 kbar (4). 

Xenon 

F i f t y  f i v e  sets o f  compression data were taken on th ree samples 

of s o l i d  xenon from 4.2 t o  158.8 K. Incons is tenc ies  i n  the  i n i t i a l  

se r ies  o f  data (e.g. l a r g e r  than normal f r i c t i o n ,  small d i a l  gauge 

s h i f t s ,  etc.)  caused t h e  f i r s t  few isotherms f o r  each sample t o  be d i s -  

carded. The data  f o r  each sample a r e  more' cons is ten t  a f t e r  complet ing 

a compression run near t h e  t r i p l e  p o i n t  temperature. The co r rec ted  

data before computer smoothing are  g iven i n  Appendix A i n  terms o f  t h e  

molar volumes. The exper imenta l  sample lengths ,  LO4, f o r  each o f  t h e  . 

s o l i d  xenon samples a re  g iven i n  Table 3. 
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F i g u r e  19. Smooth P-V  r e l a t i o n s  f o r  s o l i d  krypton.  



. . . .  . 
The minimum values o f  N f o r  Equations IV-12 and IV-14 which s a t i s -  

f a c t o r i l y  represent  t h e  data a long each, isotherm a re .g i ven  i n  Table 7. 

T a b l e 7 .  Theminimumvalues o f  N (Equations IV-.12 . and . IV-14).'which . .  

a re  necessary t o  represent s a t i s f a c t o r i l y - t h e  s o l i d  xenon 

h a l f -  and f u l l - r a n g e  data. 

Temperature 
. . 

4.2 77 K~ 100 K 140 K 158.8 K 

B i.rch re1 a t  i on  

fu l l - range  2 2 . 3  3 2 

ha l f - range 2 2 2 2 2 

Lennard-Jones r e l a t i o n  

f u l l - r a n g e  2 1 1 2  3 

ha l f - range 1 1 1 2  2 

a 
Inc lud ing  isotherms a t  20 K, 40 K, and ~ o ' K . .  

l n c l  uding isotherms a t  80 K and 120 K.. , . 

. . 

The lengths (Lo4) o f  t h e  0.500 in. and 0.250 in, diameter samples were 

adjusted by + l .  1% and +2.0%, r e s p e c t i v e l y   ab able 3); t o  o b t a i n  b e t t e r  

agreement w i t h  t h e  0.354 in. diameter sample. The reason f o r  t h e  l a rge  

adjustment i n  t h e  length  o f  t h e  0.250 in. diameter sample. ' is no t ' under -  

stood, s ince i t  i s  d e f i n i t e l y  ou ts ide  t h e  est imated experimental 

p r e c i s i o n  (0.5%). The 0.354 in. diameter sample data were chosen as 

wcor,rectM. s ince t h e  two 1 ength determinat ions agreed ' ve ry  we1 1 f o r  



this sample. The resulting extrapolations of the molar volume to P=O, 

v o ~  
are given in Figure 20 for each of the representations in Table 7 

for comparison with the. capacitance di latometer data of Ti 1 ford and 

Swenson (37) which agree with the quartz dilatometer results of 

Manzhelii et al. (38) (solid line from 1 to 105 K). The curves'above 

105 K are as obtained from the pycnometric results of Gavrilko and 

Manzhel i i (39) (dashed 1 ine) and as quoted by ~anzhel i i et al. (38) 

(sol id 1 ine). The P=O isothermal bulk modulus, BO, is given in Figure' 

21 for each representation, along with the ultrasonic results of 

Bezuglyi et al. (15) and the single Brillouin scattering result of 

Gornall and Stoicheff at 156 K (17). 

  he  enn nard-  ones representat ions ( ~ ~ u a t  ion; I V-14) of the f u l l - '  

range data were chosen to represent the data because of the agreement 

with the P=O di latometer results (Figure 20). The conversion' factor 

used to convert sample lengths to molar vol umes ( ~ ~ ~ e n d i x  A) was. 

chosen to obtain the best agreement between the extrapola,ted P=O 

values of V and the dilatometer data at all ten temperatures ( ~ i ~ u f e  
0 

20). The coefficients which reproduce the data (Equat ion I V- 14), along 

with the resulting values of Vo, Bo, and the root mean square deviation, 

are given in Appendix B. The deviations of the molar volumes calculated 

using Equation IV-14 from the experimental data are given as deviation 

plots in Appendix C. The high pressure deviations at 4.2 K, 20 K, and 

40 K appear to be systematic, although they lie within the estimated 

3 high pressure accuracy (2 x I O - ~ V  or 0.054 cm /mole). The 0.250 in. 



Figure  20. Various ext rapola t ions  o f  molar volumes t o  P=O f o r  s o l i d  xenon 
f o r  comparison w i t h  the  d i l a t o m e t r i c  data o f  T i l f o r d  and 
Swenson (37) (sol i d  1 ine t o  105 K) ,  and Manzhel i i -- e t  a l .  (38) 
( s o l i d  l i n e  above 105 K) ,  and t h e  pycnometer r e s u l t s  o f  
Gavr i lko  and Manzhel i i  (39) (dashed l i n e ) .  
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Figure 21. The P=O value of the isothermal bulk modulus, Bo, obtained for 
various extrapolations compared with the ultrasonic .results 
of Bezuglyi et al. (15) and the single Brillouin scattering -- 
result of Gornall and Stoicheff (13). 



diameter sample shows large deviat ions a t  low pressure a t  80 K and 

100 K which appear t o  be outs ide the  estimated low pressure accuracy 

The two independent methods o f  obta in ing Bo (discussed under argon 

above) are given i n  Figure 22 f o r  comparison w i t h  u l t r ason i c  r esu l t s  of 

Bezuglyi -- e t  al.  ( l 5 ) ,  which i s  i n  good agreement w i t h  values obtained 

from a Monte Carlo ca l cu la t i on  by K l e i n  and Hoover (40,41) a t  120 K 

and 160 K (not  shown), and the s ing le  B r i l l o u i n  sca t te r ing  r e s u l t  a t  

156 K o f  Gornal l  and S to iche f f  (17). The molar volumes chosen f o r  the 

isochor ic  ex t rapo la t ions (dashed l i n e  Figure 22) are i den t i ca l  w i t h  the 

volumes a t  P=O f o r  the temperatures o f  the isotherms (Figure 20). 

