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ABSTRACT 

The bibliography l i s t s  297  r e fe rences  on the equation of s t a t e  of ionized 

g a s e s  and electrolyte  solutions,  including calculations of c lose ly  re la ted  

quantit ies such as  f r e e  energy, par t i t ion functions, osmotic  p r e s s u r e ,  activity 

coeff ic ients ,  and equilibrium compositions of par t ia l ly  ionized sys  t e m s  e 

subject  index and a supplementary l i s t  of 42 bibliographies on p l a sma  physics  

and similar topics a r e  included. 

A 

This work was pe r fo rmed  under  the ausp ices  of the U. S. Atomic Energy  
@ *  

Gornmission. 
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Annotated Bibliography of Theories  of the Equation of State 

of Ionized Gases  and Strong Electrolyte  Solutions 

Stephen G. B r u s h  and C a r l  J. Wensrich 

Lawrence Radiation Laboratory,  University of California 

Live r mo r e,  Calif o r  nia 

INTRODUCTORY NOTES 

We have collected together in  this bibliography theoret ical  investigations 

pertaining to two different physical  sys t ems  - -  ionized gases  and electrolyte  

solutions - -  which can be approximately descr ibed  by the s a m e  mathematical  

model. 

was found that none of the existing bibliographies of p l a sma  physics  included 

m o r e  than a few of the relevant  papers ,  the e a r l y  work on ionic solutions 

being general ly  ignored. 

f r o m  the t i t le o r  even the abs t r ac t  of a paper  whether i t  included theoret ical  

work on the equation of s ta te  of ionized sys tems,  i t  has  been n e c e s s a r y  to 

look up the r e fe rence  i tself  whenever possible,  and of cour se  there  is no 

a s s u r a n c e  that our  l i s t  i s  complete.  

include notes on each i tem sufficient to show i t s  re levance to our  subject  and 

i t s  connection with other  work; i n  some  c a s e s  this purpose  can  be accomplished 

by a brief quotation f r o m  the a u t h o r ' s  abs t r ac t ,  and occasionally the t i t le 

i t se l f  is informative enough. 

b e a r  any n e c e s s a r y  relat ion to our  opinion as to the value of the paper .  

While our  subject might be considered p a r t  of "plasma physics,  i t  

Since in most  c a s e s  i t  was not possible  to decide 

F o r  the s a m e  reason ,  we have t r ied  to 

The length of the commentary  does not t he re fo re  

The theoret ical  s imi l a r i t y  between electrolyte  solutions and ionized 

g a s e s  s t e m s  f r o m  the concept that  dissolved substances often behave l ike 

gases ;  in aqueous solutions the water  molecules  appear  to have the sole  func- 

tion of encouraging ionization by reducing the e l ec t r i ca l  f o r c e s  between 

charged ions.  

forming  a "hydration sheath" around them, but this does not bas ica l ly  a f f ec t  

the validity of the theory. ) The solvent can  thus be taken account of s imply 

by introducing a d ie lec t r ic  constant in  the fo rce  law, and only the ions need 

be  explicit ly considered,  At low concentrat ions the osmotic  p r e s s u r e  plays 

the s a m e  ro l e  as the p r e s s u r e  in the gas  laws.  

f o r c e s  on the osmotic  p r e s s u r e  might be calculated f r o m  s ta t i s t ica l  mechanics  

in  the s a m e  way a s  one calculates  v i r i a l  coefficients of gases ,  except that  the 

(They a l s o  change the "effective d i a m e t e r "  of the ions by 

The effect of the e l ec t r i ca l  
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corresponding in tegra ls  d iverge  fo r  i n v e r s e  squa re  fo rces .  

v i r i a l  s e r i e s  expansion i s  not appropr ia te ,  and some  other  method must  be  

devised 

The ord inary  

The f i r s t  a t tack on this problem was made  by Milner in  1912, and was 

only par t ia l ly  successfu l"  Debye and HGckel (1923) then proposed another U 

method which yielded the c o r r e c t  l imiting laws fo r  ex t remely  dilute solutions 

in  a s imple  and elegant manner ,  but which could not eas i ly  be extended to 

higher concentrat ions in  a way consis tent  with the bas i c  pr inciples  of s ta t i s t i -  

cal mechanics ,  

number  of theoret ical  and exper imenta l  investigations,  many of which may  be 

of i n t e re s t  in  the study of ionized g a s e s  where exper iments  a r e  much m o r e  

difficult 

However, the work of Debye and Hilickel insp i red  a l a rge  

While in  the theory of solutions of s t rong  e lec t ro ly tes  one usually 

a s s u m e s  complete  dissociat ion a t  low concentrat ions,  

r e s e r v e d  to explain anomalous behavior a t  higher concentrat ions,  in  ionized 

g a s e s  i t  is usual ly  n e c e s s a r y  to take explicit  account of the equi l ibr ium 

between ionized, dissociated,  and n o r m a l  molecular  spec ies  (I The ma jo r  

calculat ional  effor t  is expended on determining the composition of the g a s ,  

and the p r e s s u r e  is  usual ly  a s s u m e d  to be that of an  idea l  gas ,  the e l ec t r i ca l  

o r  l 'Debye-Huckel ' l  co r rec t ions  being ignored as a n  unnecessa ry  ref inement .  

When the t empera tu re  and p r e s s u r e  a r e  s o  high that e l ec t r i ca l  effects on the 

p r e s s u r e  c a n  no longer  be  ignored,  quantum-mechanical  and re la t iv i s t ic  

effects m u s t  a l s o  be cons idered ,  

' lassociation" being 

Although approximate  " rea l i s t ic  I f  theor ies  of e lec t ro ly te  solutions, 

emphasizing hydration effects,  m a y  thus be superf ic ia l ly  quite different  f r o m  

approximate  " rea l i s t ic  I t  theor ies  of ionized gases ,  emphasizing bound s ta te  

effects ,  there  continues to be a dis t inct  r e semblance  between fundamental  

t r ea tmen t s  of ideal ized models .  

techniques bor rowed f r o m  quantum field theory,  have been  applied to c l a s s i ca l  

and quantum s y s t e m s  of charged  pa r t i c l e s ;  the r e s u l t  will probably be a uni- 

f ied theory of both e lec t ro ly te  solutions and ionized g a s e s ,  

The methods of Bogolyubov and Mayer ,  and 

'J 
F o r  surveys  of the field we r ecommend  the ci ted book of Falkenhagen 

(1932) on e a r l y  theor ies  of e lec t ro ly tes ,  the a r t i c l e  of Falkenhagen and Kelbg 

(1959) on r ecen t  work, and the r e p o r t  of Duclos (1960) on ionized g a s e s ,  

P a p e r s  on the equation of s t a t e  of m a t t e r  a t  high densi ty  ( T h o m a s - F e r m i  

method, degenera te  e lec t ron  gas ,  e t c ,  ) have been omit ted as they a r e  covered  

in  another  bibliography (Lane 1960)0 
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0 We a r e  indebted to Hugh DeWitt, Gilda H a r r i s ,  and Howard Levine for  

s e v e r a l  r e fe rences  and suggestions.  

ABBREVIATIONS - . 
CA 

DH 

PA 

P B  

p.  f .  

QM 

T F  
t 

Chemical  Abs t rac ts  

Debye- r u c k e l  

Phys ics  Abs t r ac t s  

Poisson-Boltzmann 

Par tition function 

Quantum- mechanical 

Thomas - F e r m i  

(indicates re ference  not seen  by u s )  

BIBLIOGRAPHY 

1. Abe, R. : Equation of s ta te  of c l a s s i ca l  e lectron gas .  P r o g r .  Theoret .  

Phys .  (Kyoto) 21, 475-476 (1959). - 
If Ichikawa's r e su l t s  (1958) a r e  co r rec t ,  i t  should be possible  to de-  
r ive  them f r o m  the c lus t e r  expansion method without using collective 
coordinates .  The r e su l t s  (d i scussed  in detai l  in  following ref .  ) 'ndi-  
ca te  that the DH law is exact to t e r m s  in o r d e r  A (= 2 4; (33/2p I f 2  E - 3 )  
f o r  pu re  Coulomb interact ions.  

2. Abe, R. : Giant c lus te r  expansion theory and i t s  application to high t em-  

p e r a t u r e  plasma. P r o g r .  Theoret .  Phys. (K-y~to)  22,  213-226  ( 1 9 5 9 ) .  

"The conventional v i r i a l  expansion of thermodynamic functions is  
converted into a new expansion scheme,  similar to the f o r m e r  but 
m o r e  powerful. The new method is par t icu lar ly  suitable to dealing 
with the interact ion of long-range cha rac t e r ,  such as Coulomb poten- 
tial, s ince i t  suf fe rs  f r o m  no divergence difficult ies con t r a ry  to the 
conventional one. A s  a n  application of the method, the equi l ibr ium 
p rope r t i e s  of high t empera tu re  p l a sma  is studied and the t e r m  of next 
higher o r d e r s  than the DH limiting law is obtained exactly.  . . I '  

This t e r m  is obtained as a definite integral ,  

- 

where q ( r )  is a sc reened  potential  obtained f r o m  the r e a l  potential  by 
summing ce r t a in  types of d i ag rams .  
by Meeron (1 9 58), F r i edman  (19 59), and Yukhnovskii (1 9 58). 

S imi la r  r e s u l t s  were  obtained 

Accascina,  F.: see  FUOSS,  R. M. 
63 

3.  Akhiezer,  I. A, I and Peletminski i ,  S.  V. : Application of quantum f ie ld  

theory methods for  investigation of the thermodynamical  p rope r t i e s  of 
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a n  elec 

(1960), 

"The 

ron and photon gas ,  Zhur ,  Ekspt l ,  i Teore t ,  F i z ,  - 38, 1829-1839 

Soviet Phys ,  J E T P  - 11, 1316-1322 (1960), 

thermodynamic potential [a] of a g a s  of e lectrons,  positrons,  
and photons i s  determined by the methods of field theory, taking account 
of the interaction between these par t ic les  with an  accu racy  up to t e r m s  
proportional to e4 In eZulr 

4. Alekseev, A ,  I, : Pr imenenie  metodov kvantovoi teor i i  polya v s ta t is t i -  

cheskoi fizike,  Uspekhi F i z .  Nauk - 73, 41-88 (1961). Soviet Phys.  

Uspekhi (in p r e s s ) ,  

Review of applications of quantum f ie ld  theory methods (esp.  those of 
Schwinger and o the r s )  i n  s ta t i s t ica l  mechanics;  the example of e lec-  
tron-ion sys t ems  is br ief ly  d iscussed ,  

5, Alpher,  R ,  A ,  : The Saha equation and the adiabat ic  exponent i n  shock 

wave calculations,  J. Fluid Mech, - 2, 123-126 (1957). 

In a recent  paper  (Guman,,  J, Appl. Phys .  27, 663 (1956)) Ifthe r e a d e r  
is not cautioned about including excited s ta tes  in  the Saha equation f o r  
the deg ree  of ionization behind shock f ronts  a t  appropr ia te  temper&+. 
a t u r e s  and densi t ies ."  Alpher p re sen t s  a brief d i scuss ion  of the e f fec ts  
of including these excited s ta tes ,  assuming that only those e lec t rons  
whose c l a s s i ca l  o rb i t s  do not exceed half the mean separa t ion  of pa r t i -  
c l e s  in  the gas  a r e  counted a s  bound to the corresponding a tom o r  ion, 

6. Bagchi, S ,  N ,  : A new equation for  s t rong electrolytes .  I, 11. J. Indian 

Chem, Soc, - 27, 199-203, 204-213 (1950). 

The number of posit ive and negative ions p e r  unit volume around a 
cen t r a l  ion i s  a s s u m e d  to be  given by the express ion  n& 
= N/(exp {*c+/kT} t 1 )  where N = Zni. Express ions  fo r  the activity 
coeff, based on this equation a r e  given. In p a r t  11 the equation is 
general ized to any binary electrolyte  and the calcd.  activity coeffs. 
a r e  compared  with exper iments .  

7. Bagchi, S .  N. : On strong electrolyte  solutions. Naturwissenschaften 7 39, 

299-300 (1952), 

The distribution function der ived e a r l i e r  (Dutta and Bagchi 1950) i s  
used to calculate  act ivi ty  coeffs.  
of Gronwall, La Mer ,  and Sandved (1929). 

The r e su l t s  a r e  compared  with those 

Bagchi, S .  N o :  s e e  a l s o  Dutta, M. 

8 .  Bardeen, J. : Elec t ron  exchange in the theory of me ta l s .  Phys.  Rev. I 50, 

1098 (1936)- Abs t r ac t ,  

a t  T = 0 a s  aT/log(c/kT).If  

"The specific heat of f r e e  e lec t rons  goes to z e r o  

Baurnann? G . :  s e e  Kaeppeler,  H, J. 

9.  Bazarov, I, P, : Equations with var ia t ional  der iva t ives  in  s ta t i s t ica l  equi- 

Zhur.  Ekspt l ,  i Teore t .  F i z ,  - 32, 1065-1077 (1957). l ib r ium theory, 

Soviet Phys ,  J E T P  - 5, 872-882 (1957), 

A gene ra l  method f o r  calculation of cor re la t ion  functions and f r e e  
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energy in  a s y s t e m  with Coulomb f o r c e s  is formulated,  but no detailed 
calculations a r e  p r  e s ented . 

10. Bazarov,  I. P. : Stat is t ical  theory of s y s t e m s  of charged pa r t i c l e s  with 

account of sho r t  range  f o r c e s  of repulsion. Zhur .  Eksptl .  i Tkoret .  - 

F i z .  32, - 1163-1170 (1957). Soviet Phys.  J E T P  - 5, 946-952 (1957) .  

"The f r e e  energy of an e lec t r ica l ly  neut ra l  s y s t e m  of charged p a r t i -  
c l e s  ( ions)  has  been found by taking into account the repuls ive f o r c e s  
between them, The genera l  express ion  obtained fo r  the f r e e  energy 
of such s y s t e m s  is applied to i t s  ca lc .  f o r  a concre te  f o r m  of 'long- 
r ange '  and ' sho r t - r ange '  fo rces .  I f  

11. Becker ,  R ,  : Uber die  thermische  Ionisierung von Gasen und die ih r  

zugrunde liegenden E lemen ta rp rozesse .  Z .  Physik - 18, 325-343 (1923). 

"A fundamental  viewpoint of the mechanism of t h e r m a l  ionization i s  
be t t e r  obtained f r o m  a study of monatomic and monovalent g a s e s  
than f r o m  any other  chemica l  react ion.  
equi l ibr ium formula  according to quantum s ta t i s t ics .  
cons ide r s  the s ta t i s t ica l  weights of the var ious  s ta t ionary  s t a t e s ,  
Section 3 invest igates  the emis s ion  and absorpt ion mechanism of 
radiat ion p r o c e s s e s .  Seciion 4 then dea ls  with the non-radiating 
emis s ion  and absorpt ion of e l ec t rons . .  - -  H. H, Hodgson, PA - 27, 
196 (1924). 

,Sec t ion  1 dea l s  with the 
Section 2 

12. Beckett, C .  W . ,  Green, M. S. ,  and Woolley, H. W . :  The rmochemis t ry  

and thermodynamics of subs tances .  Ann. Rev. Phys ,  Chem. - 7, 287- 

310 ( l956) ,  

Developments in the eq.  of s t a t e  a t  ve ry  high p r e s s u r e s  and t empera -  
t u r e s ;  quantum s ta t i s t ica l  mechanics  and the T F  method; s ta t ic  and < 
dynamic high p r e s s u r e  compress ion  measu remen t s ;  g a s e s  a t  high 
t e m p e r a t u r e s  and modera t e  density.  126  re ferences .  

13,  Beckett ,  C a  W. and Haar, L. : Thermodynamic p rope r t i e s  a t  high 

t empera tu res :  Ideal gas  t h e r m a l  functions to 25, 000 deg. K fo r  diatomic 

molecules ,  oxygen, nitrogen, n i t r ic  oxide, and the i r  molecule  ions.  

P r o c .  Conf. on Thermodynamics  and Transpor t  P r o p e r t i e s  of Fluids ,  

London, 1957, p. 27-33. Insti tution of Mech. Engineers ,  London (1958). 

Beckett ,  C. W. : see a l s o  Hilsenrath,  J. 
14. Benson, G. C.  : An examination of M a y e r ' s  theory  of ionic solutions.  

The calculation of the re la t ive  apparent  mo la l  heat  content and apparent  

mo la l  volume of sodium chlor ide  i n  aqueous solutions a t  25" C. 

J. Chem,  32, 802 (1954). 

Can. 

- 
"Mayer '  s theory gives  a good representa t ion  of the apparent  mola l  
volume of sodium chlor ide i n  aq.  soln. a t  25" C. up to a conc. of 
0 . 4  m o l a r .  Representa t ion  of the re la t ive  mola l  hea t  content @L is 
a l s o  sa t i s fac tory  but over  a s m a l l e r  range  of conc. The shape of the 
@L c u r v e  i s  a l s o  sa t i s fac tory  but over  a s m a l l e r  range  of conc. The 
shape of the qL curve  is s t rongly  influenced by the temp.  dependence 
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of the dis tance of c loses t  approach of oppositely charged ions in the 
solution. Methods of evaluating this t e r m  a r e  considered.  ' I  Some 
e r r o r s  in  P o i r i e r ' s  formulae (1953) a r e  pointed out. 

15. *Benson, S o  W, BUSS, J. H . ,  and Myers ,  H. : Thermodynamic p rope r -  

Insti tute of Aeronaut ical  Sciences paper  no. 59- t i es  of ionized g a s e s ,  

95. June 1959. Cited by Duclos (1960). 
I, 

16. Berl in ,  T ,  H, ~ and Montroll, E. W .  : On the f r e e  energy of a mixture  

of ions:  An extension of K r a m e r s '  theory.  

(1 9 52) 

J, Chem, Phys .  - 20, 75-84 

"The p r i m a r y  physical assumpt ions  a r e :  
f luctuations.  = .  The modification [ of K r a m e r s '  theory (1926)l con- 
s i s t s  of a m o r e  physically accu ra t e  development of assumption (2) .  
The main  r e su l t  of the p re sen t  theory i s  that a p . f .  for  the e lec t ro-  
lyte i s  obtained at all concns . ,  whereas  K r a m e r s  I theory b reaks  
down beyond a l imiting conc,  The deviation f r o m  the DH limiting 
law is in the direct ion of the exptl. observat ions.  ' I  

(1)  point ions, and ( 2 )  small 

17, *Bethe, H, A. : Repor t  on the specific heat  of air up to 25, 000"  C .  

OSRD 369 (1942). 

18,  Bienkowski, G. K O :  The equation of s t a t e  of an ionized gas ,  11. MIT- 

NSL-398; ASTIA Document AD 235 973;  WADD-TR-59-486 (pt. 11). 

Sept. 1959, 

Equi l ibr ium p. f ,  I s were  investigated; the eqns.  which can  de te rmine  
the dis t r ibut ion functions a r e  hopelessly nonlinear except for  a symp-  
totic regions and therefore  approx. 
nonlinear range and quantum ef fec ts  in  the ion-electron interact ions 
a r e  included. 
of s t a t e .  
of s ta te ,  but c l o s e r  to the per fec t  gas  re la t ion,  
the excess ive  co r re l a t ion  predicted by DH theory because of its 
neglect of quantum effects .  The effect, however, is s m a l l  fo r  
reasonable  p r e s s u r e s ,  thus justifying the u s e  of the DH theory in  
this region. 
pa r t i c l e s  and a t t r ac t ive  f o r c e s  between the charged  and neut ra l  pa r t i -  
c l e s  a r e  evaluated and found to be  a t  l ea s t  an  o r d e r  of magnitude 
s m a l l e r  than the Coulombic effects  in  this region. The pa i r  d i s t r i -  
bution function was calcd.  by the method of Br i t t in  (1957) following 
a suggestion of Eddington (1925); i t  takes  into account the volume of 
the ions and polar izat ion of neut ra l  a toms  by ions ,  

solutions a r e  der ived for  the 

The resul t ing dis t r ibut ions a r e  used to ca lc ,  the eq.  
The relat ion thus obtained i s  found to l i e  nea r  the DH eq. 

This i s  a r e s u l t  of 

Higher o r d e r  effects resul t ing f r o m  the volume of the 

19. B je r rum,  N,  : Untersuchungen uber  ionenassoziation. I, Der Einfluss -d 

d e r  ionenassoziation auf die  Aktivitst  d e r  Ionen bei  Mit t leren Assozia-  

t ionsgraden.  

no. 9 (1926)- 

Kgl. Danske Videnskab. Selskab Mat. - F y s .  Medd, - 7, 

Extends DH theory to higher concns,  by taking account of ionic 
associat ion.  Reviewed by Falkenhagen (1932) 9 51.. 