The smooth P-V representat ions f o r  s o l i d  xenon are given i n  

Figure 23. The present r esu l t s  agree t o  b e t t e r  than 5% i n  bV/Vo w i t h  

the previous p i s t on  displacement r.esults o f  Packard and Swenson (5) .  

Sources o f  Er ror  

The estimated e r ro r s  i n  the f i n a l .  P(T,V) r e l a t i ons  are q u i t e  

d i f f i c u l t  t o  assess, and w i l l  be discussed below i n  terms' o f  volume 

uncerta int ies.  The major sources o f  uncer ta in ty  appear ' to  l i e  i n  two 
. . 

areas; f i r s t ,  the  absolute sample length determination, and second, 

the d i l a t i o n  o f  the sample holder under pressure. 

The p rec is ion  o f  the absolute sample' length determination should 

be c lose t o  20.5% f o r  the  three d i f fe ren t .samp le  holders used. However, 

the  0.250 in. diameter sample lengths f o r  argon and xenon appeared t o  . 

be i n  e r ro r  by a t  l eas t  1.5% due t o  the large adjustments t h a t  were 
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Figure 22. The temperature and volume dependence of B as calculated from 
the coefficients in Appendix B (sol id and lircled dots). The 
dashed lines correspond to isochoric extrapolations to P=O for 
molar volumes greater than 34.50 cm3/mole. The P=O ultra- 
sonic results of Bezuglyi -- et al. (IS), and the single 
Brillouin scattering result of Gornall and Stoicheff (17) also 
are given. 



~ i ~ u r e  23. smooth P-V relat'ions f o r  sol i d  xenon. 



necessary t o  obta in  be t t e r  agreement w i t h  the data f o r  the o ther  two 

sample holders. The reason f o r  t h i s  discrepancy i s  not understood. 

The sample holder d i l a t i o n  e r ro r  discussed in .con junc t ion  w i t h  

Equation IV-6 i s  due t o  second order e f fec ts .  This e r ro r  could be as 

large as +2 x I O - ~ V  (Table 2) f o r  the highest pressures. However, 
0 

since t h i s  e r r o r  cannot be evaluated d i ' r e c t l ~ ,  the data analysis has 

not included a co r rec t ion  f o r  it. The pressure on the sample a lso can 

be a f fec ted  by t h i s  d i l a t i o n  w i t h  an estimated equivalent  uncer ta in ty  

i n  the volume o f  less than +0.1%. Thus, the d i l a t i o n  e r ro rs  add and 

hence, could introduce systematic e r ro rs  a t  the highest pressures. 

The over lap regions, as seen on the dev ia t ion  p l o t s  (Appendix C) f o r  

the various sample holders, do not  suggest the presence of these 

e r ro rs  however. 

The major con t r ibu t ions  t o  the experimental uncer ta in t ies  which 

can be evaluated are those due t o  the least  count and r e p r o d u c i b i l i t y  

o f  the displacement readings (estimated as 0.2 x in.), which are 

important a t  low pressures, and the uncer ta in t ies  i n  the absolute 

sample length determination (es t  imated as. 0.5%) which becomes important 

a t  h igh pressures. The net e f f e c t s  on the reported volumes f o r  a .g iven 

pressure have bqen estimated f o r  the 19.9 K neon isotherm (which i s  

t y p i c a l )  as 0.1% f o r  pressures below 8 kbar, r i s i n g  t o  0.2% f o r  pressures 

above 14 kbar. These estimates suggest t h a t  the t o t a l  compressions i n  

20 kbar should be uncerta in by roughly 4 O.??. The, in te rna l  consistency 

of the data as taken f o r  the same temperature w i t h  d i f f e r e n t  sample 

holders i s  we l l  w i t h i n  these estimates. I n  addit ion, the behavior o f  



of the equation o f  s ta te  a t  the highest pressures (where the correct id"^ 

. , of Table 2, and, i n  f a c t  a l l  corrections, should be a f.unction o f  tempera- 
. 

t u r e  fo r  xenon, f o r  instance) is  s u f f i c i e n t l y  uregularH that  syste- 

matic errors do not appear t o  be important. 



CHAPTER V I D l  SCUSS l ON 

The Equati~on o f  S t a t e  a t  0 K 

.The equat ion  o f  s t a t e  a t  absolute .zero i s  ob ta ined by neg lec t i ng  the 

>'c 
temperature-dependent term, P (T,v), i n Equat ion 1-2 g i v i n g  

where U (v) i s  t h e  absolute zero cohesive energy, which inc ludes zero 
0 

p o i n t  e f f e c t s  (2). The 4.2 K isotherms which a r e  g i ven  i n  F igures 9, 14, 

19, and 23, respect ive ly ,  f o r  s o l  i d  neon, argon, krypton, and xenon are  

i d e n t i c a l  w i t h  the  0 K isotherm f o r  a l l  p r a c t i c a l  purposes. Smoothed 

4.2 K values o f  t he  pressure and b u l k  modulus as ca l cu la ted  f o r  se lec ted  

molar volumes u s i n g  the  c o e f f i c i e n t s  i n  Appendix B a r e  g iven f o r  each 

s o l i d  i n  Appendix D. The reason f o r  i n c l u d i n g  negat ive  values f o r  the 

pressure i n  these t a b l e s  i s  discussed l a t e r .  

A Monte Car lo  c a l c u l a t i o n  o f  P ~ ( v )  f o r  s o l i d  neon by Hansen (18), 

which assumes a Lennard-Jones 6-12 po ten t i a l ,  can be compared d i r e c t l y  

w i t h  the  present  4.2 K isotherm. F igure  24 shows t h a t  the p r e d i c t e d  molar 

volume a t  20 kbar agrees w i t h  the  experimental  va lue t o  b e t t e r  than 0.2%. 

The d e v i a t i o n  a t  8 kbar (approximately 0.7%) i s  seven times l a rge r  than the  

est imated experimental  accuracy i n  t h i s  reg ion  (0.1%), and may be an i n d i -  

c a t  i o n  t h a t  the  Lennard-Jones 6-12 p o t e n t i a l  i s  no t  cor rec t .  

F igu re  25 g ives  t h e  pressure dependence o f  t h c  b u l k  modulus, B,(v), 

a t  4.2 K f o r  neon, argon, k ryp ton  (so l  i d  1 ine), and xenon as i s  c a l c u l a t e d  

us ing  t h e  c o e f f i c i e n t s  i n  Appendix B. The k ryp ton  r e s u l t s  appear t o  be 
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F i gure 24. The d.i f ference between the t h e o r e t i c a l  1 y calcu 1 a ted  
T=O K isotherm o f  Hansen (18)  and the  present smoothed 
4.2. K isotherm. 
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F igu re  25. The isothermal bu l k  modulus, BT, as a  func t i on  of  pressure f o r  neon a t  4.2 K and 
19.9 K, and f o r  argon, krypton, and xenon a t  4.'2 K. See the t e x t  f o r  de ta i  1 s w i t h  
respect t o  the two 4.2 K  curves f o r  krypton. 



anomalous s ince  the  bu l k  modulus does not  increase smoothly w i t h  pressure. 

Both the  second and t h i r d  o rder  r e l a t i o n s   q qua ti on IV-14) f i t t e d  the  

experimental  data equal l y  we1 1, but  the h igher  order  equat ion was chosen 

s ince  i t  gave b e t t e r  agreement w i t h  o ther  experiments ( ~ i g u r e s  17 and 18). 

The data appear t o  have been o v e r - f i t t e d ,  and the  dashed curve represents 

t h e  r e s u l t s  o f  us ing  the  second order  r e l a t i o n  which represents the expe r i -  

mental  data (P - > 1 kbar) e q u a l l y  we1 1, but  which does not  g i ve  good P=O 

agreement. I n  p a r t i c u l a r ,  t h i s  r e l a t i o n  g ives B (T=o) = 31.3 kbar, i n  
0 

. . 
disagreement w i t h  the  value o f  34.5 kbar which i s  ob ta ined from o ther  data. 

The reason f o r  the  d i f f e r e n c e s  between k ryp ton  and the  o the r  s o l i d s  i s  no t  

understood. 

I t  i s  i n t e r e s t i n g  t o  observe t h a t  = dBo/dP ( ~ i g u r e  25) appears t o  

be the  same f o r  each o f  t h e  s o l i d s  above 6 kbar, i f  the  dashed curve f o r  

k r y p t o n  i s  assumed. I n  the low pressure region, l ess  than , 6  kbar, T l  f o r  

the  var ious  s o l i d s  appears t o  increase w i t h  decreasi'ng pressure. 

F igu re  25 suggests t h a t  a reduced equat ion o f  s t a t e  may app ly  approxi -  

ma te l y  t o  these so l  i d i f  i e d  gases.  ' I n  t h i s c a s e  the  i n t e r n a l  energy can be 

represented by 

. . 
, . 

(VI-2) . ' . . Uo,(v) = E f (v/v0) 

where E i s  a cons tant  and f ( v / V  ) conta ins  the  f u n c t i o n a l  dependenc'e on . 

0 . . . . . . 
. . 

. . V / V o  Then the  b u l k  modulus can' be w r i t t e n  .as. ' ' .  . . 
. . .  

. . 

- 1 T h i s  suggests t h a t  B~(E(V,) i s  t h e  same f u n c t i o n o f  t he  reducedvolume 



(v/v,) f o r  each o f  these so l  ids.  Th i s  p o s t u l a t e  i s  t es ted  i n  F igu re  26 

which gives Bo(Vo/v)  f o r  argon, krypton, and xenon as a  f u n c t i o n  o f  

B ~ ( v ~ / v )  f o r  neon a t  4.2 K  ( the  second order  c o e f f i c i e n t s  were used i n  

c a l c u l a t i n g  these,va lues  f o r  k ryp ton) .  Equat ion V I - 3  appears . t o  be v a l i d  

f o r  these so l  ids, except a t  low pressures (vo/V 5 1.05) where systemat ic  

dev ia t i ons  appear, espec ia l l y '  f o r  krypton.  