- 7- UCRL- 6473 

2 0 -  Bje r rum,  N ,  : Die Verdunnungswarme einer  Ionenlosung in  d e r  Theorie  

von Debye und HiEckel. 

Wzrmeeffekte in e inem Dielektrikum. Z .  p'hysik. Chem, (Leipzig) 

Zugleich ein Bei t rag zur  Theorie  d e r  

- 119, 145-160 (1926). 

'IB- ca l c s .  the heat of diln, f r o m  the elec.  work of sepn. of the ions 
of an  electrolyte ,  
const ,  The heat of diln. is  a special  c a s e  of the gene ra l  problem of 
heat  effects caused by movement  of cha rges  in  a dielectr ic .  The 
equation is der ived f o r  d i l ,  solns ,  and does not a g r e e  with exptl. 
data  for  heat of diln. of conc. solns.  The problem is a l s o  d iscussed  
f r o m  an  atomist ic  standpoint." - -  B. €3. Carro l l ,  CA 20, 1940 (1926). 

Discusses  a charging p r o c e s s  suggested by Guntelberg; cf. Fowler  
and Guggenheim (193 9),  Guggenheim (1 9 60) 

This is dependent on the temp. coeff. of dielec.  

21, B je r rum,  N 3  : The e lec t r ic  f o r c e s  between ions and their  activity (in 

Norwegian),  Svensk Kem, Tidskr .  - 38, 2-18 (1926). 

Bockris ,  J. O ' M ,  : s e e  KBrtum, G. 

2 2 ,  Bogolyubov, N, Ne : Expansions into a s e r i e s  of powers  of a small para- 

m e t e r  in the theory of s ta t i s t ica l  equilibrium. J. Phys.  (U. s. s. R. ) 

10, 257-264 (1946). - 
Equations a r e  der ived connecting the distribution functions of dif-  
f e r en t  o r d e r s  in the c a s e  of s ta t i s t ica l  equilibrium. 
a r e  solved with the help of the expansions into a s e r i e s  of powers  of 
the density, and the f o r m a l  express ions  of the theory of Ursel l -Mayer  
a r e  obtained without application of their  combinator ics .  The c a s e  of 
Coulomb interact ion i s  a l so  studied, for  which a spec ia l  expansion 
method is developed. An approx. in tegra l  eqn. fo r  the b inary  d i s t r i -  
bution function i s  der ived,  which apparent ly  can  be used  fo r  the 
descr ipt ion of the condensed s ta te .  

These  equations 

23. Bogolyubov, N. N. : Prob lemy  dinamicheskoi  teor i i  v s ta t is t icheskoi  

F iz ike ,  Gos ,  Izd, Tekh. - t e o r ,  Li t ,  Moscow (1946). English t r ans l a -  

tion (E .  K, Gora):  P r o b l e m s  of a Dynamical Theory  in Stat is t ical  

Phys ic s ,  AFCRL-TR-60-279; AFCRC-TR- 59-235; ASTIA Document 

AD-213 317.. 

More  elaborate  development of the method outlined in  preceding r e f e r -  
ence,  When applied to a sys t em of charged  pa r t i c l e s  the method 
yields the DH resu l t s  in  f i r s t  approximation; suggestions a r e  made  
about the possibil i ty of obtaining higher  approximations 

co 
24. Bond, J. W , ,  Jr.:  The s t ruc tu re  of a shock front  in argon.  Los Alamos d 

Sci ,  Lab, Rept. LA-1693 ( l954) ,  

"A method of computing the equilibrium conditions, which was  f i r s t  
applied by Bethe to air, has been used  for  the a rgon  equilibrium re-  
action A = A+ + e, where  only singly-ionized a rgon  a t o m s  have been 
cons idered ,  
20 and t empera tu res  f r o m  7500" to 26,  000" are  tabulated. ' I  See 
Bethe (1942), 

The corresponding p.f. I s  for  density r a t io s  f r o m  2 to 
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25. Bonino, G. B .  : Ricerche  sul la  teor ia  delle soluzioni concentrate di  

e le t t rol i t i  for t i .  I, Considerazioni teor iche,  Mem. r ea l e  accad.  

Italia, Classe  sc i .  Fis,, mat .  e nat.  - 4, 415-444 (1933). 

"A comprehensive review and cr i t ique of developments of the DH 
theory,  I Secondary act ivi ty '  coeffs ,  a r e  ca lcd . ,  showing deviations 
f r o m  the DH theory, f r o m  physical  constants of ions and solvent." - -  
G. W. King, CA 28, 4967 (1934). About 50 re ferences .  See a l so  
Bru l l  (1934)' 

- 

2 6 '  Bonino, G, B ,  ~ and Centola, G. : Ricerche  sul la  teor ia  delle soluzioni 

concentrate  di e le t t rol i t i  for t i ,  11, Applicazione a1 calcolo dei  coef-  

f icienti  d i  att ivita,  Mem. r e a l e  accad ,  Italia, C la s se  sc i .  Fis., mat .  

e nat.  4, 445-464 (1933)- - 
2 7 .  Bonino, Go B,  and Centola, G, : Ricerche  sul la  teor ia  del le  soluzioni 

concentrate  di  e le t t rol i t i  for t i .  

coefficienti osmotici ,  Memo r e a l e  accad.  nazl .  Lincei, C la s se  sc i .  

Fis.,  m a t .  e nat,  18, 145-149 (1933). 

Possibi l i ta  d i  es tensione a1 calcolo de i  

- 
"Following the previous calcn.  of the coeffs.  of act ivi ty  of the ions 
of s t rong e lec t ro ly tes  in  conc. so ln , ,  these ca lcs .  a r e  developed in  
the p r e s e n t  paper  so  as to be able  to a r r i v e  a t  a the osmotic  coef-  
f ic ien ts ,  " I t -  J. J. Stewart ,  PA 36, - 1275 (1933). 

28. Bosnjakovic, F , ,  Springe, W, , Knoche, K. F , ,  and Burgholte, P.: 

Mollier enthalpy-entropy c h a r t s  fo r  high t empera tu re  p l a smas .  

dynamic and Transpor t  P r o p e r t i e s  of Gases ,  Liquids, and Solids,p, 465 

McGraw-Hill  Book Company, New York (1 959). Also: RAND Trans l a -  

tion T-96  (1958), 

Thermo-  

Mollier enthalpy-entropy d i a g r a m s  for  hydrogen and a rgon  
p l a s m a s  up to 100, 000"  K and fo r  p r e s s u r e s  f r o m  0 .01  to 100 atm."  

2 9 .  Bowers ,  D, L.. , and Salpeter ,  E, E. : Correc t ion  to the Debye-HEckel 

theory,  Phys ,  Rev, 119, 1180-1186 (1960). - 
Correc t ions  a r e  der ived  for  the potential  of mean fo rce  and the in te r -  
act ion energy  by solving a n  in tegra l  equation previously der ived  by 
Salpeter  (Annals of Phys ic s  5, 183 (1958)). The numer ica l  values of 
the interact ion energy  for  a c l a s s i c a l  e lec t ron  gas  with uniform posi-  
t ively-charged background a r e  comparable  to those calculated f r o m  
A b e ' s  S2 in tegra l  (cf. Abe 1959, Tru l io  and B r u s h  1961). 

8 

30. *Brinkley, Sa R , ,  Kirkwood, J, G o ,  and Richardson, J. M . :  Tables  of 
w 

the p rope r t i e s  of air along the Hugoniot cu rve  and the adiabat ics  t e r m i -  

nating in  the Hugoniot curve .  OSRD 3550 (1944)- 

31. *Brittin, W,  E, : Equil ibr ium and Transpor t  in  a fully ionized gas .  

Doctoral  Disser ta t ion,  University of Alaska (1957)- 
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32 

33< 

34. 

3 5. 

36. 

3 7. 

38. 

Brit t in,  W. E. : Investigation of the equilibrium proper t ies  of fully 

ionized gases .  Second quar te r ly  repor t ,  PEC-LIV- 1 (19 59); Seventh 

quar te r ly  repor t ,  PEC-LIV- 5, TID-6265 (1960); F ina l  r epor t ,  TID- 

11029 (1960). 

"The method to be used will be essent ia l ly  that developed by Montroll 
and Ward (1958). . . . The p resen t  pre l iminary  r epor t  outlines the 
method of Montroll  and Ward f r o m  the standpoint of field theory and 
includes a new modification developed by A.  Sakakura.  . . ' I  ( P E G - L I V -  1)  

equation of s ta te  were  presented  in  PEG-LIV-5. 
Abs t r ,  15 ,  1773 (1961). 

F u r t h e r  resu l t s  of numer ica l  calculations for  a binary p lasma 
See Nuclear Sci. 

- 
Britt in,  W, E , :  s ee  a l so  Covert, E. E. 

Briill,  Lo : Ricerche su una recente  teor ia  pe r  le soluzioni concentrate  

d i  e le t t rol i t i  for t i ,  Gazz. chim.  i ta l .  64, 270-278 (1934). - 
"The fundamental differences between the theory of Bonino e t  al. 
(1933) and that of DH a r e  examined cr i t ical ly  and on a math.  bas i s .  
A formula  of interpolation is der ived which according to r ep resen ta -  
tive calc. with var ious solns .  of chlor ides  gives a good degree  of 
approximation (within 1%) and a t  the same t ime r e n d e r s  ca lcs .  of the 
coeffs .  of activity s imple ro f I  - -  C. C. Davis, CA - 28, 4966 (1934). 

Brush,  S, G. :  s e e  Trulio, J. G, 

Burhorn, F. , and Wienecke, R. : Berechnung d e r  inneren  Zustandssummen 

einiger  zweiatomiger Molekule bei  hoheren Tempera turen .  Z. physik. 

Chem. (Leipzig) 212, 105-117 (1959). - 
Burhorn,  F, , and Wienecke, R,  : Plasmazusammensetzung,  Plasmadichte ,  

Enthalpie und spezifische WZrme von Sauerstoff bei  1, 3, 10 ,  30 a t m  in 

Tempera turbere ich  zwischen 1000 und 30, 0 0 0 "  K. Z. physik, Chem. 

(Leipzig) - 213, 37-43 (1960). 

Burhorn,  F, and Wienecke, R. : Plasmazusammense tzung,  Plasmadichte ,  

Enthalpie und spezifische WZrme von Stickstoff, Stickstoffmonoxyd und 

Luft bei  1, 3, 1 0  und 30 a t m  in Tempera turbere ich  zwischen 1000 und 

30, 000" K O  Z s  physik. Chem. (Leipzig) 215, - 269-284 (1960). 

Burhorn,  F. , and Wienecke, R. : Plasmazusammense tzung,  Plasmadichte ,  

Enthalpie und spezifische WSrme von Wasserstoff und W a s s e r  bei  1, 3, 

10 und 30 a t m  in Tempera turbere ich  zwischen 1000 und 30, 000"  K. Z .  

physik. Chem. (Leipzig) 21  5, 285-292 (1960). - 
Centola, G , :  s e e  Bonino, G. B, 

C a r r ,  W. J. ~ Jr.  : Energy, specific heat, and magnetic p rope r t i e s  of 

the low density e lectron gas .  Phys .  Rev. 122, 1437-1446 (1961). 

"A per turbat ion expansion in  powers  of rs-1/2 has  been used  to 
investigate the ground-state energv of a dilute e lec t ron  gas, the r e su l t  

- 

V Y V I  V ,  
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being, in rydber  units p e r  par t ic le ,  
f b/ rs2  t O(rs-5 7 2 )  t t e r m s  fall ing off exponentially with r s 1 f 2 0  The 
dimensionless  pa rame te r  r s  i s  the radius  of the unit sphere  in  Bohr 
rad i i ,  The t e r m  in r s - 1  is the energy of a body-centered cubic la t -  
t ice of e lectrons as calculated by Fuchs;  the rs-3/2 t e r m  i s  the ze ro -  
point vibrational energy of the latt ice,  as obtained f r o m  a calculation 
of the no rma l  modes,  the r e su l t  differing only by a small amount 
f r o m  the values es t imated by Wigner; and b r s - 2  is the f i r s t - o r d e r  
effect of anharmonici t ies  in  the vibration. The constant b has  been 
est imated,  i t s  magnitude being s m a l l e r  than unity. 

f i r s t - o r d e r  approx,  has  been obtained for  the exponential t e r m s  in  
the energy,  
to the r e su l t  that, except fo r  very  low densi t ies  (rs > 270), the elec-  
t ron spins  a r e  ant i ferromagnet ical ly  aligned. An o r d e r  of magnitude 
f o r  the Ne'el t empera tu re  has  been calcd,I '  

E = - 1. 792 / r s  t 2.  66 / r  3/2 

b 

"The vibrational p a r t  of the specific heat has  been ca lcd . ,  and a 

P a r t  of this energy comes  f r o m  exchange, which leads  

39. Chandrasekhar ,  S o  : The Ionization-Formula and the new s ta t i s t ics .  Phil. 

Mag. ( s e r i e s  7)  - 9, 292-299  (1930). 

Modification of Sahas  s formula  to take account of F e r m i - D i r a c  s t a -  
t i s t ics  for  the e lec t rons .  

40. Chandrasekhar ,  S o  : The dissociat ion fo rmula  according to the re la t iv i s t ic  

s t a t i s t i c s ,  Monthly Notices Roy. Astron.  SOC. - 91, 446-455 (1931). 

Fo rmulae  for  concentrat ions of ions and e lec t rons  including quantum 
and re la t iv i s t ic  effects.  Extension of r e s u l t s  of Milne (1930). 

41. Claas ,  W. J. : The composition of the so l a r  a tmosphere .  Recherches  

As t ron ,  Obs, Utrecht  12, P a r t  1 (1951), - 
Par t i t ion  functions for  var ious  elements ,  4900" to 7300" 

42. Covert ,  E, E, and Kerney, K. : A review of the l i t e r a tu re  of p l a sma  

physics  

ment  AD 227  556. 

WADC - TR- 59 - 486; MIT-NSL- TR- 3 73 (1 9 59) ASTIA Docu- 

The applicabili ty of the DH theory fo r  descr ibing equi l ibr ium pro- 
p e r t i e s  of a p l a sma  is d iscussed .  The r e su l t s  of Kaeppeler and 
Baumann (1956) a r e  quoted fo r  the thermodynamic functions of a 
sys t em of s e v e r a l  kinds of ions.  

43. Covert ,  E. E . ,  Bienkowski, G. K.,  Kerney, K. P o ,  King, M. F. ,  and 

Pedlosky, J. : Fina l  r e p o r t  on r e s e a r c h  on a comprehensive theory of 

p l a sma  s t a t e s  and phenomena, WADD- TR- 59-486 (pt. IV);  MIT-NSL- 
J TR-441 (1960). 

"The m a t e r i a l  is covered  m o r e  completely in  r e p o r t  WADD- TR- 59- 
486, p a r t s  I ,  11, I11 (MIT NSL Tech. Repts.  373, 398, 399, r e s p . )  

The thermodynamic s ta te  equation of a p lasma,  the influence of 
the magnetic f ie ld  on the t r anspor t  p roper t ies ,  a s  well as the thermo- 
dynamic s ta te ;  and e lementary  fluid flow problems a r e  summar ized .  ' I  

The m a t e r i a l  on eq. of s t a t e  of ionized g a s e s  is taken f r o m  WADD-TR- 
486 (pt. 11); s e e  Bienkowski (1959). 

- a 
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63 44, 

45. 

46. 

47. 

48. 

E 7  . 

49. 

@ 

Cowan, R. D. and Kirkwood, J. G. : Debye-HCckel, Thomas -Fe rmi  

theory of p l a smas  and liquid metals :  numer ica l  solution. AECU-3616 

(1 9 57). 

"A DH type theory is  descr ibed  for  a n  a s sembly  of completely ionized 
a toms ,  the nuclei being t rea ted  classical ly  and the electrons by the 
T F  method, The thermodynamic functions a r e  der ived  by considering 
the Debye charging process ,  and the v i r ia l  theorem is shown to hold. 
Numerical  resu l t s  a r e  given for  hydrogen and i ron  nea r  normal  solid 
densi t ies ,  and a r e  probably accura te  only a t  high t empera tu res  
(kT > 5 ev for hydrogen and kT  > 100 ev for  iron;.," See Plock (1957). 

Cowan, R.  D; ~ and Kirkwood, J. G. : Quantum stat is t ical  theory of 

p l a smas  and liquid metals .  J. Chem. Phys.  - 29,  264-271 (1958). 

DH type theory for  an  assembly  of completely ionized a toms,  the 
nuclei being t rea ted  c lass ica l ly  and the e lec t rons  by the T F  method. 
Cf ,  Kidder and DeWitt (1961). 

Cowan, R. D, and Kirkwood, J, G. : Quantum stat is t ical  theory of e lec-  

t ron  cor re la t ion ,  Phys ,  Rev. 11 1, 1460- 1466 (1958). - 
"The average  electrostat ic  potential  distribution about a given elec - 
t ron  i s  calcd,  for  a sys t em of point-charge e lec t rons  imbedded in a 
neutralizing continuum of posit ive charge.  The calculation i s  classi- 
cal, involving a Poisson  equation of the DH type, except that the 
electron density is t reated by  means  of F D  s ta t i s t ics  a s  in the T F  
model  of the atom. The calcd. energy due to e lec t ros ta t ic  i n t e r -  
act ions a g r e e s  with the QM exchange plus cor re la t ion  energy over  the 
observed  range of me ta l  valence-electron densi t ies ,  
i s  too small a t  l a r g e r  and sma l l e r  densi t ies . .  . I 1  

2 - < rs  - < 6, but  

Creighton, H. J. : Pr inc ip les  and Applications of El-ectrochemistry.  

Volume I, Pr inc ip les ,  4th edition. John W i l e y  & Sons, New York 

(1943). 

Chapter XV "Theories of Strong Elec t ro ly tes  1 1  reviews the Milner,  
DH, and B j e r r u m  theories .  

Davies, D. R ,  : Shock waves in air a t  v e r y  high p r e s s u r e s .  P r o c .  Phys.  

SOC. (London) - 61, 105-117 (1948). 

' I*  I 

one 
1 <  

. i t  i s  necessa ry  to know the in te rna l  energy  (E) and volume (v) of 
g r a m m e  of air over  ce r t a in  regions of the two-dimensional range 
p < 1000 a t m  and 273 < T < 16,' 000" K; Calculations a r e  c a r r i e d  

out to assess  the numbers  of the var ious  types of molecules,  a toms,  
and ions p re sen t  a t  any  p and T.  The only E values  needed a t  high p 
a r e  those for  which T is  a l s o  high, and the s imple  gas  laws m a y  
therefore  be a s s u m e d  for  the volume determinat ions.  The resu l tan t  
energy  is obtained by summing the in te rna l  energ ies  of different 
groups of a toms  and molecules  present .  
furn ishes  the equations whose solution fixes the composition. . . I f  

Stat is t ical  mechanics  

Debye, P, : De moderne  ontwikkeling d e r  elektrolyttheorie.  Handelingen 

van het  XIXDE Nederlandsch Natuur-- en Geneeskundig Congres ,  40- 50. 

Maastr icht ,  1923 e 
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Histor ical  review of theory of e lectrolytes  previous to DH theory. 

50, Debye, P. : Over Ionen en Hun Activiteit.  Chem. Weekblad - 20, 562-568 

(1923); The Collected P a p e r s  of P e t e r  J. W. Debye (Interscience 

Publ i shers ,  New York, 1954) 311-325, 

V 51 Debye, P, ~ and HGckel, E, : Zur  Theorie  d e r  Elektrolyte.  I. Gef r i e r -  

punktserniedrigung und verwandte Erscheinungen. Physik.  Z. - 24, 

185-206 (1923); Collected P a p e r s ,  21 7-263. 

"The p resen t  considerat ions were  st imulated by a lec ture  by E. Bauer  
on Ghosh'  s works ,  . e W. Sutherland, in 1907, intended to build the 
theory of e lectrolytes  on the assumpt ion  of complete dissociation. 
N. B j e r r u m  ( P r o c ,  7th Into Congress  of App. Chem.,  London, 1909) 
is, however, the f i r s t  to have a r r i v e d  a t  a dis t inct  formulat ion of the 
hypothesis,  He c l ea r ly  s ta ted and proved that, for  s t rong e lec t ro-  
lytes ,  no equilibrium a t  all is noticeable between dissociated and 
undissociated molecules .  a Milner (1912, 1913) computed the osmotic  
coefficient along such l i n e s , ,  . i t  would be unjust  to d i sca rd  Mi lner '  s 
computation in f avor  of the more recent  computations b y  Ghosh (1918) 
on the s a m e  subject.  *I The work of Hertz,  Ann. Physik - 37, 1 (1912) 
on conductivity is a l so  mentioned, 

of the l inear ized  P B  equation. M i l n e r ' s  comments  on the advantage 
of the DH theory over  his  own a r e  recorded  by Nonhebel and Hart ley 
(1926). 

This paper  contains the famous DH theory based on the solution 

52, Debye, P o ,  and H k k e l ,  E. : Zur Theor ie  d e r  Elektrolyte ,  II+ Das 

Grenzgesetz  far die  e lek t r i sche  Leitfahigkeit .  Physik.  Z .  I 24, 305-325 

(1923); Collected P a p e r s ,  264-310, 

'la a an  a t tempt  is  made  to compute, assuming complete  dissociation, 
in which manner  the mutual e l ec t r i c  fo rces  of the ions affect  the 
conductivity, 

53 Debye, Po : Osmotische Zustandsgleichung und AktivitZt verdennter  

s t a r k e r  Elektrolyte ,  Physik.  Z ,  - 25, 97-107 (1924); Collected P a p e r s ,  

326-346. 

"The theory of s t rong  e lec t ro ly tes  published some  t ime ago was 
presented  in  a manner  which p e r m i t s  considerable  simplification, as 
I have s ince  found out ,"  L e w i s ' s  laws on the act ivi ty  of s t rong  e lec-  
t ro ly tes  a re  explained by the theory,  

54. Debye, P, and McAulay, J. : Das e lek t r i sche  Fe ld  d e r  Ionen und die  
Neutralsalzwirkung. Physik,  Z ,  26, 2 2 - 2 9  (1925); Collected P a p e r s ,  i - 
3 55- 3 6 5, 

55, Debye, Po ,  and Pauling, Lo : The inter- ionic  a t t rac t ion  theory of ionized 

so lu tes ,  IV. The influence of var ia t ion of d ie lec t r ic  constant on the 

l imiting law for  s m a l l  concentrat ions.  J. Am. Chem. SOC. 47, - 2129- 

2134 (1925); Collected P a p e r s ,  61 5-620, 
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Conclusion: . neither the variation of the dielectr ic  constant in 
the immedia te  neighborhood of the ions nor the deviation of the 
d ie lec t r ic  constant of the solution in  mass f r o m  that of the pure  
solvent has  any  effect on the limiting law for  ve ry  dilute solutions of 
s t rong electrolytes .  It is  fu r the r  proved that for  such  solns.  the 
value of the ord inary  dielectr ic  constant for  the pure  solvent in mass 
is to be substituted, The experiments  of Bronsted and La Mer [ ibid. 
- 46, 555 (1924)l a t  ve ry  low concs,  have completely confirmed the 
theoret ical  limiting law. ' 1  

56, Deubner, A,  : Thermodynamik und Elektrophysik f lcss iger  Elektrolyt - 

Esungen,  2 ,  Physik r ege lmgss ,  B e r n  - 8, 97-112 (1940). 

Sequel to Falkenhagen'  s review a r t i c l e  (1936)" 

57. DeWitt# H, E,  : Wave mechanical  modifications of the equation of s ta te  

of a n  electron g a s ,  Bull, Am,  Phys ,  SOC, 5, 7 (1960). - 
58. DeWitt, H, E, : Thermodynamic functions of a par t ia l ly  degenerate,  fully 

ionized g a s -  J, Nuclear Energy ( P a r t  C) 2, 27-45 (1961). - 
"The f o r m a l i s m  of Glassgold, Heckrotte, and Watson [ Phys.  Rev. 
- 11 5, 13 74 (1959)j  for  the expansion of the QM grand p. f .  has been 
applied to a gas  of point charges .  The expansion is shown to be 
closely re la ted  to Rayleigh-Schroedinger per turbat ion theory, and to 
give the r e su l t s  of Montroll  and Ward (1958) in  a s imple r  form.  The 
theory has  been extended to a multicomponent gas  of fe rmions  and 
bosons, and the r ing d i ag rams  have been summed  to give a n  approxi-  
m a t e  express ion  for  the equation of s ta te  valid for  the en t i re  tempera-  
t u re  range. The nea r -c l a s s i ca l  (high t empera tu re  and low density S O  

that the gas  is only slightly degenera te )  l imi t  is d iscussed  in  detail ,  
and useful fo rmulae  for  numer ica l  computation of p r e s s u r e  and in- 
t e rna l  energy  a re  der ived f r o m  the gene ra l  r ing approximation to the 
equation of s ta te ,  
the coupling constant 122, 
dependence of p r e s s u r e  and densi ty  on the chemica l  potential  and 
obtain the p r e s s u r e  as  a function of density. The c lass ica l - l imi t  
DH resu l t s  a r e  obtained when fi approaches  0. A gene ra l  f o r m  of 
the screening length is obtained with the effective screening  cha rge  
as z i e@ where  ei is a m e a s u r e  of the degeneracy of the par t ic le  
spec ies  1, The contribution to the p r e s s u r e  f r o m  the s imples t  
exchange interact ion valid fo r  all t empera tu re  is  evaluated exactly. 
The temp,  and densi ty  range for  which the near -c lass ica l - l imi t  
fo rmulae  a r e  valid is d iscussed ,"  

See also:  Bloch, de  Dominicis, and Horowitz, AEC-tr-3865, 
t rans la ted  f r o m  Nuclear  Phys.  7, 451, 8, 91, 7, 459 (1958), - 10, 181, 
509 (1959); Levine (1960). 

By expanding the chemica l  potential  i n  powers  of 
it is possible to eliminate the p a r a m e t r i c  

1.: 

- - - 

59, DeWitt. H, E, : Quantum mechanical  modification of the Meeron nodal 

expansion, Bull ,  Am. Phys ,  Soc, 6, 14  (1961). - 
DeWitt, H. E , :  see Kidder, R, E. 

60, Duclos, D, Po : The equation of s ta te  of a n  ionized gas .  AEDC-TN-60- 

192 (1960)- 
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"The equation of s ta te  of an  ionized gas  has  been investigated f o r  
e lec t ron  densi t ies  below about 1022 p e r  cm3 and tempera tures  below 
about 1, 000,  0 0 0 "  K,  The gas  is a s sumed  to be monatomic, e lec t r ica l ly  
neutral ,  and in thermodynamic equilibrium, but the composition of 
the gas  i s  a r b i t r a r y ,  that i s ,  multiple ionization of any degree  i s  
allowed, The pe r fec t  gas  appro  I is found to be valid for  e lec t ron  

higher ,  
can  be made which will g rea t ly  simplify calculations,  
shown that black-body radiation may be important  a t  low dens i t ies .  
The c l a s s i ca l  co r rec t ions  to the per fec t  gas  express ions  due to 
e lec t ros ta t ic  f o r c e s  and the finite s i ze  of par t ic les  which a r e  obtained 
f r o m  the theories  of Debye and Hnckel, Mayer,  and o thers ,  a r e  
investigated, and their  l imi t s  of validity a r e  de te rmined .  In some  
c a s e s ,  improved express ions  a r e  der ived and suitable approxima- 
tions a r e  suggested.  It i s  noted that a fundamental  weakness of the 
r e su l t s  based on these theor ies  i s  that  a bas ic  pa rame te r ,  the d i s -  
tance of c loses t  approach  of charged  par t ic les ,  i s  not known accura te ly .  
Seve ra l  approximate express ions  for  this dis tance a r e  given. 
tum co r rec t ions  fo r  e lec t ron  degeneracy and e lec t ron  interact ions 
a r e  a l s o  given. Theor ies  which a r e  applicable a t  higher dens i t ies  
and t empera tu res  than those of i n t e r e s t  in  this investigation a r e  a l so  
d iscussed  br ief ly .  Finally,  the equation of s ta te  of a dense,  sl ightly 
ionized g a s  is der ived ."  78 r e f s .  

61, Dumezil-Curien,  P, : Entropie  d ' u n  m6lange de gazren equi l ibre  d ' e x c i -  

densi t ies  a t  l ea s t  a s  high a s  10 1g p e r  cm3 and, in some  c a s e s ,  even 8 

It is shown that approximations to the perfect  gas  express ions  
It is a l s o  

Quan- 

tation e t  d ' ion isa t ion ,  Compt. rend ,  232, - 1471-1472 (1951). 

'Gene ra l i zes  the express ion  obtained by Schatzman (1948) who neg- 
lected tlie excited' s t a t e s  of the' a toms  and ions.Il - -  Po M. Davidson, 
PA 54, 713 (1951), - 

62. Dutta, M, : On B a g c h i ' s  calculation of act ivi ty  coefficients by the method 

of Gronwall and h is  co l labora tors .  Naturwissenschaften - 39, 569- 570 

(19 52). 

"Recently Bagchi (1952) has  calcd.  act ivi ty  coeffs ,  by means of the 
Dutta- Bagchi (1950) dis t r ibut ion formula ,  which i s  c o r r e c t e d  fo r  the 
volume actual ly  occupied by the water  molecules ,  and then applied 
to the method of Gronwall, LaMer ,  and Sandved (1928). This  appli-  
cation is shown to be unjustified, and i t  is pointed out that good 
ag reemen t  is obtained between observed and calcd,  activity coeffs,  
by u s e  of Dutta '  s formula  (Naturwiss .  39, 
of the above cor rec t ion ."  - -  H. H, H o d z o n ,  P A  - 56, 369 (1953). 

108) without introduction 

63, Dutta, M, : A quas i - la t t ice  theory of r e a l  gases  and of s t rong e lec t ro ly tes  
i n  solutions,  P r o c .  Na t l .  Inst .  Sci ,  India 19, 183-194 (1953). d - 

"The theory is s i m i l a r  to the theory of sol ids  developed by F renke l  
and o thers ,  and to that of l iquids by Lennard-  Jones and Devonshire.  . 

64. Dutta, Ma  and Bagchi, S. N. : On the dis t r ibut ion of ions in  solutions 

of s t rong  e lec t ro ly tes .  Indian J. Phys ,  24, - 61-66 (1950). 

"In a r ecen t  paper  i t  has  been shown that a be t t e r  and c lose r  ag ree -  
ment  between the theore t ica l  and exper imenta l  values of activity 
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coeffs. a r e  obtained i f  instead of Bol tzmann'  s distribution functions 
a new distribution function, similar in  f o r m  to that of Fe rmi -Di rac ,  
be used in the DH theory of s t rong electrolytes.  
been given yet for  the function used by Bagchi. 
distribution function has  been deduced f r o m  simple physical p rope r -  
t ies  of ions by a method developed by Dutta [ P r o c .  Natl. Inst .  Sci.  

No deduction has  
In this paper ,  the 

India 13, 247 (1947); 14, 163 (1948)l .  II 
S e e a l s o  Bagchi (1950, 1952) and Dutta (1952). 

65. Ecker ,  G , ,  and Weizel, W. : Zustandssumme und effective Ionisierungs- 

spannung eines  Atoms im Innern des  Plasmas. Ann. Physik - 17, 126- 

140 (1956); AEC-tr-2841.  

Lowering of ionization potentials of a toms  in  p l a smas  when degree  of 
ionization is appreciable.  See Duclos (1960), p. 44-50, o r  PA - 59, 
481 (1956)' See a l so  re f .  341. 

66. Ecker ,  G . ,  and Weizel, W,  : Zustandssumme und effective Ionisierungs- 

spannung im Innern des  Plasmas. Z. Naturforsch. 12a, 859-860 (1957). 

"Crit icizes a n  approximate evaluation of the e lec t ros ta t ic  interact ion 
energy  by Theimer  (1957) because i t  unjustifiably a s s u m e s  stochastic 
independence of the charged par t ic les . "  - -  B. Meltzer ,  P A  - 62, 678 
(1 9 59). 

- 

67. Ecker ,  G, and Weizel, W, : fiber die  Wechselwirkungsenergie d e r  

LadungstrZiger in e inem Plasma. Z .  Naturforsch. - 13a, 1093-1094 

(1 9 58), 

Reply to Theimer  (1958), See P A  62, 678 (1959). - 
68. Eddington, A. S .  : On the relat ion between the masses and luminosi t ies  

of the s t a r s ,  Monthly Notices Roy. Astron.  SOC. 84, 308-332 (1924). 
Effect of ex t r eme  compress ion  on ma t t e r ,  possible deviations f r o m  
gas  laws.  

69 .  Eddington, A. S ,  : Elec t ros ta t ic  f o r c e s  i n  a s t a r  and the deviation f r o m  

- 

the laws of a per fec t  gas .  

(1 92 5). 

Monthly Notices Roy. Astron.  SOC. - 86, 2 - 8  

Points  out that one m u s t  cons ider  the quantum effects which prevent  
the electron f r o m  having infinite negative energy.  Cf. Rosseland 
(1924), Fowler  and Guggenheim (1925). 

70. Eddington, A. S. : The Internal  Constitution of the S ta r s .  Cambridge 

- University P r e s s  (1926); Dover Publications,  New York (1959). 
% 

Poss ib le  application of DH theory, 8 1'82, f f .  
high densi t ies  and t empera tu res  the re  is nea r ly  complete  ionization, 
and the effect of e l ec t r i ca l  f o r c e s  between ions is  to i n c r e a s e  the 
compress ib i l i ty  r a the r  than d e c r e a s e  i t .  
t rons  will behave l ike a per fec t  gas  up to v e r y  high densi t ies .  

Eddington concludes that a t  

The b a r e  nuclei and elec-  

71. Edwards,  S ,  Fa : A variat ional  calculation of the equilibrium p rope r t i e s  

of a c l a s s i ca l  p l a sma .  Phil .  Mag. ( s e r i e s  8) - 3, 119-124 (1958). 
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n 

"A variat ional  calculation is given for  the f r e e  energy of a fully (113 
ionized c l a s s i ca l  p lasma.  
and allows for  c r o s s  t e r m s  between collective and individual modes 
of oscil lation, though these turn  out to be sma l l ,  
for  the shielding dis tance in t e r m s  of the DH radius  and the in t e r -  
par t ic le  dis tance,  i t  being of the o r d e r  of the f o r m e r . "  

The method avoids redundant var iab les  

A re lat ion i s  given 

7 2 ,  Edwards S F. : The s ta t i s t ica l  thermodynamics of a gas  with long and 
t 

shor t  range f o r c e s ,  Phi l .  Mag. ( s e r i e s  8 )  - 4, 1171-1182 (1959). 

! I  If a g a s  has  long-range Coulomb interact ions and shor t - r ange  in t e r -  
act ions,  e g .  hard  c o r e  repuls ions,  th ree  lengths en ter  the problem;  
the radius  of the repuls ive co re ,  d, the me  n in te rpar t ic le  dis tance,  
r o ,  and A D  the DH radius ,  (81-rNeZ/VkT)-172~ This paper  p re sen t s  
a method of obtaining the equation of s ta te  when, in the f i r s t  instance 
A D  > >  r o  > >  d, which enables one to obtain h igher -order  t e r m s  in  
a s imple  way, and these a r e  calculated,  In o r d e r  to r e l ax  the con- 
dition XD > >  r o 9  
the usua l  DH theory makes  the grand thermodynamic potential  a n  
ex t remum,  the exact  r e s u l t  lying between the per fec t  g a s  and the 
DG gas, The r e su l t s  enable one to es t imate  the contributions to the 
v i r i a l  expansion of collective osci l la t ions and of shielded par t ic le  
encounters ,  whilst avoiding difficult ies such as a r e  assoc ia ted  with 
redundant coordinates .  
a r e  br ief ly  commented upon. I f  

a variat ional  method is employed which shows that 

The extension of the r e su l t s  to the QM c a s e  

73 e Eggert ,  J, : Uber den Dissoziationszustand d e r  F ixs te rngase .  Physik.  

Z ,  20, 570-574 (1919). - 
Ionization equi l ibr ium in a s t a r  is d iscussed ,  using N e r n s t ' s  equi- 
l i b r ium for  mula (Die 
d e s  neuen Warmesa tzes  (1918) Kapitel  XI). 

theor  e t is  chen und experiment  ellen Grundlagen 

74. Eigen, M. and Wicke, E,  : Zur Theor ie  d e r  s t a rken  Elektrolyte .  

Naturwissenschaften 38, 453-454 (1951). - 
"The theory  is developed on the assumption that ions and their  hy- 
d r a t e  she l l s  when ass igned  cha rac t e r i s t i c  volumes in  the electrolyte  
solutions. afford the n e c e s s a r y  distribution functions fo r  the calc .  
of activity coeffs,  Comparat ive cu rves  a r e  shown for  r e su l t s  with 
univalent e lec t ro ly tes  and those ca lcd ,  on the DH theory ,"  - -  H. H. 
Hodgson, P A  - 55, 480 (1952). 

75. Eigen, M, and Wicke, E, : The Thermodynamics of Elec t ro ly tes  a t  

higher concentrat ions.  J. Phys .  Chem, 58, 702-714 (1954). - 
Summary  of the i r  previous pape r s .  
interact ion of the ions two p rope r t i e s  of the electrolyte  prove to be 
esp ,  cha rac t e r i s t i c  of the thermodynamic behavior:  lst ,  the space  
requi rement  of hydrated ions in  the ionic a tmosphe re ;  Znd, an  
incomplete dissociat ion appearing f o r  a l a r g e  number of e lec t ro ly tes  
a t  higher concs.  I I By introduction of new dis t r ibut ion formulas  fo r  
the ionic a tmosphere ,  i n  the theory of Debye and Heckel, which 
follow f r o m  s ta t i s t ica l  and thermodynamic considerat ions analogous 
to adsorpt ion s t a t i s t i c s  o r  to Eucken '  s t rea tment  of hydration she l l s ,  
the p rope r t i e s  of some  completely [ and incompletely] dissociated 
electrolytes  a r e  calculated,  See S c a t c h a r d ' s  discussion r e -  
m a r k ,  ibid. 713, and E i g e n ' s  rep ly-  

IIIn addition to the e lec t ros ta t ic  

i 

0 
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Eigen, M , :  s e e  Wicke, E. 

76. Elwert ,  Go : Veral lgemeinerte  Ionisationsformel eines Plasma. Z .  

Naturforsch,  7a, 703-708 (1952). - 
“A theoret ical  paper  concerned with the establ ishment  of ionization 
balance in a gas  d ischarge  p lasma.  
include photoionization, radiative recombination, ionization by elec- 
t rons ,  and three-body recombination p rocesses .  
studied separa te ly  and together, with some  discussion a l so  of Saha’  s 
equation.”--J,  D. Craggs,  PA 56, 449 (1953). 

The phenomena allowed f o r  

These effects  are  

- 
77. *Enderby, J* A. : The Theory of the Ionic Double-Layer of ions and 

colloidal par t ic les  in e lectrolyte  solutions. Thesis ,  Kings College, 

London (1 9 52) 

0 D  

l y t e s , .  
.applied the Born-Green equation to the theory of s t rong e lec t ro-  

- -  Falkenhagen and Kelbg (1959). 

Epstein,  La F , :  s e e  Scatchard,  G. 

78. Falicov, L, M. ,  and Heine, V.:  The many-body theory of e lectrons in 

metal ,  o r  Has a meta l  rea l ly  got a F e r m i  s u r f a c e ?  Advances in  Phys.  

10, 57-105 (1961). - 
I f e  the purpose of this paper  is to d iscuss  the electron theory of 
me ta l s  taking the Coulomb fo rce  into account f r o m  the beginning. 
We sha l l  not d i scuss  many-electron effects  such  as p l a sma  osci l la-  
tions, but l imi t  ourse lves  to t ranspor t  phenomena [ which a re  con- 
s idered  to include] e lectronic  specific heat .“  The calc .  of the 
ground s ta te  energy by Hubbard (1958) and Nozieres  and Pines  (1958) 
and quasi-par t ic le  methods a r e  discussed.  

79. Falkenhagen, H, : The pr incipal  ideas  in  the inter ionic  a t t ract ion theory 

of s t rong  electrolytes .  Revs.  Modern Phys. 3, 412-426 (1931). - 
Includes s o m e  r e m a r k s  on K r a m e r s ’  resu l t s ;  “ I t  s e e m s  to be im- 
possible  to calculate the s ta te  in tegra l  above the . ., . critical conc. 
as  long as  one does not introduce the finite d i ame te r  of the ions.” 
Suggests a n  analogy with Heisenberg’  s theory of fe r romagnet i sm.  

80  a Falkenhagen, H. : Elektrolyte.  S. Hirzel,  Leipzig (1 932) ,  2nd edition 

1953. English t ranslat ion by R. P. Bell, Electrolytes .  Oxford Uni- 

ve r s i ty  Press (1934). 

Ch. VI: E a r l y  theor ies  of the ,anomal ies  of s t rong  e lec t ro ly tes  (P. 
Hertz,  S .  R, Milner,  C. Ghosh, Malmst rdm) .  Ch. VII: P r inc ip l e s  
of the Debye-Milner theory of s t rong electrolytes .  Ch. VIII: The 
Thermodynamics of Strong Electrolytes ,  accord ing  to DH theory. 
Ch, XI: More  concentrated solutions (extensions by DH, B je r rum,  
MGller, Gronwall, LaMer  and Sandved, Nerns  t). Ch. XII: Stat is t ical  
foundations of Debye I s theory.  