Thermal Con t r i bu t i ons  t o  the  Equat ion o f  S t a t e  

The second term o f  Equat ion 1-2, P"(T,v), con ta ins  the  temperature- 

dependent c o n t r i b u t i o n  t o  the  equat ion o f  s ta te .  Th is  quant i ty ,  t h e  

thermal pressure, i s  t h e  h o r i z o n t a l  (constant volume) d i f f e r e n c e  between 

t h e  isotherms f o r  0 K and the temperature T  (see Fi9ure.s 9, 14, 19, and 

23). The 0 K (4.2 K) isotherm must be ex t rapo la ted  t o  negat ive  pressures 

t o . o b t a i n  thermal pressures f o r  volumes greater  than the  0  K e q u i l i b r i u m  

volume. Th i s  i s  t he  reason f o r  c a l c u l a t i n g  negat ive  pressures i n  

Appendix D. The c o e f f i c i e n t s  i n  Appendix B f o r  t he  var ious  isotherms 

represent  smooth equat ions o f  s t a t e  from which P*(T,v) can be ca lcu la ted .  
-1. 

P l o t s  o f  P"(T,v) as a  f u n c t i o n  o f  temperature a re  g iven i n  F igures  27-29 

f o r  argon, krypton, and xenon r e s p e c t i v e l y  f o r  se lec ted  molar volumes. The 

isochores w i t h i n  each o f  these f i g u r e s  a re  p a r a l l e l  w i t h i n  experimental .  

accuracy (lo-%), as t h e  s o l  i d  1  ines show. Table 8 sumnarizes the  quant i  - 
.'- 

t i es ,  ( a ~ " / a T ) ~  and B; = - v (BP* /~v )   quati ti on 1-6) which can b e ' c a l c u l a t e d  
T  

from these f i gu res  f o r  each s o l i d .  Thermal e f f e c t s  a re  so smal l  f o r  neon 

t h a t  a  s i m i l a r  ana lys i s  cannot be a p p l i e d  t o  i t .  A. d iscuss ion  o f  the  

thermal equat ion o f  s t a t e  f o r  s o l i d  neon i s  g iven elsewhere (7). 

Equat ion 1-3 suggests t h a t . t h e  isothermal b u l k  modulus can be 
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F i g u r e  27. The thermal  pressure, P", as a  f u n c t i o n  o f  temperature f o r  t h r e e  s e l e c t e d  molar  volumes 
f o r  s o l  i d  argon. 
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F igu re  28. The thermal pressure, P", as a func t i on  o f  temperature f o r  three select '@h molar volumes 
f o r - s o l i d  krypton. ,The e r r o r  bars correspond t o  - + 10'3~.  
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F igure  29. The thermal prez.sure, P", as a  func t i on  o f  temperature f o r  th ree  selected.rnolar.  volumes 

f o r  so l  i d  xenon. 
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Table 8. A sumnary o f  r e s u l t s  ca lcu la ted from Figures 27; 28, and 29 f o r  

argon, krypton, and xenon, respect i vel  y.  ax i s  the value o f  .' 

. . 
the'molar volume a t  P=O f o r  the highest  temperature. 

Sample . . . 

3 ,(cm /mole) ( k b a r / ~ )  ,. (kbar) 

24.28 argon 0.023 -2.7 

krypton 29.69 0.022 -1.6 

xenon' 38-50 0.018 -0.8 

cons'i dered' ,as the sum o f  two terms, a  temperature-i ndependent 0  K term, 
.'- 

B,(v), and a  temperature-dependent term, B; (T,v). Figures 30-33 giye 

p l o t s  of the bu lk  modulus as a  func t ion  o f  temperature a t  constant volume 

f o r  neon, argon, krypton, and xenon respectively, as ca lcu la ted using the 

c o e f f i c i e n t s  inAppqndix  B .  F iguies 13, 18, and 22 g ive simi l,ar ca lcu la ted 

p l o t s  fo r  argon, krypton, and xenon f o r  la rger  molar volumes. The l i nes  

representing the i sochores f o r  a '  p a r t i c u l a r  sol  i d  are drawn para1 lel,. w i t h  

a . s c a t t e r  i n  the data o f  roughly 1% i n  B f o r  the la rger  molar .volumes. 
T  

These f igu res  suggest tha t  i.n a1 l ' cases  B decreases w i t h  increasing 
T 

temperature, w i t h  on l y  small e f f ec t s  ( less than 3%) f o r  neon and ,pass i b l y  

xenon. Thus, the s o l i d  ac tua l l y  i s  becoming so f t e r  as the temperature i s  

raised. This r e s u l t  was prev ious ly  reported by Packard and Swenson (5) 



SOLID NEON 

F igu re  30. The. temperature and volume dependence o f  B as c a l c u l a t e d  from 

f 
T the c o e f f i c i e n t s  i n  Appendix B o r  s o l i d  neon f o r  molar 

volumes less than Vo = 13.39 cm /mole. 



F igu re  31. The temperature and volume dependence o f  B as ca l  

I T - t he  c o e f f i c i e n t s  i n  ~ p p e n d i x  B f o r  s o l  i argon. S 
f o r  molar volumes g rea te r  than 22.00 cm /mole. 
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cu la ted  from 
ee F igure  13 

I 1 1 1 .  I 1 I I 

- SOLID ARGON V O L U M E ,  c m 3  - 



i18 la SOLID KRYPTON 

Figure 32. The temperature and volume dependence o f  B as ca lcu la ted  from 
T the c o e f f i c i e n t s  i n  Appendix B for  s o l i d  k ypton. See Figure 5 18 for  molar volumes greater  than 26.50 cm /mole. 



Figure  33. - The temperature and volume dependence o f  B as c a l c u l a t e d  from 
T' the c o e f f i c i e n t s  i n  Appendix B f o r  s o l i d  xenon. See Figure 22 

for  molar volumes g r e a t e r  than 34.74, cm3/mole. 
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f o r  s o l i d  xenon and discussed i n  d e t a i l  by  Swenson (42). 