81 e Falkenhagen, H. : Thermodynamik und Elektrophysik f l k s i g e r  e lektro-  
6$ 

ly t i scher  Lgsungen. I. Physik.  r ege lmzss .  B e r .  4, 145-1 72 (1936). - 
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'Iu I . The e a r l i e r  work is reviewed in  the light of p re sen t  physical  
theory,  The investigations which have been c a r r i e d  out s ince 1934 
a re  included in the review." - -  F, J, Br is lee ,  PA - 39, 1322 (1936). 
F o r  p a r t  I1 s e e  Deubner (1940), 

82 .  Falkenhagen, H. : Ordungszustand in  flhs sigen elektrolytischen Ldsungen. 

Physik.  Z, 43, 170-190 (1942). t - 
Review a r t i c l e ,  
Elektrolyte ,  1 1  

mit  dem experimentellen Befund," 
ionische Theorie ,  ( I  "Konzentrierte Ldsungen. I' 102 refs .  

"Grundlagen d e r  interionischen Theorie  s t a r k e r  
"Ergebnisse  d e r  interionischen Theorie  und Vergleich 

IIArrheniussche Theorie  und in te r  - 

83. Falkenhagen, H, ~ and Kelbg, G, : Klass i sche  Statist ik unter  Be r ikks i ch -  

tigung d e s  Raumbedarfs d e r  Teilchen. Ann. Physik ( s e r i e s  6)  I 11, 60- 

64 (1952), 

I1MG Eigen und E, Wicke [ 1951, 1952, see a l so  Dutta 1947, 1948, 
1951, 19525 haben unter  B e r k k s i c h t i g u n g  d e s  Raumbedarfs  d e r  
Teilchen eine neue Ver teilungsfunktion abgeleitet, d ie  bei  den 
Aktivitztskoeffizienten s t a r k e r  Elektrolyte  b e r e i t s  m i t  Erfolg ange- 
wandt wurde ,  
Tei lchens or ten  mi t  gleichen Be s e tzung s zahlen. 
d ie  s e Ver t  eiling s f unktion auf be li eb ig vi e le  T e i lc  hen s o r  t en un t e r - 
schiedl icher  GrEsse  und somi t  verschiedener  Besetzungszahlen 
e rwe i t e r t ,  

Diese F o r m e 1  gil t  jedoch nur  fi'lr zwei verschiedene 
Im f olgenden wird 

Die Ableitung wird mi t  Hilfe d e r  Statist ik ausgefiihrt." 

84. Falkenhagen, H , ,  and Kelbg, G. : The Stat is t ical  Interpretat ion of the 

theory of Strong Elec t ro ly tes ,  Discussions F a r a d a y  SOC. No.  24, 20- 

24 (1957). 

Review of recent  a t tempts  to der ive  the DH theory by s t r i c t  s ta t i s t i -  
c a l  methods and to s ta te  the assumpt ions  and approximations con- 
tained in  it.  The methods of Kirkwood, Mayer ,  Bogolyubov and 
o the r s  s e e m  to r equ i r e  too much calculation, hence they cons ider  
der iving the relat ion between the potentials of ave rage  fo rce  and the 
ave rage  e lec t r ic  potentials f r o m  the fundamental  s t a t i s  t ical  equations 
i n  a s imple r  way. 
1953) is summar ized ,  and a t tempts  to introduce the ionic rad ius  a r e  
mentioned ., 

The work of Glauberman and Sukhnovskii  (1952, 

85, Falkenhagen, H. : Die Elektrolytarbei ten von Max Planck und i h r e  wei te re  

Entwicklung* Max-Planck-Fes tschr i f t  1958, p. 11 -34. Veb Deutscher 

Verlag d e r  Wissenschaften,  Ber l in ,  

Review of P l a n c k ' s  work and s o m e  l a t e r  developments.  
d 

86. Falkenhagen, H. and Kelbg, G. : The P r e s e n t  State of the Theory of 

Electrolyte  Solutions. 

No, 2 (ed,  by J. O ' M ,  Bockris) ,  Academic P r e s s ,  New York (1959). 

Chapter  I in  Modern Aspects  of Electrochemistry,  

Review of recent  work, with m o r e  detailed discussion of theor ies  
mentioned in  r e f ,  84, The rad ia l  distribution function is calculated 
f o r  s o m e  modified Coulomb potentials,  and osmotic  coefficients a r e  i 

calculated and compared  with exper iments .  Methods based on the 
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Bogolyubov-Born-Green in tegra l  equation, and on Mayer I s c lus te r  
expansion, a r e  discussed.  Theories  based on solvation and on d i s -  
tr ibution functions other  than Boltzmann'  s a r e  considered.  

Feduchak, J.: see  Rossi ,  R. E, 

87. Finkelstein,  B. N. : Zustandsgleichung von LZjsungen s t a r k e r  Elektrolyte 
i 

und Vir ia lsatz .  Acta physicochemica - 3, 753-755 (1935). 

I 'Expressions for  the I e l e c t r i c '  f r e e  energy, the energy  of solution, 
and the v i r ia l  law f o r  solutions of s t rong electrolytes  a r e  der ived by 
application of the Gibb s - Helmholtz f r e e -  energy  pr inciple  e If- - PA-39, - 
287 (1936)! 

88. Finkelstein,  B, N. : The V i r i a l  Theorem and the Theory of Strong Elec-  

t rolytes .  P r o c .  Cambridge Phi l ,  Sbc. - 31, 281-284 (1935). 

Discussion of the information about the thermodynamic p rope r t i e s  of 
an  electrolyte  which can be obtained f r o m  purely dimensional  consi-  
dera t ions .  See van Rysselberghe (1933) whose ca lcs .  were  shown to 
be invalid by Halpern (1934); s e e  a l so  Fuoss  (1934). 

Finkelstein,  B. : s e e  a l so  Frenkel ,  J. 

89. F i she r ,  I. Z,  : 0 Fluktuatsiiakh za r i ada  v ras tvorakh  elektroli tov.  Zhur .  

F i z ,  Khim. - 26> 1212-1214 (1952). 

"The semi- thermodynamic theory of cha rge  fluctuations in  e lectrolyte  
solns .  a s  developed by Leontovich (1946) has  been imprope r ly  applied 
by Natanson (1951) in a conc. range  where i t  is not valid. Indeed, the 
conc. (no. of ions p e r  unit vol, ) n mus t  be v e r y  much s m a l l e r  than 
( ~ k T ) ~ / 8 ~ r e ~  where 6 is the dielec.  const.  of the solvent and e the 
e lec t ronic  charge.l '--M. Boudart ,  CA - 47, 5768 (1953). 

90 .  FCrs t e r ,  F. : Die Entwicklung d e r  Vorstellungen Uber die  Natur d e r  

Elektrolyte ,  Z .  angew. Chem. - 41, 1013-1021 (1928). 

Histor ical  review. 

91 Fowler ,  R. H. : Dissociation-equilibria by the method of par t i t ions.  

Phi l ,  Mag. ( s e r i e s  6) 45, 1-33 (1923). - 
Includes a new derivat ion of S a h a ' s  formula .  

92. Fowler ,  R. H. ,  and Guggenheim, E. A.: Applications of s t a t i s t i ca l  

mechanics  to de te rmine  the p rope r t i e s  of ma t t e r  in s t e l l a r  i n t e r io r s .  

Monthly Notices Roy. Astron.  SOC. - 85, 939-960, 961-970 (1925). 

"The contributions which s ta t i s t ica l  mechanics  can  make  to Eddington' s 
well-known theor ies  [ Z. Physik.  7, 351 (1921)l of the equi l ibr ium 
conditions in  the in t e r io r  of a gaseous s t a r  a r e  concerned with the 
p rope r t i e s  of the m a t e r i a l  of which the s t a r  is composed. ' l  Stat. 
mech .  can  calculate  (1) deg ree  of ionization; (2)  equation of s ta te ;  
(3) dis t r ibut ion of ions among var ious  s t a t e s  (needed to calc .  mean 
mass a b s .  coeff. ). 

93. Fowler ,  R, H. : Genera l  f o r m s  of s ta t i s t ica l  mechanics  with spec ia l  

r e f e rence  to the requi rements  of the new quantum mechanics .  

Roy. SOC. (London) A113, 432-449 (1926). 

P r o c .  
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General  formulae for  dissociat ive equilibrium taking account of 
Bose-Einstein and F e r m i - D i r a c  s ta t i s t ics ,  der ived by method of 
s teepes t  descents  

94, Fowler ,  R ,  H. : Strong electrolytes  in  re la t ion to s ta t i s t ica l  theory,  i n  

par t icu lar  the phase in tegra l  of Gibbs. 

443 (1927). 

T rans .  Fa raday  SOC. 23, - 434- 
9 

Discussion of s ta t i s t ica l  bas i s  of DH theory and addition of fluctuation 
t e r m s  to the P B  equation. (This  i s  d i scussed  more  completely in the 
following re ference .  ) 

95. Fowler ,  R ,  H, : Stat is t ical  Mechanics:  The Theory of the P r o p e r t i e s  of 

Matter  in Equilibrium. Cambridge University P r e s s  (1929). 2nd edi-  

tion, 1936, 

See $ 8 D  7 to 8 ,  82, §13* 6 to 13. 8, §15* 1 to 16. 5. 
applied to inve r se  squa re  fo rces ;  f luctuations;  charging p rocess ;  
foundations of DH theory and its applications;  review of proposed 
extensions to higher concs .  ; Gronwall-LaMer-Sandved, B je r rum,  
Fuoss ;  "principle of specific interact ion" (Brgnsted and Guggenheim); 
applications to equi l ibr ium of an  ionized a tmosphere ,  and s t e l l a r  
i n t e r i o r s ,  Cf. Onsager  (1933). 

Stat is t ical  mechanics  

9 6 .  Fowler ,  R ,  H, ~ and Guggenheim, E. A. : Stat is t ical  Thermodynamics.  

A vers ion  of Stat is t ical  Mechanics fo r  students 6f Phys ics  and Chemis t ry ,  

Cambridge University P r e s s  (1939). 

Ch. IX: I'Solutions of Elec t ro ly tes  - 1 1  Discusses  "whether this com-  
plete  dissociat ion of s a l t s  i s  to be expected theoretically." Hydra- 
tion of ions - Dimensional considerat ions.  Milner I s formula.  DH 
theory,  Self-consis tency of the ave rage  potential. Mean thickness 
of the ionic a tmosphe re ,  Dependence on d ie lec t r ic  constant.  Ionic 
d i ame te r .  Calc.  of osmotic  and act ivi ty  coeffs.  Heat of dilution. 
More accu ra t e  solutions of the P B  eqn. ; i t s  lack of self-consis tency.  
B j e r r u m '  s t rea tment  of ion associat ion.  Theory of Fuoss  (1934). 
Specific interact ion of ions 

9 7 .  Frank ,  H. S. : Local  d ie lec t r ic  constant and solute activity.  A hydration- 

assoc ia t ion  model  for  s t rong  e lec t ro ly tes ,  J. Am. Chem. SOC. - 63, 

1789- 1798 (1941). 

"A new derivat ion is given for  the Debye-Pauling (1925) express ion  
fo r  the effect of loca l  d ie lec t r ic  constant on the e lec t ros ta t ic  f r e e  
energy  of a cen t r a l  ion due to i t s  ion cloud, 
loca l  d ie lec t r ic  constant i s  l e s s  than 25, and i f  the ions can  approach 
each other  at d is tances  equal to their  c r y s t a l  radius  sums ,  the com- 
plete  Debye-Pauling express ion  p red ic t s  l a rge  negative deviations 
f r o m  the DH limiting law for  activity coeffs .  even in  ve ry  dilute solu- 
tion. 
menta l  activity coeffs,  and the predict ions of the Debye-Pauling theory 
can  be obtained by assuming that the ions in  aqueous soln. a r e  hy- 
dra ted  and that they take p a r t  in  an  assoc ia t ion  equilibrium. . I t  

It  is shown that i f  the 
Y 

in  d i sagreement  with experiment .  D .  .Agreement  between experi-  



-21- UCRL- 6473 

6d 98. Frank ,  H. S. , and Thompson, P. T.:  A Point of View on Ion Clouds. 

Ch, 8 in The St ruc ture  of Electrolytic Solutions, 

New York (1959). 

John Wiley & Sons, 

"After thir ty  y e a r s  no one has  yet succeeded in using, o r  in modi- 

of activity coef fs . ,  o r  of hea ts  of dilution, in  r e a l  solns .  without 
employing p a r a m e t e r s  which not only a r e  empi r i ca l  but a l so  take 
on numer ica l  values which a r e  often markedly  pecul iar ."  See 
F r a n k  and Tsao, Ann, Rev, Phys ,  Chem. 5, 43 (1954). 

tion of da ta  a t  higher concentrat ions,  

- fying, the DH theory in  a way which i s  able  to give an  exact account 
I 

F, and T ,  p re sen t  a "diffuse-latt ice" pl'cture as  a n  in te rpre ta -  

99.  Frank ,  H, S ,  and Thompson, P, T, : Fluctuations and the l imi t  of 

validity of the Debye-HGckel theory.  

( l 9 5 9 ) ,  

J. Chem, Phys .  - 31, 1086-1095 

"An equation der ived by Fowler  and by Kirkwood has  the genera l  
f o r m  of the P B  eqn. of the DH theory, but shows the la t te r  to fall 
sho r t  of r igorous c o r r e c t n e s s  through omiss ion  of two t e r m s  p r o -  
portional, respectively,  to the p a r t  played by a cloud ion in inducing 
charge  density and to the s u m  of the mean-square  fluctuations of 
the components of f ie ld  s t rength.  It s e e m s  likely that these c o r r e c -  
tion t e r m s  would d isappear  o r  cancel  fo r  the c a s e  of an infinitely 
f ine-grained ion cloud in  a n  idealized continuous-dielectric solvent. 
By proceeding on this hint, i t  i s  shown that the equations of the DH 
theory contain within them the implication that +, p, E, etc. a r e  
non-fluctuating and that the DH ion cloud does in  fact  approach in- 
f ini te  f ine-grainedness  in a n  appropr ia te  s ense  as infinite dilution 
is approached. The theory, and the equations to which i t  leads,  can 
thus be  in te rpre ted  as being r igorously c o r r e c t  in  the l imi t  of infinite 
dilution but only in  this l imit .  
g ra inedness  begins to introduce e r r o r s  into the equations and i t  is 
concluded that these become catastrophic  and lead to a breakdown 
of the DH fo rma l i sm a t  a conc, c o ,  where the thickness of the ion 
cloud 1 / ~  equals  T,  an  ave rage  dis tance a p a r t  of neares t -ne ighbor  
ions.  
f o r  higher valence types, o r  lower d ie lec t r ic  constants,  i t  is s t i l l  
sma l l e r .  These  r e su l t s  m a y  be pa raphrased  by the s ta tement  that 
the DH theory i s  a theory  of long-range interact ions and fails when 
nearest-neighbor  interact ions begin to dominate.  
e m e r g e s  that fo r  F > co the e lec t ros ta t ic  behavior of the ion cloud 
may  be  re la ted  to 1 as a cha rac t e r i s t i c  length. 
rece ives  support  f r o m  the observed fac t  that  log f* s e e m s  typically 
to be l inear  in  c1/3 i n  the conc. range  just  above c o  I '  

A s  conc. i nc reases ,  fa i lure  of f ine-  

F o r  1-1 solutes  in  water  a t  25" C, ~ ~ x l O - 3  moles / l ,  and 

The suggestion 

This suggestion 

100. Frenkel ,  J., and Finkels te in ,  B. : n b e r  den Einfluss d e r  Ionengrbsse 

auf d ie  Zustandsgleichung s t a r k e r  Elektrolyte .  Z ,  Physik - 3 5, 239- 

242 (1925), 

An equation s i m i l a r  to that of van d e r  Waals is proposed. "Es s e i  
bemerkt ,  d a s s  bei  Debye und Hiickel d e r  Qbergang zu den hgheren 
Konzentrationen auch du rch  d ie  EinfGhrung d e r  endlichen Dimensionen 
d e r  Ionen ermoglicht  wird;  die  A r t  abe r ,  in  welcher  d i e s  P la tz  gre i f t ,  

6d 
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scheint uns s e h r  kcnst l ich und logisch unzutreffend zu sein."  See 
a l so  PA - 29, 275 (1926). 

101 e Fr iedman ,  H. L, : On Mayer '  s ionic solution theory.  Molecular Phys .  

- 2, 23-38 (1959). 

"This theory, which is based upon McMillan and Mayer '  s c lus t e r  
expansion of the grand par t i t ion function, i s  extended to include 
all of the components of the potentials of average  fo rce  between s e t s  
of solute molecules  o r  ions in the solvent a t  infinite dilution, 
result ing c lus te r  in tegra l  sum, which is a sum of in tegra ls  over  an 
infinite number of infinite s e r i e s  of Mayer  prototype graphs,  is 
t ransformed into the sum of a single infinite s e r i e s  of in tegra ls  on 
graphs  involving new types of bonds, These bonds a r e  defined in a 
way first suggested by Meeron (1957, 1958). The re  r e su l t s  a 
compact  express ion  f o r  the c lus te r  in tegra l  sum."  See Mayer (1950), 
Haga (1953)- P o i r i e r  (1953). S imi la r  r e su l t s  were  obtained by Abe 
(1959), 

The 

102. Fr iedman,  H, Lo : The s ingular i t ies  of the in tegra ls  in  Mayer '  s ionic 

solution theory. Molecular Phys.  - 2 ,  190-205, e r r a t a  436 (1959), 

"The t e r m s  of the express ion  previously obtained by F r i edman  
( s e e  above r e f . )  fo r  the c lus t e r  in tegra l  s u m  in M a y e r ' s  theory 
a r e  examined a s  to o r d e r  in  total  ion conc . ,  c, a t  the l imi t  c = 0 .  
The o r d e r  of the s ingular i ty  a t  c = 0 is  calcd.  fo r  s e v e r a l  of those 
t e r m s  of the i r reducib le  c lus t e r  in tegra ls  that  cor respond to graphs  
of low connectivity but with an  a r b i t r a r y  number of ver t ices .  
the b a s i s  of these ca l c s .  and two postulates  concerning the relat ion 
of the s ingular i t ies  of these  in tegra ls  to o thers ,  i t  is concluded that 
the t e r m s  of the c lus t e r  in tegra l  sum, when a r r anged  in o r d e r  of 
increas ing  index, a r e  a l s o  in  increas ing  o r d e r  of conc. ,  and that 
the f i r s t  t e rm,  K 3 / l 2 r ,  has  a lower o r d e r  than any other .  The 
o r d e r  in  conc. of the higher  t e r m s  depends on whether the third 
moment  of the conc. 
does in  solns .  of e lec t ro ly tes  of s y m m e t r i c a l  cha rge  type." 

On 

of cha rge  types,, C c s z s  3 , vanishes,  as i t  

103. Fr iedman,  H. Lo : M a y e r '  s ionic solution theory applied to e lec t ro ly te  

mixtures .  J. Chem. Phys .  - 32, 1134-1149 (1960). 

"For solns.  of a mix tu re  of two e lec t ro ly tes  with a common ion, 
the cha rac t e r i s t i c  f r e e  energy  function i s  AmGex, the change in  
excess  f r e e  energy  on forming the solution f r o m  solutions of the 
single e lec t ro ly tes .  
i s  the c lus t e r  i n t eg ra l  s u m  of the Mayer theory.  

This is  c lose ly  re la ted  to AmA, where  & 

104. F r i edman ,  H, L. : Thermodynamic excess  functions f o r  e lec t ro ly te  

e ' f  

solutions.  J.. Chem. Phys ,  - 32, 1351-1362 (1960). 

"A s y s t e m  of excess  functions is developed f o r  e lec t ro ly te  solutions 
and other  solutions with a n  essent ia l ly  unsymmet r i ca l  solvent- solute 
re la t ion.  These  new functions vanish for  a solution whose p rac t i ca l  
(mola l  s ca l e )  osmotic  coefficient is unity a t  all compositions,  t emper  
a tu re s ,  and p r e s s u r e s .  The u s e  of these excess  functions offers  
some  advantages over  o ther  methods of comparing Mayer  s ionic 
solution theory with exper iment  a a I f  
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0 105, 

106. 

107. 

108. 

109. 

Fuchs,  K,  Kynch, G. J . ,  and Pe ie r l s ,  R. : The equation of s ta te  of 

Br i t i sh  Minis t ry  of Supply Report  MS-61 air a t  high tempera tures .  

(BM-83) (1942); declassified and issued by USAEC OTS as  Report  

OTI- 57. 

"Bethe has  calculated the proper t ies  of air between 5000" and 
25, 000"  , 
dissociated,  and ionization of the a toms has  begun. 
this r e p o r t  is to extend these ca lcs .  to much higher tempera tures ,  
up to 2 X 106 degrees ,  At the highest  t empera tu res  the a toms  a re  
s t r ipped of the orbi ta l  e lectrons . . . we a s s u m e  that air is a mixture  
of 21% oxygen and 7970 nitrogen, The t rea tment  divides naturally 
into two par t s :  P a r t  I, 
a s sembly  of possible  consti tuents of the mixture  a t  high t emper -  
a t u r e s "  
s tages  of ionization, together with a number of f r e e  e lectrons,  and 
we shal l  calculate the p. f .  I s of each component allowing for  in te r -  
act ions,  P a r t  II: Assuming the rma l  equilibrium, we calc .  the 
f rac t ion  of a toms  of each type and the number of e lectrons present ,  
f o r  a number of different tempera tures .  The p.f .  of the mixture  is 
then obtained, and f r o m  this a r e  deduced i t s  var ious proper t ies ,  
including the f r e e  energy, the entropy, and the p r e s s u r e . "  The 
interact ion between cha rges  i n  different p a r t s  of the sys t em a r e  
neglected. 

high-speed computers  - -  see Hilsenrath e t  al. (1955, 1958, 1959); 
Hirschfelder  and Cur t i s s  (1948); G i l m o r e m 5 5 ) ,  etc.  

the range in which some  fract ion of the molecules  has  
The aim of 

The ca lc .  of the parti t ion functions of the 

The gas  cons is t s  of oxygen and nitrogen a toms  in var ious 

This investigation was the forerunner  of many l a t e r  ca lcs .  using 

Fukuda, N. : A new approach to the many-body problem, in par t icu lar  

to the theory of the electron gas .  Physica - 26, S162-169 (1960). 

Explores  the analogy with meson pa i r  theory suggested by Sawada 
and Wentzel, but does not obtain any explicit r e su l t s .  

Fukuda, N, and Wada, Y. : Some aspec t s  of many-body p r o b k m ,  

P r o g r ,  Theoret ,  Phys .  (Kyoto) Suppl. No. 15, 61-139 (1960). 

Review of quantum theory of the e lec t ron  gas .  

FUOSS, R,  M, : Influence of dipole fields between solute molecules .  I. 
On osmotic  proper t ies .  J. Am.  Chem. SOC. - 56, 1027-1030 (1934). 

"If we consider  e lectrolyt ic  solutions in solvents of var ious dielec-  
t r i c  constants,  we f i r s t  find, as  the dielectr ic  constant  dec reases ,  a n  
increas ing  tendency fo r  the formation of ion pa i r s .  . . . [ We] ca lc .  

the osmotic p rope r t i e s  of e lectrolytes  in solvents of low dielec-  
t r i c  constant a using a n  ell ipsoidal model  to r ep resen t  the solute 
par t ic les  1 '  

/I 

FUOSS, R. M, : Distribution of ions in  e lectrolyt ic  solutions,  T rans .  

Fa raday  SOC, - 30, 967-980 (1934). 

Discussion of ion association, definition of ion p a i r s  and calc. of 
their  distribution function. 
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110. FUOSS, R.  M , :  Two theorems concerning electrolytes ,  J. Chem. 

Phys ,  - 2, 818-821 (1934). 

"Fluctuations in the ave rage  total e lectrostat ic  energy E of the f r e e  
ions of an  electrolytic solution as  calculated by the theory of Debye 
and HEckel a r e  negligibly small in access ib le  conc. ranges .  - .  ( 2 )  
A genera l  relationship connecting f r e e  energy F and average  elec-  
t rostat ic  energy E is derived; for  the case  where the average  poten- 
tial around an ion i s  given by the DH formula,  F = 2E/3." 

111. FUOSS, R,  M , ,  and Kraus,  C .  A.: P rope r t i e s  of electrolytic solutions. 

XV,  Thermodynamic proper t ies  of ve ry  weak electrolytes ,  J. Am.  

Chem. SOC, - 57, 1-4 (1935). 

"It i s  the purpose of this paper  to extend a previous t rea tment  
[ ibid, 56, 10271 of the osmotic  proper t ies  of dipole solutes and to 
apply t h e r e s u l t s  to experimental  data e a (It is a s sumed  that the 
ions a r e  associated in p a i r s  to f o r m  dipoles.  ) 

112. FUOSS, R,  M. and Accascina,  F. : Electrolytic Conductance. Inter-  

science Publ ishers ,  New York (1959).  

P, 6, comments  on Milner (1912) theory.  P. 101 ff . ,  DH theory. 

113. Gerasimovic,  B o  P. : fiber das  Ionisierungsgleichgewicht eines lumi- 

neszierenden Atomsys tems.  Z .  Physik,  - 39, 361-376 (1926). 

"Es erg ib t  s ich  eine F o r m e l  des  lonisierungsgleichgewichts, welche 
fdr  den Fall des  thermodynamischen Gleichgewichts in d ie  bekannte 
Sahasche F o r m e l  Plberg&aai'See Saha (1920). 

114. Ghosh, J, C ,  : The abnormali ty  of s t rong electrolytes .  P a r t  I. Elec-  

t r i ca l  conductivity of aqueous s a l t  solutions. J. Chem. SOC. - 113, 

449-458 (1918), 

Attempts  to ca lc .  the number of free ions f r o m  the kinetic theory 
using Boltzmann f ac to r  with a "work of dilution' '  which he  takes to 

where D = die lec t r ic  constant and ( T T / ~ N ) ' / ~  is the mean dis tance 
between two ions. 
(1932) $24. Cf. Malmst rEm (1905). 

be Ue = -(Ne2/D)(2N/V) 1/3 

F o r  c r i t i c i s m  of Ghosh ' s  theory s e e  Falkenhagen 

115. Ghosh, J, C. : The abnormali ty  of s t rong electrolytes .  P a r t  111. The 

osmotic  p r e s s u r e  of s a l t  solutions and equilibrium between electro-  

ly tes"  J, Chem, SOC. - 113, 707-715 (1918), 

Uses Claus ius '  v i r i a l  theorem to evaluate the effect  of interionic 
fo rces  on the osmotic  p r e s s u r e ,  He obtained the r e su l t  

a 

whereas  the c o r r e c t  l imiting law f r o m  the DH theory is 
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6d 116. 

117. 

118. 

119. 

120. 0 

Gilmore,  F, R. : Equilibrium composition and thermodynamic p rope r -  

t ies  of air to 24, 000°K. RAND Report  RM-1543 (1955). 

f fPrevious  ca lcs .  of the high-temperature  thermodynamic p rope r -  
t i es  of air a r e  inaccurate  because they use  the old low value f o r  
the dissociation energy of nitrogen, o r  inadequate because  they 
cover  only a nar row density range.  The p resen t  paper  r e p o r t s  
r e su l t s  for  the composition, p r e s s u r e ,  energy and entropy of d r y  
air a t  eleven t empera tu res  between 1000 and 24, 000°K and eight 
densi t ies  between 10-6 and 10 t imes  no rma l  density.  
tions a s s u m e  a n  ideal  gas  mixture  in chemica l  equilibrium, including 
dissociation and ionization,.  
f r e e  energ ies  of 2 9  d i f fe ren t  molecules,  a toms  and ions, which 
were  evaluated a t  var ious t empera tu res  a r e  a l s o  repor ted .  
addition 
s t a t e  a r e  tabulated. 
ini t ia l  densi t ies  a r e  a l s o  included, I '  

The calcula-  

The ideal-gas  in te rna l  energ ies  and 

In 
the fract ions of the diatomic molecules  in  each electronic  

Hugoniot (shock wave) cu rves  for  air a t  var ious  

Glassgold, A,  : The theory of the e lec t ron  gas .  Lawrence Radiation 

Lab,  (Berkeley)  Rept. UCRL 9228 (1960). Lec ture  notes f r o m  a 

cour se  a t  the University of California,  Berkeley.  

Ground s t a t e  energy; ring d iagrams,  exchange t e r m s ;  Sawada'  s 
Hamiltonian method; par t ic le-hole  method. 

Glauberman, A. E, : K teor i i  s i s t e m  elektr icheski  zaryashennykh 

chas t i t s .  Doklady Akad. Nauk S .  S .  S. R. 78, - 883-885 (1951). UCRL 

T r a n s  666( L) 
The modified Coulomb potential  (eaeb/c r ) ( l  - e - a r )  is used to 
calculate  the pa i r  distribution function following Bogolyubov' s 
method (1946). E = die lec t r ic  constant.  

Glauberman, A, E. ~ and Yukhnovskii, I. P. : K stat is t icheskoi  teor i i  

kontsentrirovannykh ras tvorov  sill nykh elektroli tov.  I, It. Zhur.  

Ekspt l ,  i Teore t .  F i z .  - 22, 562-578 (1952). UCRL Trans .  667(L). 

"Inclusion of the d ie lec t r ic  constant of the solvent i n  the law of 
interact ion [ s e e  Glauberman 19511 takes  account of the solvent. 
Math. difficulties a r e  removed by  including the interact ion poten- 
tial, which accounts  f o r  repuls ive  f o r c e s  quantitatively but does not 
contain the Coulomb t e r m  f o r  small inter ionic  d is tances .  
fo rmula  for  b inary  dis t r ibut ions is found, and for  the z e r o  approx. 
the dependence on conc, is discussed.  II. A formula  is der ived  
that f o r  ve ry  weak concs.  goes over  into the Debye law. .  . I '  -- P A  
56, 95 (1953), CA 49, 11366 (1955). The r e su l t s  of this paper  a r e  
dTscussed by Falkenhagen and Kelbg (1959), and by K e s s l e r  and 
Gorbanev (1958). See c r i t i c i s m  by Bazarov  (1957) and r ep ly  by  
Yukhnovskii (1 9 58); a l s o  Vedenov (1 9 59), Vedenov and Lark in  (1 9 59) e 

Glauberman, A, E. : Kinetic theory of a sys t em of interact ing pa r t i c l e s .  

A gene ra l  

Associated Tech. Se rv ,  Trans la t ion  ATS-RJ 546; Zhur .  Eksptl .  i 

Teore t .  F i z .  - 25, 560-570 (1953). 

Extension of his  previous paper  (Glauberman 1951). 
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121, Glauberman, A, E, and Yukhnovskii, 1. P, : 0 I Superpozitsionnoi '  

approks imats i i  v teor i i  s i s t e m  vzaiomdeistvuyushikh chast i ts  

Akad. Nauk S , S , S , R ,  - 93, 999-1002 (1953). 

Doklady 

UCRL Trans .  668(L). 

"On the ' superposit ion! approx  
acting par t ic les .  ' 1  

i n  the theory of sys t ems  of i n t e r -  

Gorbanev, A. I,: s e e  Kess l e r ,  Y .  M, \ 

122. 

123. 

124. 

125. 

Green, H. S o  : Equations of s t a t e  of meta l  p lasmas .  NAVWEPS Report  

7073; NOTs T P  2478 (1960). 

"In the high-temp. me ta l  gas ,  the method of Yvon-Kirkwood-Born- 
Green, a s  developed by Yvon fo r  the Coulomb interact ion case ,  i s  
modified to take account of quantum correc t ions ."  See r e f .  342. 

Green, M, S o  : s e e  Beckett, C. We;  Hilsenrath,  J. 
Gronwall, T. H, and La Mer,  V. KO : On the extension of the Debye- 

HGckel theory of s t rong e lec t ro ly tes  to concentrated solutions. 

- 64, 122  (1926) -  

Science 

P r e l i m i n a r y  announcement of r e su l t s  ( s e e  below) with no detai ls  of 
the mathemat ica l  method employed. H k k e l '  s r e su l t s  (1925) a r e  
said to be invalid because of 'la faulty application of the so-called 
charging p r o c e s s  ' 1  leading to a n  e r roneous  express ion  for  the elec-  
t ros ta t ic  f r e e  energy  t e r m .  

Gronwall, T. H, : On the determinat ion of the apparent  d i ame te r s  of 

P r o c -  the ions in  the Debye-HGckel theory of s t rong electrolytes .  

Natl. Acad, Sci. U, S o  I 13, 198-202 (1927). 

In previous applications of the DH theory  [ Schzrer ,  Physik.  Z .  25, 
145 (1924); La Mer  e t  al., J, Am. Chem, SOC, 49, 363 (1927); L a  
Mer  and Mason, ibid, 49, 410 (1927)] the apparent  d i ame te r s  c a m e  
out negative in  some  c a s e s ,  
to show that sa t i s fac tory  values of the apparent  d i a m e t e r s  r e su l t  
f r o m  the DH theory, without any  additional hypothesis, by returning 
to the unabridged f o r m  of the DH fundamental  equation.. q ' '  

Gronwall, T o  H., La Mer ,  V. K, ,  and Sandved, K. Cber  den Einf luss  

d e r  sogenannten hdheren Glieder  in  d e r  Debye-HEckelschen Theorie  

d e r  LBsungen s t a r k e r  Elektrolyte .  

!'It i s  the purpose  of the p r e s e n t  note 

Physik,  Z ,  - 29, 358-393 (1928). 

'Io a n  analyt ical  integrat ion p r o c e s s  is developed [ for  Po i s son '  s 
equation] which r e g a r d s  the complete  s ta t ic  express ion  of the elec-  
t r i c  densi ty  as a function of + [ e lec t ros ta t ic  potential] instead of 
replacing the densi ty  by i t s  f i r s t  l inear  function in  + as i s  done in  
the DH approx,  ca lc ,  F r o m  this, the f r e e  energy  and a l s o  the 
act ivi ty  coeffs. a re  obtained in  the f o r m  of infinite s e r i e s  which 
proceed  according to powers  of 1/D,  
constant ,  With v e r y  small concs a asymptot ic  express ions  a r e  
obtained, so  that Debye ' s  l imiting law holds generally,  and not 
m e r e l y  on the bas i s  of the Debye approximation, 
c a s e  (ions in  p a i r s  of equal valency) the infinite s e r i e s  r e f e r r e d  to 
above a r e  investigated analyt ical ly  a s  far as the t e r m  in l/D5, and 

where  D is the d ie lec t r ic  

F o r  the symmet r i ca l  
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126. 

127. 

128. 

1 2 9 .  

130. 

63 
131. 

their  values tabulated. 
mental  data exhibits good agreement ,  even in  c a s e s  of small ionic 
d i ame te r s ,  in which Debye ' s  approximation fails." - -  T. H. Pope, 
P A  - 31, 829  (1928). Cf. Onsager (1933); Guggenheim (1959). 

Gross ,  P. I and Halpern, 0. : fiber temperaturabhzngige Parameter in 

d e r  Statist ik und die Debyeschen Elektrolyttheorie.  Physik.  Z .  - 26,  

Comparison of the formulae  with the experi-  

403-407 (1925). 

Thermodynamic discussion,  
the dielectr ic  constant on ca lc .  of the electrostat ic  and f r e e  energy 
in  DH theory,  

Guernsey, R, L., : The Kinetic Theory of Ful ly  Ionized Gases ,  D i s se r -  

tation, University of Michigan (1960); issued as Tech,  Rept. 03114. 

P a r t  I: Equilibrium theory. Review of DH theory, Mayer '  s c lus te r  
expansion and summation of d iagrams,  distribution functions and 
explicit ca lc ,  of SZ(cf, Abe 1959) f o r  hard  sphe res  with Coulomb 
interact ions.  
application to Coulomb fo rces .  

Effect of temperature-dependence of 

Discussion of Bogolyubov' s method (1946) and i t s  

Guggenheim, E, A. : The specific thermodynamic proper t ies  of aqueous 

solutions of s t rong e lec t ro ly tes ,  

(193 5). 

Phil .  Mag. ( s e r i e s  7)  - 19, 588-643 

Limiting f o r m  of activity coeffs. a t  cr) dilution; l imitations and 
var ia t ions of DH t rea tment ;  proposals  for  compar ison  of thermo- 
dynamic proper t ies  of real solutions of e lectrolytes  with a n  imaginary  
one which accura te ly  obeys the DH formula  with a definite rad ius  
(a = 3 0  08)-  An approx. to DH theory f o r  higher concs.  is  in t ro-  
duced, based on Brzns ted '  s assumption that there  i s  no "specific 
interact ion" between ions with the same sign. 

\ 

Guggenheim, E" A. : Ion distribution in dilute aqueous solutions of 

single binary electrolytes  e Discussions F a r a d a y  SOC. - 24, 53 - 65 (1 9 57). 

"The app. of the DH model  a e to 1:l and 2:2 e lectrolytes  i s  re -  
Zxamined. The solns .  of the P B  different ia l  equation by the DH 
approx,  and by the MGller method of numer ica l  integration a r e  
compared.  - -  M. Allen, CA 53, 10913 (1959). - 

Guggenheim, E, A, : The accura t e  numer ica l  solution of the Poisson-  

Boltzmann equation. Trans .  Fa raday  SOC. 55, 1714-1724 (1959). 

The P B  equation formulated by  DH has  been accura te ly  solved 
numerical ly  and the r e su l t  compared  with the solution in s e r i e s  
obtained by Gronwall. The integrations a r e  done fo r  1-1, 2 -2 ,  2-1, 
and 3-1 electrolytes;  all r e l a t e  to s/a = 1,  75 (in water  a t  .O" C the 
value of s is 6 .94  A and the corresponding value of a is 3.96 A).  
Here  s = distance a t  which the mutual e lectrostat ic  energy  of a pa i r  
of singly charged ions i s  equal to kT;  s = e2/EkT where E is the 
permit t ivi ty  of the s o h .  

Guggenheim, E, A, : Activity coefficients and osmotic  coefficients of 

- 

2:2 electrolytes .  T rans .  F a r a d a y  SOC. 56, 11 53- 11 58 (1960). - 
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"Theoretical  values of activity coeffs. and osmotic coeffs.  of 2:2 
e lectrolytes  in dilute solns e have been evaluated by accu ra t e  
numer ica l  integration of the P B  eqn. [ See above.]  
established that the P B  eqn. i tself  contains a n  internal  inconsistency 

[ hence]  different values a r e  obtained for  the contributions of 
the ionic interact ions to the thermodynamic functions according to 
the sequence in  which we visualize the charging p rocess .  
p re sen t  paper  the implied charging p rocess  has been of one ion a t  
a t ime and this leads to formula  ( 2 ,  1)  f i r s t  proposed by Giintelberg." 
( see  B j e r r u m  1926, ) 

It i s  well 

In the 

Guggenheim, E. A, :  s e e  a l so  Fowler ,  R. H. 

Haar, L o :  s e e  Beckett, C. W e  

132, Haga, E, : On Mayer I s theory of dilute ionic solutions. J. Phys .  SOC. 

Japan - 8, 714-723 (1953). 

'IExplicit express ions  f o r  the logari thms of activity coeff. of dilute 
ionic solns ,  r ight up to c3/2 and for  the osmotic p r e s s u r e  right up 
to c5/2 a r e  calculated according to Mayer I s theory by the use of 
F o u r i e r  t ransformation.  The two prototypes [ graphs  which 
Mayer supposed, by his  rough evaluations, to lead to t e r m s  of 
higher o r d e r  a r e  proved to be  included in the p re sen t  approximation. 
Calcd. osmotic  coeffs. for  1-1 electrolytes  a r e  compared  with 
experimental  values,  yielding to mean ionic d i a m e t e r s  values which 
a r e  m o r e  reasonable  than in DH' s theory." 

See a l so  Meeron  (1957, 1958, 1959), F r i edman  (1959, 1960) ,  
and Abe (1959). 

133. Halpern, 0. : On the s ta t i s t ica l  bas i s  of the theory of e lectrolytes .  J. 
Chem, Phys ,  - 2, 85-93 (1934). 

I t .  

methods hi ther to  proposed a r e  suitable for  application to s t rong 
electrolytes .  The significance of the ionic rad ius  i s ,  in many 
instances,  far m o r e  impor tan t  than has  hi ther to  been assumed.  
When the influence of the ionic rad ius  is negligible, conditions a r e  
der ived f r o m  dimensional  considerat ions which considerably r e -  
s t r i c t  the functional f o r m  of the f r e e  energy. Fu r the rmore ,  p ro -  
ceeding f r o m  conditions of integrabili ty,  thermodynamics appreciably 
l imi t s  the number of possible  express ions  for  the ionic potential. 
The d is regard ing  of these l imitat ions has  been responsible  for  
ce r t a in  paradoxes in  the l i t e r a tu re  on this subject. 
tion fo rmula  for  the e lec t r ic  potential  of the ions is der ived and con- 
c lusions a r e  drawn f r o m  i t  as to the co r rec tness  of existing theories .  
In connection with this l a s t  a deduction proposed by Fowler  (1929) 
is reviewed, K r a m e r s '  theory of e lectrolytes  (1926) is tested with 
r e spec t  to i t s  ag reemen t  with the theorems h e r e  developed. 
a review of the s ta t i s t ica l  and thermodynamical  bas i s  of B j e r r u m '  s 
theory of ionic associat ion (1926) is presented.  e Contrary  to 
genera l  opinion, i t  is impossible  by a reduction of conc. always to  
r each  a region in  which the l imiting law holds,  While the Debye 
theory as extended by Gronwall, La Mer,  and Sandved (1928) p e r m i t s  
to do SO, though f o r  media  of low d ie lec t r ic  constant only a t  low 
concs,  without physical  in te res t ,  the considerat ion of the fluctua- 
tion t e r m s  excludes this possibil i ty.  

invest igates  how far the var ious s ta t i s t ica l -  thermodynamical  

A new fluctua- 

Finally, . 