F igures 27-29 and 30-33 g i v e  d i f f e r e n t  representa t ions  o f  the  equat ion 

o f  s t a t e  and hence, a r e ' n o t  independent. I n  p a r t i c u l a r ,  F igu re  29' suggests . .  

t h a t  PUT, V)  for xenon i s volum6 dependent and hence t h a t  a thermal 
-1- 

c o n t r i b u t i o n  t o  the b u l k  modulus 0'' = - v ( ~ P * / ~ v ) ~  = -0.8 kbar  (Table 8) 
T 

must e x i s t .  It i s  indeed small, a n d . i s  not  apparent i n  F i g u r e  . . 33. 

The ~ r c n e i s e n  r e l a t i o n  (42) can be w r i t t e n  as 

where p i s  t he  thermal expansion c o e f f  i = i e n t  and C i s  t he  s p e c i f i c  heat v 
a t  constant  volume. Values f o r  Y(T) a t  h i g h  temperature (T > OD) and low 

pressure as g iven by T i l f o r d  and Swenson (37) a re  compared w i t h  those 

c a l c u l a t e d  u s i n g  (aP/bT)  a able 8) from the  present  data and values f o r  
V 

C v  (Table 9) f rom the  1 i t e r a t u r e  (43,44,45). C has been measured d i  r e c t  l y  v 
f o r  argon (43) and xenon (44), wh i l e  corrected.  Cp da ta  must be used f o r  

k r y p t o n  (45). . T h e  agreement between the  two values o f  y i s  exce l len t ,  

which suggests t h a t  t he  s imple l a t t i c e  dynamical p d e l  which leads t o  

Equat ion VI-4 app l i es  t o  these s o l i d s .  

Swenson (42) h+s suggested t h a t  t he  same model should lead t o  a simple 
-1. 

r e l a t i o n  f o r  0; a t  h igh  temperatures 

The c a l c u l a t e d  values f o r  t h i s  q u a n t i t y  a re  compared w i t h  t h e  experimental  

values (Table 8) I n  Table 9 f o r  argon, krypton, and xenon. The agreement 

again i s  q u i t e  good, s ince  the  " e ~ p e r i r n e n t a l ~ ~  values are  good o n l y  t o  



Table 9. A comparison between values o f  the ~ r i n e i s e n  constant and 

between the thermal con t r ibu t ions  t o  the bu lk  modulus as they 

are obtained from the present experiment and from other sources 

or  re la t ions.  

a 
Sample v 7, 7 

. . @p 
(K (kbar) (kbar) 

( ~ q u a t  ion VI -5) (Table 8)' 

a r gon 2 . 6 ~ ~  2.74 2.6 8gd -2.5 -2.7 

krypton 3. OR 2.80 2.6 6gd -1.6 -1.6 

xenon 3- OR' 2.86 2.8 5!ie -1.1 -0.8 

a 
Reference 37. 

. . 
. . 

b~e fe rence  43. " 

C 
Reference 44. 

. . 

d 
Reference 45. 

e 
Reference 46. 

approximately + 0.4 kbar. - 
Figure 3 ,  i s  a p l o t  o f  B~(T,v)  vs. pressure f o r  each o f  t h e  so l  ids, 

where .T i,s ch0se.n near. the t r i p l e ' p o i n t  f o r  each sol  id.'  he 4;2 K neon , 

isotherm i s  repeated from Figure 25 t o  g ive a sense o f  scale between t h i s  

and the low temperature p l o t .  I t  i s  remarkable that ,  thepressure  dependence 

of  BT i s  the same (w i th in  5%) f o r  argon, krypton, and xenon near t h e i r  

respect ive t r i p l e  po in t  temperatures. The doincidence o f  the curves f o r  
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F igu re  34. The isothermal b u l k  modulus, BT, as' a  f u n c t i o n  o f  pressure f o r  neon a t  4.2 K and 
19.9 K, and f a r  argon, krypton, and xenon near t h e i r  t r i p l e  p o i n t  temperatures. 



t h e .  t h r e e  heavier  sol ids suggests a comnon c l a s s i c a l  reducedequat  ion o f  . . . 

s t a t e  f o r  these'  sol  ids. , , 



85 

B I BL l OGRAPHY 

1. G. K. Horton, dmer,. J. Phys. 36, 93 (1968). 

2. N. ~ernarde 's  'and C. A. Swenson, Sol ids  Under Pressure, e d i t e d  by D. 
Warschauer and W. Pau 1 ' ( ~ c ~ r a w - H  i 1 1 Book Company, I nc., New -York, 
1963), p.. 101. 

3. J. W. Stewart, J. Phys. Chem. S o l i d s  1, 146 (1956). 

4. J. W. Stewart, J. Phys. Chem. S o l i d s  29, 641 (1968). 

5. J. R. Packard and C. A. Swenson, J. Phys. Chem. Sol  i ds  24, 1405 (1963). 

.6. D. A.  enso on, Ph. D. Thesis, P r i nce ton  Uni vers i ty, 1968 (unpubl i shed). 

7. M. S o  Anderson, R. Q. Fugate, and C. A. Swenson ( t o  be pub1 i shed).. 

8. D. N. Batchelder, D. L. Losee, and R. 0. Simmons, Phys. Rev. 162, 
767 (1967)- 

9. 0. G. Peterson, D. N. Batchelder, and R. 0. Simmons, Phys. Rev. 150, 
703 (1,966). 

, . .  