T h e r e  would be  nothing l ike a 
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l imiting law in water  e i ther  if the ionic dimensions happened to be, 
l e t  us  say,  one-fiftieth of their  ac tua l  value." B j e r r u m '  s method 
i s  considered invalid because of the long range of the Coulomb 
fo rces .  
The conclusion of K r a m e r s ,  that one can  always find a conc. at 
which the f r e e  energy i s  independent of ionic radius ,  i s  denied. 

The work of P. van Rysselberghe (1933) is a l s o  cr i t ic ized.  

Halpern, 0, : s e e  a l so  Gross ,  P, 

134. Hamer ,  W. J, : The St ruc ture  of Electrolyt ic  Solutions. John Wiley 8~ 

Sons, New York (1959). 

Ch, Io Review of ea r ly  h is tory  of the theory of e lectrolyt ic  solns .  

135, Hansen, 6 ,  F, ,  and Heims, S ,  P. : A review of the thermodynamic,  

t ranspor t ,  and chemical  reac t ion  r a t e  p rope r t i e s  of high- t empera tu re  

a i r ,  Natl. Advisory Comm. Aeronaut.  Tech. Note 4359 (1958). 

136. *Hansen, C, F, : Approximations fo r  the thermodynamic and t r anspor t  

p rope r t i e s  of high tempera ture  air 

sedes  NACA-TN-4150). 

NASA- TR-R- 50 (1 9 59) (Super- 

Compressibi l i ty ,  enthalpy, entropy, specific heat,  etc.  f o r  temps.  
f r o m  500 to 15, OOO'K, p r e s s u r e s  f r o m  0.0001 to 100 a t m ,  

137. Harned, Ha S , ,  and Owen, B. B , :  The phys ica l  Chemis t ry  of Elec t ro-  

lytic Solutions. Reinhold Publ.  Corp. New York (1 943). Third edi-  

tion, 1958, 

Ch, 2 ,  General  s ta tement  of the inter ionic  a t t rac t ion  theory and 
p rope r t i e s  of ionic a tmospheres .  Ch. 3, Theory of thermodynamic 
p rope r t i e s  of aqueous solutions.  Ch. 5. Numer ica l  compilations 
of physical  constants,  cha rac t e r i s t i c  slopes,  and mathematical  
functions 

138. H a r r i s ,  G o  M d  : Equil ibr ium p rope r t i e s  of a multicomponent ionized 

gas ,  J. Chem, Phys.  31, 1211-1220 (1959). - 
"A method has  been developed for  the calc .  of the equi l ibr ium p ro -  
pe r t i e s  of a n  ionized gas  consisting of many nuclear  and molecular  
spec ie s ,  An e s sen t i a l  f ea tu re  of the p re sen t  calc .  is that i t  expli- 
cit ly cons iders  m o r e  than one ionic spec ies  p e r  a tom and the re fo re  
appl ies  to par t ia l ly  ionized a toms  and molecules .  F r e e  and bound 
e lec t rons  a r e  distinguished by counting as bound e lec t rons  all those 
in  the ground s t a t e  of each ionic spec ies .  Molecular spec ies  with 
in te rna l  deg rees  of f reedom a r e  a l s o  included. 
kinetic and potential  energy  is assumed,  a c l a s s i c a l  e lec t ros ta t ic  
potential  of interact ion i s  used,  and e lec t ron  degeneracy  i s  included 
only in  the kinetic energy  t e r m s .  The Helmholtz f r e e  energy  of the 
s y s t e m  is minimized with r e spec t  to the conc. of each  spec ies  
a s s u m e d  present ,  thus determining the equilibrium composition of 
the sys t em as a function of t empera tu re  and volume. The thermo-  
dynamic quantit ies of i n t e re s t  a r e  then calcd.  fo r  a n  appropr ia te  
tempera ture-volume gr id.  
var ia t ion of composition on the equation of s t a t e  to be  determined,  as 
well as the delineation of regions in  PVT space  where the e lec t ron  

The additivity of 

This method thus allows the effect of the 



UCRL-6473 -30- 
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degeneracy and electrostat ic  interaction each become important.  QP 
The present  model  is applied to a sys t em of par t ic les  a r i s ing  f r o m  
the hydrogen molecules  ‘ 1  

139. Har r i s ,  G. M.,  Roberts ,  J, E , ,  and Trulio,  J, G , :  Equilibrium pro-  

pe r t i e s  of a par t ia l ly  ionized p lasma,  Phys ,  Rev, - 119, 1832-1841 

(1960), 

I t o  c .  the model descr ibed  h e r e  is in p a r t  a n  improved vers ion  of a n  
e a r l i e r  model”  (Har r i s  1959). 
in  the c lass ica l  Debye approx,  However, a distance of c loses t  
approach between ions and electrons depending on the kinetic energy 
of the electrons is  included to avoid the shor t - range  divergence of 
the Coulomb potential, The kinetic energy of the f ree  electrons is  
calcd,  f r o m  the p . f .  f o r  a per fec t  F e r m i  gas .  The vibrational and 
rotational motion a r e  t rea ted  in the harmonic osci l la tor  and rigid 
ro tor  approx, with the number of energy levels counted for  a given 
electronic  s ta te  depending on the dissociation energy of the s ta te .  A 
volume dependence of the bound electronic  energy eigenvalues is in- 
cluded by considering the effect of surrounding par t ic les  as  a con- 
finement of a given par t ic le  to a spher ica l  box of var iable  s ize .  * * ’ ’  

‘[The Coulomb interact ion is  t rea ted  

139a. Har r i s ,  G. M,,  and Trulio,  J. G. : Equilibrium proper t ies  of a par t ia l ly  

ionized plasma.  J. Nuclear Energy  ( P a r t  C)  - 2, 224-234 (1961). 

E a r l i e r  vers ion of the above paper .  

140. Har r i s ,  G, M, : Attract ive two-body interact ions in p l a smas ,  UCRL- 

6486; Phys ,  Rev, (in P r e s s ) ,  

Effect of Debye shielding on bound s t a t e s  of hydrogen atom. cf. r e f .  346. 

Hartley,  H. : s e e  Nonbebel, Go 

Heine, V ,  : s e e  Falicov, L, M, 

141 Hill, T o  L, : An introduction to s ta t is t ical  thermodynamics.  Addison- 

Wesley Publ,  C o o ,  Reading (1960), 

Ch, 18: “Dilute Electrolyte  Solutions and Plasmas.” Discussion 
of DH theory and a paper  of Kirkwood, J. Chem, P9ys.  - 3, 300 (1935). 

142. Hilsenrath,  J . ,  and Beckett, C. W , :  Thermodynamic proper t ies  of 

a rgon-f ree  air (0 ,  78847 NzP 0,21153 02) to 15, 000°K.  

Standards (U ,  S o  ) Rept. 3991 (1955). 

“The thermodynamic proper t ies  a 

t u re s  of dissociated and ionized molecules  and a toms  of the elements  
nitrogen and oxygen, 1 1  

Natl. Bur .  

a r e  given for  equilibrium mix- 

143. Hilsenrath,  J, and Wegstein, J. H. : Mechanized Computation of 

Thermodynamic Tables a t  the National Bureau  of Standards.  P. 79-90 

in  P r o c ,  Conference on Thermodynamic and Transpor t  P rope r t i e s  of 

Fluids,  London, 1957. Inst ,  of Mechanical Engineers ,  London (1958). 

144, Hilsenrath,  J., Green, M. S., and Beckett, C. W. : Internal  energy  of 

highly ionized gases .  P r o c .  9th International Astronaut ical  Congress ,  



-31- UCRL- 6473 

Amste rdam,  1958, p. 120-136, Springer Verlag, Vienna (1959). 

"A method is descr ibed f o r  the computation of cer ta in  thermodynamic 
proper t ies  of gases  and gas  mixtures  containing a toms and atomic 
ions in  chemical  equilibrium, * .  e i s  well suited 
to desk calculations The inclusion of DH effects on the thermo- 
dynamic proper t ies  complicates even this s imple method to such a n  
extent a s  to make hand computation over a n  extended range of points 
exceedingly laboriousr  The methods for  including these cor rec t ions  
a r e ,  however, quite suitable for  digital  computers  e 'I 

The computation . 
,, II 

Hilsenrath,  J. Klein, M. and Sumida, Do Y, : Mechanized computa- 

tion of thermodynamic tables a t  the National Bureau of Standards: The 

calculation of the equilibrium composition and thermodynamic proper -  

t ies  of dissociated and ionized gaseous sys tems.  

dynamic and Transpor t  P rope r t i e s  of Gases,  Liquids, and Solids. 

McGraw-Hill  Book Cob, New York (1959), 

P. 416-437 in  Thermo- 

"A high speed computing method i s  descr ibed for  the solution of the 
non-linear equations defining chemical  equilibria in  homogeneous 
gaseous reactions.  e o  

bibliography of [ 451 compilations of ideal  gas the rma l  functions fo r  
the elements,  and their  oxides, hydrides, borides ,  carbides ,  fluo- 
r ides  and ni t r ides ,"  

s ide r ed 

An appendix to the paper gives an  indexed 

The effect of Coulomb interact ions on the p r e s s u r e  is not con- 

Hirschfelder,  J, 0. and Magee, J, Lo : Thermodynamic proper t ies  of 

air a t  high tempera tures .  Los Alamos declassif ied repor t ,  LADC 122. 

Hirschfelder ,  J, O., and Curt iss ,  C,  F. r Thermodynamic proper t ies  of 

air, ZI, ~ Univ, Wisconsin Report  APL/JHU-CM- 51 8 (1 948). 

145. 

146. 

147. 

148. 

@ 
149. 

"The thermodynamic proper t ies  of air have been computed over a 
tempera ture  range f r o m  273'K to 5000'K a t  100' intervals  and a t  
s ix  densi t ies  ranging f r o m  0,008 to 25 t imes  the riormal density. .  - .  
The dissociative react ions which occur  a t  high t empera tu res  have 
been considered. Complete tables of chemical  composition a r e  
included. In addition to the bas ic  tables, the thermodynamic pro-  
pe r t i e s  a r e  given along adiabats ,  
shock front  conditions a r e  tabulated. a It is sufficiently accu ra t e  to 
use  the v i r i a l  f o r m  of the equation of state,  considering only the 
second v i r ia l  coeff, 1 1  

The Riemann cha rac t e r i s t i c  and 

Hubbard, J. : The descr ipt ion of collective motions in  t e r m s  of many-  

body per turbat ion theory. UC. The cor re la t ion  energy of a f ree-e lec-  

t ron gas.  P r o c ,  Roy, SOC. (London) 243, 336-352 (1957). - 
The theory developed in a previous paper  (ibid, - 240, 539) i s  applied 
to the calc.  of the cor re la t ion  energy; the r e su l t s  a r e  s i m i l a r  to those 
of P ines  (1953)+ 

HGckel, E. : Zur Theorie  d e r  Elektrolyte,  Ergeb. exakt, Naturw, - 3, 

199-276 (1924)a 
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Review a r t i c l e ,  P a r t  I: "Thermodynamische Erscheinungen. (1) 
Die osmotische Zustandsgleichung s t a r k e r  Elektrolyte fer kleine 
Konzentration, ( 2 )  Allgemeine thermodynamische Grundlagen. 
(3) Theoret ische und Experimentel les  Gber die Aktivitztskoeffizienten ' 

s t a r k e r  Elektrolyte bei  kleinen Konzentrationen, e e I '  

150. HGckel, E, : Zur Theorie  konzent r ie r te r  Wzsser iger  Ldsungen s t a r k e r  

Elektrolyte,  Physik.  Z ,  - 26, 93-147 (1925). 

Application of the DH theory with cor rec t ion  for ionic size,  com-  
par i son  with experiments ,  Cri t ic ized by Gronwall and La Mer  (1926). 

151, HGckel, E , ,  and Krafft, G, : Untersuchungen hber  den Einfluss d e r  

endlichen IonengrGssen auf das  thermodynamische Verhalten von 

Elektrolytl&sungen, Z. physik, Chem. (Frankfurt)  - 3,  135-175 (1955). 

"Previous au thors  [ Wicke and Eigen (1 9 51, 1952, 19 53); Falkenhagen 
and Kelbg (1952), e t c ,  3 t r ied to extend to higher concs,  the range 
of validity of Debye' s theory a by taking into account the spat ia l  
hindrance between the ions within the ion a tmospheres  to explain 
theoretically the increase of activity a s  a function of the electrolyte 
conc, By aid of a s ta t i s t ica l  method due to Kirkwood (1934) f o r  the 
ca lc ,  of the f r e e  energy of an electrolyte  s o h , ,  HGckel and Kraf f t  
t r y  to show that the deductions given by the previous authors ,  and 
hence a l so  the conclusions drawn therefrom, a r e  inco r rec t . ' '  - -  
F, Epstein, CA 49, 8670 (1955), 

r e  joinder by H3ckel and Krafft  (next re ference) .  
See reply b y x h l b g l  (1955) and by Wicke and Eigen (1955), and 

152, HEckel, E , ,  and Krafft, G , :  Notiz zu  d e r  Bemerkung von Wicke und 

Eigen und d e r  Erwiderung von Schldgl betreffend unse re  Arbei t  

"Untersuchungen Gber den Einfluss d e r  endlichen Ionengr6ssen usw." 

Z, physik Chem. (Frankfur t )  - 5, 305-3i1 (1955). 

See Wicke and Eigen (1955) and Schldgl (1955). 

HEckel, E , :  s e e  a l s o  Debye, Po 
153, Ichikawa, Y, H, : Equil ibr ium p rope r t i e s  of c l a s s i ca l  e lectron gas  in 

uniform posit ive ion distribution, P r o g r ,  Theoret .  Phys ,  (Kyoto) - 20, 

71 5-727 (1958). 

"Thermal  equilibrium p rope r t i e s  of a c lass ica l  e lectron gas  a r e  
investigated by taking into account the p l a sma  oscil lation mode. 
The f r e e  energy  is ca lcd ,  in t e r m s  of collective coordinate r ep re -  
sentation, It is  shown explicitly that the DH limiting t e r m  of the 
f r e e  energy is due to shor t  r angecor re l a t ion  p a r t  of the Coulomb 
interaction, and that the long range cor re la t ion  effect i nc reases  the 
f r e e  energy  by 2 2 %  of the DH te rm."  

Cf ,  Abe (1959). 

Iukhnovskii, I, R , :  s e e  Yukhnovskii, I. R. 

154, Iwata, G. : Applications of Mellin t r ans fo rms  to s o m e  problems of 

s ta t i s t ica l  mechanics ,  

(1 960)i .  
P r o g r ,  Theoret.  Phys ,  (Kyoto) - 24, 1,118- 1120 

A 
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Gives a shor t  derivation of a s e r i e s  expansion for  A b e ' s  S2 inte- 
g r a l  ( s e e  Abe 1959) for  a one-component e lectron gas .  

155. Kaeppeler,  H. J.,  and Baumann, G. : I r r eve r s ib l e  s tochast ic  thermo- 

dynamics and the t ranspor t  phenomena in  a react ing p lasma.  AFOSR- 

TR- 57-20; ASTIA Document AD- 120 462 (1956); AF-  61 (514)-939- 1956. 

Mitteilungen aus  d e m  Forschungsinst i tut  fur  Physik d e r  Strahlantr iebe 

E. V.. Verlag Flugtechnik/Ernst  von Olnhausen, Stut tgar t  (1956). 

As  a n  

. 

I t .  . . a f i r s t  venture  in  attempting a theory of t ranspor t  phenomena 
in a react ing p lasma a t  elevated and high t empera tu res .  
essent ia l  bas i s  for  such studies,  the equilibrium behavior of a 
p l a sma  i s  t reated.  
influence of e lec t ros ta t ic  microf ie lds  on p l a sma  proper t ies ,  t e r m i -  
nation of the electronic  par t i t ion function, and determinat ion of the 
p lasma composition. . . I 1  

Kelbg, G. : s e e  Falkenhagen, H. 

These equilibrium considerat ions concern the 

156. Kel ler ,  G , ,  and Meyerott, R. E. :  The ionization of gas  mixtures  in  

s t e l l a r  i n t e r io r s .  ANL-4771 (1952). 

"A s ta t i s t ica l  theory of the ionization of heavy a toms  in  a gas  mix-  
t u r e  is  proposed. 
which i s  v e r y  r i ch  in hydrogen and helium and fo r  which the temper-  
a t u r e  is high enough s o  that these elements  a r e  completely ionized, 
as i s  the c a s e  throughout m o s t  of the in te r ior  of a s t a r .  Cont rary  
to M o r s e ' s  method (Astrophys.  J. 92, 2 7  (1940)) the hydrogen and 
helium nuclei surrounding a p a r t i c u z r  heavy nucleus (whose ioni- 
zation potential i s  being studied) a r e  not a s sumed  to b e  separa ted  
by ce r t a in  minimum dis tances  a s  determined by the rad i i  of their  
' i on  sphe res . '  Instead the surrounding nuclei  a r e  a s sumed  i o  be, 
l ike the electrons,  dis t r ibuted statist ically,  a s  in  the DH theory of 
s t rong electrolytes .  It i s  found that the average  e l ec t r i ca l  poten- 
t ial  nea r  a heavy ion obeys a general ized T F  equation, and i t  i s  
shown that under the physical  assumpt ions  made  above the exact  
solutions of the equation a r e  sufficiently self-consis tent .  
pointed out that  when ionization occur s  the new f r e e  e lec t ron  does  
not effectively go to infinite d i s tances  but instead joins the f r e e  
e lec t ron  shield around, the ion. Consequently, both the effective 
ionization energy  and the s ta t i s t ica l  weight of the s t a t e s  of the 
surrounding gas  a r e  affected." 

Approximations have been made for  a mixture  

It is 

157. Kel ler ,  G. , and Meyerott ,  R. E. : The ionization of gas  mix tu res  in  

s t e l l a r  i n t e r io r s .  11. The ave rage  number of e lec t rons  occupying 

var ious shel ls .  ANL-4856 (1952). 

158. Kel ler ,  J. B. : Electrohydrodynamics.  I. The equilibrium of a charged 

J. Rat. Mech. Anal. - 5, 715-724 (1956). gas  in a container .  

I t . .  . theory of equilibrium of a uniformly charged  gas  in a perfect ly  
conducting rigid container ,  
the e l ec t r i c  fo rces  in  the g a s  m u s t  balance the p r e s s u r e  forc 'es.  He 
demons t r a t e s  that the densi ty  inside the container  does not i n c r e a s e  

The equi l ibr ium is establ ished when 
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indefinitely with mass. 
a n  upper bound which depends on the shape of the container and the 
location of the point, 
bound inc reases  indefinitely. Thus, as  the mass of the gas  inc reases ,  
mos t  of the gas  accumulates  in  a thin layer  near  the surface.  . T h e  
author points out the interest ing prac t ica l  consequence of this fac t  - -  
namely that the density of a charged gas  cannot be made  a r b i t r a r i l y  
l a rge  inside a container by putting m o r e  gas  into i t . "  --A. K. 
Oppenheim and R. R. Hughes, Ind, Eng. Chem, 49, 590 (1957). 

does not have a n  ' 'equation of s ta te"  in the usual  sense ;  hence all the 
other  investigations of "one-component" e lectron gases  l is ted in 
this bibliography postulate some  kind of oppositely-charged back- 
ground to make the sys t em electr ical ly  neutral ,  Kel ler  desc r ibes  
what would happen i f  this background w e r e  not present .  
to e a r l i e r  mathematical  work on the corresponding one-component 
P B  equation a re  given by M,  von Laue, Jahrb.  Radioakt. - 15, 205 
(19 18). 

Instead, a t  each inner  point the density has  

A s  the point approaches the boundary, the 

A r e a l  gas  composed of par t ic les  whose to t a l cha rge  is  not z e r o  
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bution plus the r ing contribution, the l a t t e r  represent ing the effect  
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t ron to the nucleus, does not a r i s e ,  being prevented by the un- 
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180. Lietzke, M, H. : Tables of the activity coefficient of a 1-1 electrolyte  

The classif icat ion automatically 

and i t s  der ivat ive using a modified Debye-HEckel equation. 

2628 (1958). 

ORNL- 

See Nuclear Sci. Abs t r .  - 13, 359 (1959). 