10. A. 0. Urvas, D. L. ~osee,  and R. 0. Simmons, J. ~ h y s .  Chem. s o i i d s  
28 2269 (1967). -9 

11.  D. L. Losee and R. 0. Simmons, Phys. Rev. 172, 944 (1968). 

12. H. J. Coufal, R. Vei t h y  P. Korpiun, and E. ~ i i s c h e r ,  J. Appl. Phys. 
41 5082 (1970). 2 

13. P. A. Bezuglyi, R. 0. P lakhot in ,  and L. M. Tarasenko, Sov. Phys.- 
Sol i d  S t a t e  12, 934 (1970). 

14. R. Balzer, D. S. Kupperman, and R. 0. Simmons, Phys. Rev. 05, 3636 
(1971). 

15. P o  A. Bezuglyi, L. M. Tarasenko, and 0. I. Baryshevski i, Sov. Phys.- 
Sol i d  S t a t e  - 13, 2003 (1972). 

16. G. J. Keeler and D. N. Batchelder, J. Phys. CAY 510 (1970). 

17. W. S. Go rna l l  and B. P. S to i che f f ,  Phys. Rev. 84, 4518 (1971). 

18. J. P. Hansen, Phys. Rev. 172, 919 (1968). 

19. J. A. Bdrker and A. Pompe, Aus t ra l  i an  J. Chem. 21, 1683 (1968). 



20. M. V. Bobet i c and J. .A. Barker, ~ h y s .  Rev. .B2, ,4169 ( 1  970). 

21. J . A .  Barker, R. A .  Fisher, .and R. 0. Watts, ~ 0 1 .  phys.. 2, 657 
(1971). 

22. J. A. ~ a r k e r ,  M. V. Bobetic, and M. L. Klein, Phys. Le t te rs  34A, 415 
(1971). 

23- M .  L. Klein, T. R. Koehler, and R. L. Gray ( t o  be publ ished). 

24. R. I. Beecroft and C. A. Swenson, J. Phys. Chem. S o l i d s l 8 ,  329. 
(1961). 

25. C. E. Monfort, M.S. Thesis, Iowa State Universi,ty, 1.964 (unpubl ished). 

26. R. Q. Fugate .and C .  A. Swenson ( to be pub1 ished). 
. . 

27. L. L. Sparks, R. L. Powel 1, and W.. J. Hal 1,   at 1 .  ~ u r .  Stds. (u.s.) 
Report 971 2 (1'968). 

28. C. E. Monfort and C. A. Swenson, J. Phys. Chem. Sol ids  26, 623 
(1965). 

2.9. , J. R. Macdonald, Rev'. Hod. Phys. - 38, 669 (1966). 

30. C. E. Monfort and C. A. Swenson, J. Phys. Chem. Sol ids  26, 291 (1965). . 

31 M. S. Anderson, E. J. Gutman, J. R. Packard, and C.. A.  wens son, J. : 
Phys. Chem. Sol i ds  30, 1587 (1 969); 

32. F. Birch, J. .Geophysical Research - 57, 227 (1952). ' . .. 
. . 

33. 0. L. ~nderson,  J. Phys,. Chem. s o l  id's - 27, 547 (1966). 

34- J- A. Bar.ker, M. L. .Klein, and M. V. Bobetic, Phys. Rev. 82, 4176 
( 1970) 

. .  . 

. , 

35. R. A: Fi.sher and R. ~ . ' ~ a t t s  ( t o  be pub1 ished). 

36. P. Korpiun and H. J. Coufal, Phys. Stat .  Sol. (a) 5, 187 (1971). 

37. . C. R. T i l f o r d  and C. 'A. Swenson, Phys. Rev. Bz, 719. (1972). 

38. V. G. Manzhelii, V. G. Gavrilko, andE. I. Voitovich, Sov. Phys.- 
So l i d  State 2, 1157 (1967). 

39. V. G. Gavr i 1 ko and V. G. Manzhel i i, Sov. Phys. -Sol i d  Sta te  5, 1734 
(1965). 



40. M. 'L. K l e i n  and W. G. Hoover, Phys. Rev. B?, 537 (1971). 

41. M. L. K l e i n  and W. G. Hoover, Phys. Rev. BA, 539 (1971). 

42. C. A. Swenson, J. Phys. Chem. S o l i d s  29, 1337 (1968). 

43. F. Haenssler, K. Gamper, and B. Serin, J. Low Temp. Phys. - 3, 23 
( 1 970). 

44. K. Gamper, J. Low Temp. Phys. 5 35 (1972). 

45. R. H. Beaumont, H. Chihara, and J. A. Morrison, Proc. Phys. Soc. 
 o on don) 78, 1462 (1961). 

46. H. Fenichel  and B. Serin, Phys. Rev. 142, 490 (1966). 



The successfu l  complet ion o f  t h i s  work has been the  c o n t r i b u t i o n  o f  

many i n d i v i d u a l s ;  the author  e s p e c i a l l y  wishes t o  express h i s  g r a t i t u d e  

t o  the  f o l l o w i n g  i n d i v i d u a l s :  

D r .  C. A. Swenson f o r  suggest.ing the  problem and g i v i n g  adv ice  and 

encouragement.thr.oughout i t s  complet ion; 

David Hansen and Me1 C o l t e r  f o r  t h e i r  he lp  w i t h  the  p r e l i m i n a r y  

r e s u l t s ;  

The var ious i n d i v i d u a l s  i n  t he  au tho r ' s  group who formed the  d a i l y  

environment.and prov ided s t i m u l a t i n g  d iscussions;  

The au tho r ' s  wife, Carol, f o r  p a t i e n t  encouragement and s e l f - s a c r i f i c e .  



Unsmoothed Isotherms f o r  Neon, Argon, 
Krypton, and Xenon 

The fo l lowing pages give the experimental data f o r  each sample i n  

3 terms o f  the molar volume (cm /mole), a f t e r  co r rec t ion  f o r  sample holder 

thermal expansion, pressure d is to r t ion ,  and any sample loss or  d i a l  gauge 

sh i f t s .  The data f o r  the isotherms ( v e r t i c a l  columns) are given from l e f t '  

t o  r i g h t  i n  the order which the compression runs were made. ,The molar 

volumes 1 i s t ed  are ca lcu la ted from the experimental sample lengths using 

the conversion fac to rs  given i n  the fo l low ing  tab le  f o r  each sample. These 

are based on the actual, unadjusted, experimental sample lengths  a able 

3). An ent ry  o f  0.0 ind icates t ha t  data f o r  t ha t  pressu're were unre l iab le .  
- -  -- 

An ex t ra  s i g n i f i c a n t  f i gu re  i s  included t o  e l im ina te  a rounding er ror .  

Table 10. The conversion factors ( ~ ( 4 . 2  K, P=0)/~(4.2 K,P=o), Equation 

1 V-16) used t o  convert experimental sample l e i g ths  i n t o  molar 

j volumes (units, cm /mole-in.). 

Sample Sample Diameter 

0.500 in. 0.354 in. 0.250 in.  

neon 27.441 35.236 43 '549 

argon I 46.601 66.51 3 92.375 

I I 41.61 1 

krypton 57.067 

xenon 72- 273 102.898 159.568 



0.500 I N .  DIAMETER NEON DATA. 

PRESSURE TENPERATUREIFELVIN 
K I L O B A R  

4.200 19oSOO 130 500 4.200 



0 .354  IN.  DIAMETER NEON DATA, 

PRESSURE TEMPERATUREIKELVIN 
K I L O B A R  

4.200 19,900 13,500 



0 , 2 5 0  IN .  DIAMETER NEON 0 4 7 6 .  

PRESSURE , TEMPERATURE I KELVIN 
KILOeAR 

40 2 0 0  120 7 0 0  19. 6 0 0  4 .200  

1 1 o t 9 5  

1 1 . 4 7 1  

11 ,145 

1 0 , 8 7 1  

10 ,636  

10 ,437  

10 .263 

1 0 . 1 0 1  

9, S60 

9 , 8 3 1  

90 7 0 9  

9. C O C  

9 .493  

9 . 3 9 9  

9 .712  

90 2 2 9  

9 .153  

9, C80 

9 , 0 1 3 .  



0.500 IN. D I A M E T E R  ARGON O A I A o  SAMPLE I 

PRESSURE TEMPERATUREI KELVIN 
KILOBAR 

18,900 590 700 67,900 77,700 . 



0 0 5 0 0  I N 0  O IAMETER ARGON DATA*  . SAMPLE 11 

PRESSURE TEMPERATUREI K E L V I N  
K I L O e A R  

190 600 40200 600 5 0 0  77oOOO 



0 . 3 5 4  IN .  DIAMETER ARGON DATA. 

PRESSURE TEMPERATURE, KELVIN 
K I L O B A R  

2 0 0 0 0 0  4 .200  5 9. 4 0 0  76,700 40oOOO 



0 , 2 5 0  I N .  D I A M E T E R  ARGON DATA. SAMPLE I 

PRE s SURE TEMPERATUREq K E L V I N  
K I L O e A R  

2 0 0 0 0 0  40 2 0 0  4 O o l O O  7 7 , 2 0 0  6 0 o O O O  



0,250 IN, DIAMETER ARGON DATA, SAMPLE I 1  

PRE S SURE TEMPERATUREI KELVIN 
KILOEAR 

19,700 4.200 40oOOO 77.200 



0.5 IN.  OI 'AMETER K P Y P T O N  O A T A .  

PRESSURE T E M P E R A T U R E I K E L V I N  
K I C O e b R  

77.  0 0 0  99.900 40.500 



0.5 I N .  D I A M E T E R  KRYPTON DATA. 

P R E S S U R E  T E M P E P A T U R E I K E L V I N  
K I L O B b P  

60. 100 77.200 100olOO 



0 . 3 5 4  I N .  DIAMETER KRYPTON DATA. 

PRESSURE TEMPERATUREI KELVIN 
KILO@AR 

76.700 680 200 23,100 



0.354 IN.  DIA#ETER KRYPTON DATA. 

PRESSURE TEMPERATUREv KELVIN 
K I L O ~ P R  

60,400 79,700 81,200 100o700 110.300 



00250 IN.  O I P M E T E R  K R Y P T O N  O A T A o  

P R E S S U R E  T E M P E R A T U R E t  K E L V I N  
K I L O B A R  

770 000 680 500 38,100 4.200 . 60,300 



Oo2SO I N .  OIAMETER KRYPTON DATA. 

PRESSURE TEWPERATUREvKELVIN 
KILOeAR 

77,000 1100000 77.000 



0,500 IN. OIAHETER XENON O A T A o  

PRESSURE TEMPERATUREI KELVIN 
KILOBAR 

158,600 1000'000 77,000 80.000 60.000 



0.500 IN .  O IPMETER XENON 0bTAo 

PRESSURE TEMPERATURES K E L V I N  
K I L O B A R  

200 000 4 0  200 40c100 80.000 76,800 



0aS00 IN, D IAMETER XENON O A T A a  

PRESSURE  TEMPERATURE^ KELVIN 
KILOeAR 

119,900 140aOOO 158,800 99.900 



Om500 I N ,  DIAMETER XENON DATA, 

PRESSURE TEMPEPATUREI K E L V I N  
K I L O B A R  

, 120eOOO 76 ,900  140 .100  
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0.354 IN.  DIAMETER XENON DATA. 