Lifshitz,  E. M , :  s e e  Landau, L. D. 

181. Lighthill,  M. J. : Dynamics of a dissociat ing gas ,  P a r t  I. J. Fluid 

Mech. - 2, 1-32 (1957). 

"The paper  begins with a study of the equilibrium s ta t i s t ica l  thermo- 
dynamics of a pu re  dissociating gas .  
which grea t ly  s implif ies  the analysis  and yet introduces only s m a l l  
e r r o r s  fo r  par t icu lar  gases .  1 1  The hypothetical "ideal dissociating 
gas  ' I  is cha rac t e r i zed  by th ree  p a r a m e t e r s ,  a cha rac t e r i s t i c  t emper -  
a ture ,  density, and specific energy fo r  dissociat ion.  Gas imper fec -  
tions a r e  neglected, and a ce r t a in  combination of the p.f .  ' s of the 
dissociated and undissociated molecules  is a s s u m e d  constant,  a n  
approx. shown to be f a i r ly  accu ra t e  f o r  oxygen and nitrogen between 
1000 and 7000" K. 

Here,  a n  approx.  is  found 

Magee, J. L . :  s ee  Hirschfelder ,  J. 0. 

182. Malmst rom,  R. : Versuch  e ine r  Theorie  d e r  e lektrolyt ischen Dissocia-  

tion unter  BerGcksichtigung d e r  e lek t r i schen  Energie .  Z. Elek t ro-  

chem.  - 11, 797-809 (1905). 

"Die e lek t r i sche  Energ ie  i s t  a l so  proport ional  n(n /v) l /3E = kn4/3v- l l3 :  
Die Proportiona1it"askons tante enthalt im ZZhler m2 und in  Nenner 
die  Dielektrizitztskonstante. ' 1  

of e l ec t r i ca l  interact ions on the p r e s s u r e  of a mix tu re  of ions.  
Ghosh (1 9 18), Falkenhagen (1 932, Ch. VI). 

Probably  the f i r s t  (but i n c o r r e c t )  a t tempt  to e s t ima te  the e f fec t  
Cf. 

183. Martinek, F. : Thermodynamic and e l ec t r i ca l  p rope r t i e s  of ni t rogen a t  

high t empera tu res .  Thermodynamic and Transpor t  P r o p e r t i e s  of 
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Gases ,  Liquids, and Solids, p .  130-1 56. McGraw-Hill  Book C o o ,  

New York (1959). 

”The bas ic  thermodynamic p rope r t i e s  of p u r e  nitrogen a t  high t emper -  
a t u r e s  a r e  presented .  Internal  energy, enthalpy, entropy, e lec t ron  
densi ty  and e l ec t r i ca l  conductivity a re  given in  engineering units 
for  the temp. range  f r o m  5000” K to 30000” K and p r e s s u r e s  varying 
f r o m  0 , 2  a t m  to 100  a tm.  The t empera tu re  and p r e s s u r e  depend- 
ence of dissociation and ionization is  a l so  shown. 
based on s ta t i s t ica l  thermodynamics.  (I The effect of the potential  
energy  (Lennard-  Jones) can  b e  ‘neglected f o r  the t empera tu res  and 
p r e s s u r e s  considered in  this paper .  
per fec t  g a s  P V  = RT is then val id ,“  

Al l  ca lcs .  a r e  

The equation of s ta te  f o r  a 

184. Mayer ,  J, E , :  The theory of ionic solutions,  J. Chem. Phys.  - 18, 

1426-1436 (1950), 

“The v i r ia l  development fo r  the osmotic  p r e s s u r e  of a solution m a y  
b e  used, i f  the potentials of ave rage  fo rce  of the solute molecules  
a t  infinite dilution a r e  known, to compute the deviations f r o m  pe r fec t  
solution behavior.  
coefficient can  thus b e  obtained as  a s u m  of coefficients multiplied 
by powers  of the conc. F o r  a n  ionic so ln , ,  with 1/R2 fo rces ,  the 
s e r i e s  is  only conditionally convergent.  By summing ce r t a in  addi- 
tive t e r m s  occurr ing  in  the coefficients over  all powers  of conc. 
convergence can  b e  attained. The integrat ions n e c e s s a r y  to obtain 
t e r m s  c o r r e c t  up to and including c3/2 a r e  per formed.  
a r e  given in t e r m s  of ce r t a in  functions which can readi ly  be com-  
puted, 

This  paper  s t imulated a l a r g e  amount  of theoret ical  r e s e a r c h ,  
of which we m a y  mention Haga (1953), Meeron  (1957, 1958), 
F r i e d m a n  (1959), and Abe (1959). S imi la r  r e su l t s  were  obtained by 
Zubarev (1954), using collective var iables ,  and by Bogolyubov (1946) 
and other  Russ ian  workers ,  using in tegra l  equations f o r  the pair 
dis t r ibut ion function (cf, Kirkwood 1935). 

The expression for the logari thm of the activity 

The r e su l t s  

McAulay, J - :  see Debye, P, 

185. McCrea,  W. H, : On the equation of s ta te  of a n  ionized gas ,  P r o c .  

Cambridge Phi l .  SOC, - 26, 107-114 (1930), 

Cons iders  the problem of calculating the p r e s s u r e  when the number  
of var ious kinds of ions a r e  known, without attempting to find the 
ac tua l  s ta te  of ionization f o r  given t empera tu re  and p r e s s u r e .  It 
is  shown that a n  ion consisting of s e v e r a l  pa r t i c l e s  with l a r g e  r e l a -  
tive motions m a y  never the less  b e  t rea ted  as  a s ingle  pa r t i c l e ,  i n  
computing the kinetic ( “dynamicalf1) p a r t  of the p r e s s u r e ,  The 
e lec t ros ta t ic  co r rec t ion  is  ca lcd ,  b y  the method of Eddington (1926, 
$182-188; l 9 2 8 ) ,  

186. Meeron, E ,  : M a y e r ’ s  t r ea tmen t  of ionic solutions.  J. Chem,  Phys’  

26, 804-806 (1957), - 8 
“Mayer ’ s express ions  fo r  the ionic act ivi ty  coefficient and osmotic  
p r e s s u r e  of a n  electrolyte  soln.  a r e  shown to involve known and 
accura t e ly  tabulated functions. Mayer  s infinite s e r i e s  of in tegra ls  
is  summed to give a single in tegra l  involving the DH potential  of 
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average  force .  With the help of the new fo rm,  the use  of the single 
cut-off pa rame te r  for  binary electrolytes  is d iscussed  f r o m  a 
quantitative standpoint. ' 1  See Mayer (1950). 

6rs 

187. Meeron, E, : Theory of potentials of average  fo rce  and rad ia l  dis t r ibu-  

tion functions in ionic solutions. J. Chem. Phys.  - 28, 630-643 (1958). 

"The procedure  employed by Mayer (1950) for  the ca lc .  of osmotic 
p r e s s u r e  and activity coeffs. of ions in soln. f r o m  the Fuchs  
expansion of the grand potential in multicomponent sys t ems  is  
applied to the recent ly  obtained expansion of the potential of average  
fo rce  in these sys tems."  See Meeron, J. Chem. Phys .  27, 1238 
(1957). 
a s e r i e s  analogous to the original expansion, involving the DH 
potential of average  fo rce  in  a remarkably  s imple way. 
expansion for  the rad ia l  distribution function is presented.  
c i t  expressions for  both quantities, exact through t e r m s  of f i r s t  
o r d e r  in  the ionic conc , ,  a r e  given. 
p r e s s u r e ,  analogous to the v i r i a l  expansion, is presented.  The 
p resence  of the DH potential of average  fo rce  in all these expansions 
is discussed,  and the possibil i ty of obtaining the potential of average  
fo rce  exact through t e r m s  of second o r d e r  in  the ionic charging 
p a r a m e t e r s  is indicated. .  . I t  Cf. F r i edman  (1959) and Abe (1959); 
Montroll  and Mayer,  J. Chem. Phys.  9, 626 (1941); Kirkwood 
(1935); Kirkwood and P o i r i e r  (1954); M>eron, Phys.  Fluids 1, 139 
(1958); Meeron and Rodemich, Phys.  Fluids  1, 246 (1958); a e e r o n ,  
J. Math. Phys.  - 1, 192 (1960), P r o g r .  Theoret.  Phys.  (Kyoto) ~ 24, 
588 (1960). 

"The resul t ing multiply infinite s e r i e s  a r e  summed to give 

A similar 
Expli- 

An expansion of the osmotic 

188. Meeron, E. : Topological methods in  the c lus t e r  theory of ionic solutions. 

Report  DL-92-003 6; Boeing Scientific Labora tor ies  Fl ight  Sciences 

Lab. 

Societa Italiana per il P r o g r e s s 0  delle Scienze. 

Report  No. 18 (1959); to be published in  the Archives  of the 

"The p resen t  paper  is  concerned mainly with the evaluation of all 
t e r m s  i n  the par t ic le  number densi ty  expansion of potentials of 
average  force  for  which the Kirkwood superposit ion pr inciple  is 
val id . .  - .  depa r tu re s  f r o m  superposit ion will be shown to b e  given 
by a s e r i e s  of c lus t e r  in tegra ls  which give u s  depa r tu re s  of the 
actual  sys t em f r o m  ideali ty. .  . .Although the p re sen t  theory is 
general ly  applicable, we have d iscus  sed  i t  principally in re la t ion to 
ionic solutions. 
have seen, the DH sc reened  potential  is a spec ia l  c a s e  of the chain 
potential defined i n  this discussion, and the t e r m s  obtained by  
Mayer  a r e  the f i r s t  t e r m s  of a l i nea r  nodal expansion. . a . the c lus t e r  
expansion outlined h e r e  is a special  case of a s t i l l  m o r e  gene ra l  
s e r i e s ,  defined in t e r m s  of somewhat m o r e  advanced topological 
concepts,  Thus one would be  tempted to observe  that fu r the r  
development of c lus t e r  theories ,  whether for  ionic solutions o r  fo r  
m o r e  genera l  sys tems,  might be achieved through the use  of methods 
of combinatory topology, i n  par t icu lar  the theory of l inear  graphs."  

Meyerott ,  R. E.: s e e  Kel ler ,  G. 

- 

This is a logical outcome of the fact  that, as we 
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189. *Mikulin, G. I, : Elec t ros ta t ic  theory of concentrated electrolyte  solu- 

tions. 

the Debye-Hfickel theory (in Ukranian). Ukrain. Khim. Zhur .  - 21, 

I. New method fo r  the solution of the fundamental equation of 

43 5-448 (1 9 55). 

"A new method was  developed fo r  solving the DH differential  equa- 
tion of the e lec t ros ta t ic  theory of soln. This method makes  s impli-  
f ication unnecessary  and is f r e e  of the shortcomings of the Gronwall, 
La Mer,  and Sandved (1928) theory,  Special  graphs and tables w e r e  
devised fo r  the calc ,  of the thermodynamic functions of s o h .  ; thus 
the application of the DH theory w a s  extended to solns.  of e lec t ro-  
lytes  in  nonaq, o r  mixed solvents with low dielectr ic  constant and 
to solns ,  of e lectrolytes  of high valency of ions o r  with a low value 
of ' ionic  d i ame te r . '  I '  - -  E. M, Elkin, CA - 50, 61 53 (1956). 

190, Mikulin, G. I, : Effekt Dielektricheskovo Nasysheniya ras tvor i te lya  v 

192 

193 

elektrostat icheskoi  teor i i  ras tvorov.  Zhur. F iz .  Khim. - 33, 241 9-  
2423 (1959). 

Title: 
s ta t ic  theory of solutions.  1 1  Abst rac t :  
e lectrolyt ic  solns .  h a s  been developed, accounting fo r  the d e c r e a s e  
in  value of the d ie lec t r ic  constant  of the solvent in  an  e l ec t r i ca l  
f ield in  the vicinity of a n  ion and the t rue  significance of the c o r r e c -  
tion in  the DH theory has  been evaluated. 

"Effect of d ie lec t r ic  sa tura t ion  of the solvent in the electro-  
'IAn e lec t ros ta t ic  theory of 

* I t  

Milne, E. A.  : Ionization in s t e l l a r  a tmosphe res .  Observatory - 44, 261 

(192 1 ). 

R e m a r k s  on Saha '  s formula .  

Milne, E. A, : The dissociat ion fo rmula  according to the F e r m i - D i r a c  

s ta t i s t ics .  Monthly Notices Roy. As t ron .  SOC. - 90, 669-778 (1930). 

Der ives  formulae  f o r  concentrat ion and p r e s s u r e  of e lec t rons  in  a 
par t ia l ly  degenera te  gas ,  reducing to Saha equations when the re  is  
no degeneracy.  

Milner ,  S.  R.:  The v i r i a l  of a mixture  of ions.  Phi l .  Mag. (series 6)  
- 23, 551-578 (1912). 

This  was  the f i r s t  a t tempt  to calculate  the p r e s s u r e  of a fully 
ionized gas  (o r  the osmotic  p r e s s u r e  of a n  electrolyte  s o h .  ) d i rec t ly  
f r o m  s ta t i s t ica l  mechanics .  
long- and shor t - range  divergence a r e  recognized and circumvented 
by a n  elaborate  approximation method. The final r e su l t s  cons is t  of 
a few numer ica l  values fo r  the v i r ia l ,  calcd.  by extrapolating the 
values fo r  var ious  a r r a n g e m e n t s  of small numbers  of ions.  
l imiting laws for  infinite dilution a re  not obtained, and the r e su l t s  
hardly s e e m  to justify the labor  of calculation, though they do demon- 
s t r a t e  that inter ionic  f o r c e s  m a y  account fo r  the observed va r i a -  
tions of osmotic  p r e s s u r e  with conc. 
(1926) for  Mi lne r '  s evaluation of the DH theory as compared  with 
his  own; s e e  a l s o  Noyes ( l924) ,  

The var ious difficulties connected with' 

The 

See Nonhebel and Hart ley 
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63 194. Milner,  S, R. : The effect  of inter ionic  f o r c e s  on the osmotic p r e s s u r e  

of e lectrolytes ,  Phil, Mag, ( s e r i e s  6)  - 25, 742-751 (1913). 

Application of the theory developed in  previous paper .  
Partington, J. Chem. SOC. 97, 1158 (1910) for  a review of previous 
explanations of the var ia t ionof  osmotic p r e s s u r e  with conc. 

See 

195. Milner,  S. R. : The effect of inter ionic  fo rce  in  e lectrolytes .  Phil .  

Mag, ( s e r i e s  6)  - 35, 214-220, 352-364 (1918). 

Discusses  whether e l ec t r i ca l  fo rces  affect  ionic mobili t ies and 
osmotic  p r e s  su re .  

196. Milner ,  S. R. : Note on the e f fec t  of inter ionic  f o r c e s  in  e lectrolytes .  

T r a n s ,  Fa raday  SOC. - 15, 148-151 (1919). 

"The operation of e l ec t r i ca l  f o r c e s  alone will cause  a reduction in  
the osmotic  p r e s s u r e  of the electrolyte  below the theoret ical  values 
of 2RTc 
p r e s s u r e s  obeying the p e r f e c t  gas  law. .  . . The exact determinat ion 
depends on a knowledge of the law of inter ionic  force.  
squa re  law h e r e  natural ly  suggests  i tself ,  but i t s  exact validity in  
solutions is open to question. 
mate ly  t rue  that the effect ive d ie lec t r ic  constant of the few water  
molecules  between neighbouring ions i s ,  in  these small sca le  actions,  
the s a m e  as that of water  in  m a s s .  
to fo rm m o r e  o r  l e s s  po lar i sed  chains between neighbouring oppositely 
charged  ions in a way which would modify appreciably the law of 
fo rce ,  a 

which cor responds  to complete dissociat ion with ionic 

The inverse  

It  can, for  example, only be approxi- 

The water  molecules  may tend 

197. MGller, U. : Zur Theorie  d e r  Ionenlosungen. Z .  physik. Chem. 

(Leipzig)  - 208, 220-234 (1958). 

Die l i nea r i  s i e r  t en Born-  Greens  c hen In teg r a lgleic  hung en f G r  
Mischungen werden nsherungsweise durch  Four i e r t r ans fo rma t ion  
ge lss t .  FG- Systeme mi t  s \ ta r ren  Kugeln, die im Zent rum Punkt- 
ladungen t ragen,  werden die  rad ia len  Verteilungsfunktionen und d ie  
osmot isc  hen Koeffizienten nsherungs weis e b e r  echne t 

See Falkenhagen and Kelbg (1959) fo r  s u m m a r y  of M z l l e r '  s 
r e su l t s  e 

198: Montroll, E. W., and,Ward,  J. C.:  Quantum s t a t i s t i c s  of interact ing 

pa r t i c l e s ;  genera l  theory and some  r e m a r k s  on p rope r t i e s  of a n  e l ec -  

t ron gas .  Phys.  F lu ids  - 1, 55-72 (1958). 

"A sys temat ic  general izat ion of the Mayer  c lus t e r  in tegra l  theory 
has  been developed to dea l  with the quantum s t a t i s t i c s  of interact ing 
pa r t i c l e s .  The grand p.f. a p p e a r s  in  a na tu ra l  way and the c lus t e r  
in tegra ls  a r e  in tegra ls  over  propagators  which a r e  der ived f r o m  
the G r e e n ' s  function solution of the Bloch eqn. (which follows f r o m  
the Schrcdinger  eqn. by replacing i t /h by p = l / kT) .  
i n t eg ra l  can  be r ep resen ted  by a hybrid of a Mayer  graph  and a 
Feynman d iag ram in (p,,r) space.  
r ing c lus t e r  in tegra ls  has  been analyzed, It i s  shown that in  the 
c a s e  of the e lec t ron  gas  the c l a s s i c a l  l imi t  of the contribution of 
these in tegra ls  to the grand p. f .  yields the DH theory  [ Cf, Mayer  

Eve ry  c lus t e r  

The general izat ion of c l a s s i c a l  



UCRL- 6473 -44- 

(1950), Zubarev (1954)] while the low tempera ture  l imit  l eads  to 
the Gell-Mann- -Brueckner  (1 9 57) eqn. for  the cor re la t ion  energy 
of the ground s ta te ,  
the c lus te r  in tegra l  assoc ia ted  with any given d iagram."  

199. Montroll, E, W. and Ward, J. 6. : Quantum s ta t i s t ics  of interacting 

A prescr ip t ion  i s  given for  the construction of 

par t ic les ,  Nuovo cimento Suppl. - 9, 235 (1958). 

Summary  of the above pape r .  

200.  Montroll, E, W. : Topics on s ta t i s t ica l  mechanics  of interacting par t i -  

c les .  

co rps  a Tempera tu re  non nulle,  (Edited by C. DeWitt and J. F. 

Detoeuf , )  Po 1-148, Hermann, P a r i s  (1960). 

In La Theorie  des  gaz neut res  e t  ionises:  Le problkme des  n 

Lec tures  on Gibbs ensembles  and p a  f .  I s c lus te r  in tegra l  theory 
(including the Montroll- Ward theory), etc.  

Montroll, E. W , :  s e e  Berl in ,  T .  H. 

201 - Morita,  T ,  : Theory of Class ica l  Fluids:  Hyper-Netted Chain Approxi- 
mation, 1, P r o g r ,  Theoret ,  Phys .  (Kyoto) 20, - 920-938 (1958). 

Develops the "watermelon approximation" based on a suggestion of 
Abe, generalizing the ring approximation of Montroll  and Mayer 
(J. Chem, Phys ,  9, 626 (1941)) in c lus t e r  in tegra l  theory.  The 
r e su l t s  f o r  p a r t i c z s  interact ing with Coulomb fo rces  a r e  compared  
with those of Mayer  (1950), Zubarev (l954),  and Meeron (1957); 
s e e  a l s o  Haga (1953) and Yukhnovskii (1958). Meeron (ibid. 24, 588 
(1960)) d i scusses- the  equivalence of his  method and that of M G i t a ' s .  

202. Morita,  T.  : Equation of s t a t e  of high t empera tu re  p lasma.  P r o g r .  

Theoret .  Phys ,  (Kyoto) - 22, 757-774 (1959). 

The eqn, of s t a t e  of a high t empera tu re  p l a sma  is studied using 
quantum mechanics;  ' l o  

appl ies  to the p l a s m a s  of low densi ty  of the o r d e r  1015 to 1017 o r  
s o  a t  high t empera tu res  where  l e  5 a. / Z ,  
of a nucleus, A,  the de  Brogl ie  wave length of a n  e lec t ron  and a. 
the Bohr radius .  
to that of a suitable c l a s s i ca l  gas  and confirming that the contribu- 
tion of the watermelon t e r m s  - -  which is  considered a s  the leading 
co r rec t ion  to the DH approx. -- is negligible compared  with that of 
the ring t e r m s  cons idered  in the DH approx." Cf, Abe (1959). 