PRESSURE TEMPEPATURE~ K E L V I N  
KILOePR 

99,600 59,900 19.500 



0.354 IN. O I A M E T E R  XENON DATA. 

PRESSURE . TEMPERATUREI K E L V I N  
K ILO8AR 

80.100 7 6 0  900 990 800 1390 900 1580 800 



0 ,354  IN .  DIAMETER XENON O A T A o  

PRESSURE TEMPERATURE,KELVIN 
KIL084R 

1200 1 0 0  1 3 9 , 7 0 0  



0.250 IN .  D I A M E T E R  XENON DATA. 

P R E S S U R E  TEMPERATURE*  K E L V I N  
K I L O B A R  

76.700 80.000 40.000 4.200 20.100 



0.250 I N ,  D I A M E T E R  XENON DATA, 

PRESSURE T E M P E P A T U R E q K E L V I N  
K I L O e b R  

60,100 96,600 119.800 



0.250 IN. OIAHETER XENON DATA. 

PRESSURE TEMPERATUREp KELVIN 
K I L O @  AR 

140.100 99.800 77,000 119.800 140.000 



Polynomial Coef f i c ien ts  f o r  the  Smooth 
Representat ions f o r  Neon, Argon 

Krypton, and Xenon 

The f o l l o w i n g  pages l i s t  f o r  each sol id ,  the c o e f f i c i e n t s  An f o r  the 
N 

I I 

Lennard-Jones representa t  ion, P(T, V) = Z An V-(2n+3), o f  t he  f u l  l -range 
n=O 

( a l l  pressure) experimental  data f o r  each isotherm, the  r o o t  mean square 

5 d e v i a t i o n  (RMSD) (units,  cm /mole) o f  t he  data from the  values ca.lculated, 

a n d  the  r e s u l t i n g  ex t rapo la ted  values o f  t he  P=O molar volume, VO (units,  

3 cm /mole), and b u l k  modulus, Bo (units,  kbar). The polynomials i n  each 

case are  v a l i d  f o r  pressures f rom 0 t o  20 kbar, w i t h  the  except ion o f  

k r yp ton  a t  20 K, 80 K, and 100 K where P=O t o  13 kbar. The c o e f f i c i e n t s  

3 g i v e  pressures i n  kbar when molar volumes a r e  expressed i n  cm . 
Two adjustments have been made t o  the  experimental  data o f  Appendix A 

i n  o b t a i n i n g  the  smoothed isotherms which a re  described by the  f o l l o w i n g  

f i t  c o e f f i z i e n t s .  F i r s t ,  i s o b a r i c  p l o t s  were made t o  reduce the  data t o  

a common temperature where the  experimental  isotherm temperature d i f f e r e d  

s l i g h t l y  f o r  t he  d i f f e r e n t  diameter samples. Second, the  reference lengths 

o f  the  samples ( L ~ ~ ,  Table 3) were ad jus ted  i n  c e r t a i n  cases t o  compensate 

f o r  ev ident  systematic d i f f e rences  between data f o r  d i f f e r e n t  samples which 

appeared as the  computer f i t t i n g  was being c a r r i e d  out .  Thus, the  actual  

data (before adjustment t o  a common temperature) which were used t o  obta. in 

these fit c o e f f i c i e n t s  are not  i n  a l l  cases . ident ica1 w i t h  those i n  

Appendix A, bu t  d i f f e r  f rom them by an a d d i t i v e  amount which was determined 

e m p i r i c a l l y  and which i s  g iven i n  the  t a b l e  below. 



Table 11 .  Corrections t o  beadded t o  the d a t a o f  AppendixA (units,  

3 cm /mole) t o  o b t a i n  the experimental data  which were used 

t o  determine the  f i t  c o e f f i c i e n t s  (see Chapter V f o r  d e t a i l s ) .  

Sample Sample Diameter 

0.500 in .  0.354 in .  0.250 in .  

neon 

argon I 

krypton 

xenon 



S O L I O  N E O N  

TEMPERATURE F I T  C O N S T A N T S  ROOT MEAN SQUARE 
D E V I A T I O N  ( D E L T A  V )  



S O L I D  ARGON 

TEMPERATURE F I T  C O N S T A N T S  R O O T  MEAN SQUARE 
D E V I A T I O N  ( D E L T A  V )  



S C L I O  KRYPTON 

TEMPERATURE F I T  CONST ANTS ROOT MEAN SQUARE 
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APPENDIX C 

Deviat ion P lo ts  f o r  Neon, Argon, Krypton, 
and Xenon 

The fo l low ing  pages present p l o t s  as a . f unc t i on  o f  pressure o f  the 

d i f ference be,tween the experimental volume data f o r  each s o l i d  

(Appendix A, a f t e r  adjustment of the sample lengths as i n  Appendix 6)  and 

the calculated volumes which are obtained from the coe f f i c i en t s  o f  

Appendix 6. 
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4.2 K Equations o f  S t a t e  f o r  the Rare 
Gas Sol ids 

The f o l l o w i n g  pages. present smoothed 4.2  K values o f  the pressure, 

P ~ ( v ) ,  and the bulk modulus, B ~ ( v ) ,  as c a l c u l a t e d  f o r  selected molar 

volumes using the c o e f f i c i e n t s  i n  Appendix B. 
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