(I i t  i s  shown that the DH approx. su re ly  

where Z is the cha rge  

This r e su l t  i s  conf i rmed by  reducing the problem 

203. MGller, H. : Die Aktivit5tskoeffizienten k le iner  Ionen, Physik.  Z .  - 28, 

324-333 (1927); - 29, 78-82 (1928). 

Discussion of validity of DH theory; ca lc ,  of act ivi ty  coeffs. taking 
account of ionic r ad ius ,  See Onsager (1933). 

204. Munster,  A. : Stat is t ische Thermodynamik.  Springer-Verlag,  Ber l in  

(1 956). 

Ch, XXI: LEsungen s t a r k e r  Elektrolyte .  Discussion of DH theory, 
Kirkwood-Poir ier  paper  (1954). 
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6ld Myers  H, :  s e e  Benson, S .  W. 

205. Natanson, G, Lo : Fluctuations of charged density in e lectrolytes .  

Compt, rend ,  acad ,  s c i ,  U. R.  S o  S .  - 53, 11 5-1 18 (1946). 
* 

See CA - 41, 2649 (1947); Leontovich (1946). 

206 .  *Natanson, G, L, : Simmetr ichnaia  e lek t r iza ts i ia  kape l '  p r i  mekhanic- 

heskom raspylenii  zhidkostei ,  Zhur ,  F i z .  Khim. - 25, 779-790 (1951). 

Cited by Falkenhagen and Kelbg (1959); s e e  a l s o  F i s h e r  (1952). 

207 ,  Nernst ,  W,  : Zur Theorie  d e r  Elektrolytischen Dissoziation. Z. Elek-  

t rochem,  I_ 33, 428-431 (1927). 

"N, would combine the posit ive heat  of diln, obtained f r o m  the theory 
of Debye with the heat  of dissocn,  i n  diln. of a n  electrolyt ic  soln. in 
o r d e r  to get the t rue  heat  of diln, The f o r m e r  alone i s  often cont ra -  
d ic tory  to fac ts  s ince in  d i l ,  so lns ,  the heat of diln,  may be negative. 
Very accu ra t e  data confirm his  suggestion," - -  CA I 22, 342 (1928)- 

Neumann, K K , :  s e e  Kroepelin,  H, 

208- Nonhebel, Go, and Hartley, H, : The Milner and Debye theor ies  of s t rong 

e lec t ro ly tes ,  Phi l .  Mag. ( s e r i e s  7) - 2, 586-587 (1926). 

They quote a l e t t e r  f r o m  Milner:  
lat ion c r i t i ca l ly  I think that his  method of calculation of the e f fec ts  
of interionic fo rce  is grea t ly  super ior  to mine. 
summations and approximations contained in m y  calculation of 191 2 
a r e  done away with, without any sacr i f ice  of accu racyp  by  what 
s e e m s  to m e  a s t roke  of genius - namely, his observat ion that the 
ave rage  potential of all the ions in  a sphe re  containing a posit ive 
ion a t  the cent re  m u s t  sat isfy P o i s s o n ' s  equation. Since the two 
calculations a r e  based  on the s a m e  assumpt ions  and mine  contains 
admit ted approximations,  I, am inclined to bel ieve that the numer i ca l  
d i f fe rences  between them a r e  to a l a r g e  extent a t t r ibutable  to these,  
At any rate ,  I think this is the c a s e  with r e g a r d  to the dn/Z ra t io ,  
by which the l imiting values of the in te rna l  energy  a t  h = 0 d i f f e r .  
I t  was c l ea r  to m e  that the coeff ic ient  was only a n  approximation 
even in the l i m i t o "  

"Since I have r ead  Debye ' s  calcu- 

All  the laborious 

. 

Nonhebel, G , :  s e e  a l s o  Pike,  S. R, 

209 ,  Noyes, A,  A , ,  and Wilson, H. A. : The t h e r m a l  ionization of gaseous 

e lements  a t  high t empera tu res :  A confirmation of the Saha theory.  

Astrophys.  Ja - 57, 20  (1923). 

210, Noyes, A, A, : The inter- ionic  a t t rac t ion  theory of ionized solutes., 

I. Cri t ica l  presentat ion of the theory.  J. Am. Chem. SOC. - 46, 1080- 

1097 (1924), 

"The t r ea tmen t  of Milner (1 91 2 )  involved mathemat ica l  cons idera-  
tions so  difficult as  to make  i t  s c a r c e l y  avai lable  to chemis t s  o r  
phys ic i s t s  with o rd ina ry  mathemat ica l  training. The m o r e  r ecen t  
der ivat ion of Debye and Wuckel, on the other  hand, is based  on a few 
fundamental  physical  p r inc ip les  whose application p resen t s  no 
se r ious  mathemat ica l  difficult ies 1 1  Compar ison  of the two the'ories. 
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2 11. Nozieres ,  Po ~ and Pines ,  D. : Corre la t ion  energy of a f r e e  e lec t ron  

gas .  Phys .  Rev. 111, 442-454 (1958). - 
"The l imi t s  of validity of the correlat ion-energy calculations in  the 
regions of high density,  low density, and ac tua l  metal l ic  e lectron 
densi t ies  a r e  d iscussed ,"  

212. Oka, S o :  Van d e r  Waals f o r c e s  and the Debye-HGckel theory of s t rong 

electrolytes .  P r o c .  Phys.  -Math. SOC. Japan - 20,  11-14 (1938). 

"Van d e r  Waals f o r c e s  a s  well as the ord inary  Coulomb f o r c e s  
between ions a r e  considered in  the determinat ion of the potential 
due to the ionic a tmosphere .  
shown that the van d e r  Waals f o r c e s  can be neglected in  the c a s e  
of sufficiently dilute solns  
of s t rong electrolytes  in the theory of Debye and Hackel a r e  justi-  
fied." 

Under ce r t a in  assumptions i t  i s  

Thus the thermodynamic l imiting laws 

213. Ono, S .  : Stat is t ical  thermodynamics of solutions of e lectrolytes  and 

non-electrolytes ,  P r o g r ,  Theore t .  Phys.  (Kyoto) - 6, 447-457 (1951). 

"The general ized Born-Green  in tegra l  equations fo r  solutions of 
e lectrolytes  and non-electrolytes  a r e  der ived according to the 
method previously shown [ ibid. 5, 822 (1950)l . The assumption 
of superposi t ion f o r  the potential; f o r  ave rage  fo rce  of solute 
molecules  o r  ions is employed. The in tegra l  equations may  be 
used, i f  the potentials of ave rage  f o r c e  a t  infinite dilution a r e  
known, to compute the deviation f r o m  per fec t  solution behaviour." 

214. Onsager,  L.: Zur Theor ie  d e r  Elektrolyte .  11. Physik.  Z ,  - 28, 2 7 7 -  

298 (1927). 

Misc.  extensions and applications of the DH theory. 

21 5. Onsager,  L. : Activity coefficients and mass-ac t ion  law in electrolytes .  

J. Phys .  Chem. - 32, 1461-1466 (1928). 

Shows that S o p e r ' s  formula  f o r  the act ivi ty  coeff. in a n  electrolyte  
s o h .  (Soper 1927, 1928), which is 2/3 of that  found in the DH 
theory, i s  wrong, 

216. Onsager,  L. : Theor ies  of concentrated e lec t ro ly tes .  Chem. Revs .  - 13, 

73-89 (1933). 

Discussion of potential  of ave rage  f o r c e  and calc .  of Coulomb 
energy,  MGller (1927) obtained a r e s u l t  different  f r o m  that of 
Gronwall, La Mer ,  and Sandved (1928), and he then accepted their  
c r i t i c i s m  and computed his  own " e r r o r  (Mzller  1928). "In view 
of the genera l  r e su l t s  obtained in sect ion 1, we must  take a different 
view of MBller '  s I e r r o r ,  ' namely that e i ther  charging p r o c e s s  is 
legi t imate ,  but the P B  eqn, is not en t i re ly  self-consis tent  [ cf .  
Fowler  (1927), Onsager (1927)] " .  F o w l e r ' s  ' f luc tua t ion- te rms '  
a r e  of the s a m e  o r d e r  of magnitude as the maximum of the main  
t e r m s  in  [ the P B  eqn. 1 a by a 
supplementary te rm,  which he omitted through a n  oversight ,  a . 
The ef fec t  of sho r t  range f o r c e s  i s  a l s o  d iscussed .  

,but  they a r e  nea r ly  cancelled * .  
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21 7. Pannekoek, A, : Die Ionisation in den Atmosphgren d e r  Himmelskorper .  

Handbuch d e r  Astrophysik - 3:1, Kap, 3, p. 256-350 (1930). 

Theory  of ionization equilibrium. 

Pauling, L o :  s ee  Debye, P, 

Pedlosky, J , :  see  Covert ,  E. E, 

P e i e r l s ,  R,: see  Fuchs,  KO 
Peletminski i ,  S, V.:  s ee  Akhiezer,  I, A. 

218. Pike,  S o  R, and Nonhebel, G, : Note on the theory of inter ionic  a t t r a c -  

Phi l .  Mag. ( s e r i e s  6 )  I 50, 723-728 (1925). tion in  s t rong  electrolytes .  

The fo rmulae  of Milner (1912) and of Debye and r u c k e l  (1923), f o r  
the e lec t ros ta t ic  energy, d i sag ree  by a factor  of dn72 in the limit 
of ex t r eme  dilution, The possibil i ty of deciding between the two 
theor ies  on the bas i s  of experimental  evidence is discussed,  and 
i t  i s  concluded that the evidence is not yet sufficient to do this.  

219. P ines ,  D, : A collective descr ipt ion of e lec t ron  interact ions:  IV- Elec-  

t ron interact ion in me ta l s .  Phys ,  Rev. - 92, 626-636 (1953). 

"The ground s ta te  energy  of the f r e e  e lec t ron  gas  is determined,  
and a n  es t imate  of the cor re la t ion  energy is obtained, with r e su l t s  
in  good ag reemen t  with those of Wigner (1934)." P ines  a l s o  comments  
on the work of Bardeen  (1936) and Wohlfarth (1950) who found that 
the inclusion of the exchange energy makes  the specif ic  heat  v a r y  
as T / l n  T in  contradiction with experimental  r e su l t s .  

220 .  P ines ,  D, : Elec t ron  interact ion in  meta ls .  Solid State  Physics:  

Advances in  R e s e a r c h  and Applications, Vol. I, p. 367-450. Academic 

P r e s s ,  New York (1955). 

Review a r t i c l e .  
cor re la t ion  energy  of the f r e e  e lec t ron  gas ,  p l a sma  osci l la t ions.  

Collective descr ipt ion of e lectron interact ions,  

P ines ,  Do : s e e  a l s o  Nozieres ,  Po 

Pleshanov, A. S o :  s e e  Predvoditelev,  A. S. 
221 Plock, R, J. : I. Non-Newtonian viscoelast ic  p rope r t i e s  of rod-l ike 

molecules  in  solution. 11. The Debye-HGckel, F e r m i -  Thomas theory 

of p l a smas  and liquid me ta l s .  Ph .  D. Disser ta t ion,  Yale (1957). 

222 .  P o i r i e r ,  Jo C.  : Thermodynamic functions f r o m  Mayer '  s theory of ionic 

solutions 1- Equations for  thermodynamic functions. J. Chem. 

Phys ,  - 21, 965-972 (1953). 

"From the pa r t i a l  mola l  f r e e  energy  express ion  defining Mayer '  s 
act ivi ty  coeff. e t he re  a r e  der ived  in  this paper  express ions  fo r  
f ive  usual ly  measu red  thermodynamic functions. 

223. P o i r i e r ,  J. C.  : Thermodynamic functions f r o m  Mayer '  s theory  of ionic 

solutions 11, The s toichiometr ic  mean ionic mola r  act ivi ty  coeff i -  

cient.  J, Chem. Phys.  - 21, 972-985 (1953). 
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"The formula fo r  the s ,  m, i. m. a ,  c. of s t rong electrolytes in aqueous - 
soln, a t  25" C. a r i s ing  f r o m  M a y e r ' s  theory is compared with 
published experimental  data.  I '  

224. Po i r i e r ,  J. C.  and DeLap, J. €3. : On the theory of ion p a i r s  in solu- 

tions. J. Chem. Phys .  - 35, 213 (1961). 

Calculation of activity coefficients following method of Fuoss  (1 934). 

Po i r i e r ,  J, 6 . :  s e e  Kirkwood, J. G, 

2 2  5. P r a g e r ,  S o  : Equilibrium s ta t i s t ica l  mechanics  of the one-dimensional 

p lasma,  Bull. Am. Phys ,  SOC. - 6, 246 (1961) [ Abstract]  . 
226.  Predvoditelev,  A, So, Stupochenko, E, V., Samuilov, E. V . ,  Stakhanov, 

I. P o ,  Pleshanov, A. S . ,  and Rozhdestvenskii, I, B o :  Tablitsy 

Termodinamicheskikh Funkts i i  Vozdukha (dlya tempera tur  ot  6000" 

do 12000" K i davlenii ot  0,001 do 1000 a tmosfer ) .  

S ,  S .  S o  R, ~ Moscow (1957). 
A i r  for  the Tempera tu re  raqge  6000-12000" K and p r e s s u r e  range 

0.001-1000 a t m ,  Infosearch, London (1958). 

Izd, Akad. Nauk 

Tables of Thermodynamic Functions of 

"The thermodynamic functions and the composition of k r  were  
calcd,  by the methods of s ta t i s t ica l  physics,  taking into account 
dissociation of N2 and 0 format ion  of NO, and single charge  
ionisation of N2 
account interact ions between gas  par t ic les .  . 02, N d l  N I 0, and A r ,  but without taking into 

' I  

See a l so  Stupochenko e t  al. (1961). 
227. Raizer ,  Yo P, : A s imple  method of calculating the deg ree  of ionization 

and thermodynamic functions of a multiply ionized gas .  Zhur.  Eksptl .  

i Teore t .  F iz .  36, 1583-1585 (1959); Soviet Phys.  J E T P  - 36, 1124-1125 - 
(1959). 

The method is based on the u s e  of approximations which convert  the 
Saha and thermodynamic equations into differential  fo rm,  
r e su l t s  a r e  quoted for  the c a s e  of air. 

Some 

228, Raymond, J. Lo : Thermodynamic proper t ies  of the a tmosphe re  of 

Venus, RAND Corp,  Report  RM-2292 (19.5~8)~ 

"This study a s s u m e s  a 10070 carbon dioxide a tmosphere  in  the temp. 
range  of 1, 000"  K to 24, 000" K and p r e s s u r e  range of 10-4 to 102*.  . I f  

Roberts,  J, E , :  s e e  Har r i s ,  G. M, 

229.  Robinson, R,  A. and Stokes, R. H. : Electrolyte  Solutions: - The 

Measurement  and Interpretat ion of Conductance, Chemical Potential  

and Diffusion in Solutions of Simple Electrolytes  

New York (1955); second edition 1959. 

Academic P r e s s ,  

Discussion of DH theory and pape r s  of Eigen and Wicke (1951, 1952, 
1953), pa 74-86, 
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230. Rosseland, S o  : Elec t r ica l  s t a t e  of a s t a r .  Monthly Notices Roy. As t ron ,  

SOC, 84, 720-728 (1924). - 
Calc.  of the e l ec t r i ca l  p r e s s u r e  by DH theory. He r e m a r k s  that 
"A r igorous  t r ea tmen t  would a l s o  have to take account of the f ac t  
that in  the c lose  vicinity of a n  ion the motion of a n  e lec t ron  will be  
r e s t r i c t ed  by quantum conditions. 1 '  Also: !fa r igorous  theory would 
have to apply Boltzmann'  s pr inciple  ab  initio to a genera l  a s s e m b l y  
of pa r t i c l e s  i n  the manner  a t tempted by Milner  (1912).11 

231, Rossi ,  R,  A , ,  and Feduchak, J.: Kinetic study of rocke t  exhaust gases.  

P r o g r e s s  Report  No, 1 (1960). 

"Ionization occurr ing  in high- t empera tu re  gases  is  investigated 
through the use  of the Saha relat ionship.  
a n  ionization potential  of 13 ev, 
of f r e e  e lec t rons  p e r  cm3  a re  p r e s e n t e d , ,  . ' ' -Nuclear Sci ,  A b s t r .  
- 15, 835  (1961), 

F o r  a model  gas  having 
the ionization f rac t ion  and number 

232, Rother ,  Ha : Zur Berechnung d e r  effektiven Ionisierungsspannung in  

P l a s m e n .  Ann, Physik ( s e r i e s  7 )  - 2 ,  326-328 (1958). 

"Derives a n  express ion  fo r  the lowering of the ionization voltage 
resul t ing f r o m  impact  ionization by e lec t rons ,  
number a s  a function of par t ic le  densi ty  a g r e e s  sa t i s fac tor i ly  with 
exper imenta l  va lues ."  - -  C. G ,  Morgan, PA 62, 329 (1959). 
R o t h e r ' s  r e su l t s  a r e  d iscussed  by Duclos (19m,  p.  49). 

The re levant  quantum 

233, Rouse, C .  A. : Ionization equi l ibr ium equation of s t a t e ,  UCRL 5695 

(1959-1961),  Astrophys.  J. (in p r e s s ) ,  

"A complete  solution to S a h a ' s  equation has  been obtained f o r  a 
monatomic g a s ,  The method of solution involves i te ra t ion  with 
r e s p e c t  to the e lec t ron  p r e s s u r e  o r  e lec t ron  conc. and can  be  
applied to the s imultaneous ca lcs .  of any  number  of ions ,  
resu l t s  a r e  given i n  tabular  form, ' !  Ref. 350. 

Some 

Rozhdestvenskii ,  I,  B. : s e e  Predvoditelev,  A ,  S, 

234- Russe l l ,  H, N ,  : The theory of ionization and the sun-spot  spec t rum,  

Astrophys.  J. - 55, 119 (1922), 

Saha '  s theory  extended to mix tu res  

235, Russe l l ,  H N,  : Mean ionization in  s t e l l a r  a tmosphe res .  As t rophys .  

J6 - 75, 337 ( l932) ,  

Mean ionization calculated f o r  a g a s  of the composi t ion found by the 
author  fo r  the s o l a r  a tmosphere ,  over  a range  of t empera tu re  f r o m  
1700" 
a t m ,  
Pannekoek (1930) to take account of radiat ion effects.  
functions based  on s e v e r a l  excited s t a t e s  a r e  used.  

236. Rysse lberghe ,  P van: The l imiting laws of the inter ionic  a t t rac t ion  

J. Chem. Phys .  - 1, 205-209 (1933). 

to 25, 000" K, and of e lec t ron  p r e s s u r e  f r o m  103 to 10-20 
S a h a ' s  formula  is used  with a modification suggested by 

Pa r t i t i on  

theory of s t rong  e lec t ro ly tes ,  



fo rms  of these genera l  laws cI If 

Crit ic ized by Halpern (1934). 

23  7. Rysselberghe,  P. van: Theorems concerning the activity coefficients 

and osmotic coefficients of s t rong and weak electrolytes .  J. Phys.  

Chem, 39, 403-414 (1935)e - 
Thermodynamic discussion of n e c e s s a r y  relat ions between var ious 
s e t s  of activity coefficients. 

238. Rysselberghe,  Po van, and Eisenberg,  S o  : Activity coefficients in  

concentrated aqueous solutions of s t rong electrolytes  descr ibed  by a 

formula  containing the mean ionic d iameter  as single p a r a m e t e r .  

1. Theory and application to the alkal i  chlorides,  bromides,  and 
iodides,  J. Am. Chem. S O C .  - 61, 3030-3037 (1939). 

Adds van d e r  Waals ' fcovolumel '  t e r m s  to the DH theory  using the 
method of Ursel l ,  P r o c .  Cambridge Phil .  SOC. - 23, 685 (1927). 
next ref .  for  co r rec t ion ,  

See 

239. Rysselberghe,  P. van, and Eisenberg,  S .  : Activity coefficients in con- 

cent ra ted  aqueous solutions of s t rong  electrolytes  descr ibed  by a 

fo rmula  containing the mean ionic d iameter  as single pa rame te r .  

11. Correc ted  formulat ion.  J. Am. Chem. SOC. - 62, 451-452 (1940). 

The formula  given in  p a r t  I is [fa pure ly  empi r i ca l  contribution" 
with Ifno theoret ical  b a s i s "  and "we a r e  ve ry  much indebted to Dr.  
H. C. Ecks t rom fo r  call ing our  attention to the fact  that"  Urse l l '  s 
theory was applied incor rec t ly .  Other possible  co r rec t ions  which 
might in  fu ture  be considered - -  variat ion of d ie lec t r ic  constant 
with c o n c e ,  e t c ,  - -  a r e  mentioned. 

240, Saha, Ma N o  : Ionization in  the s o l a r  chromosphere .  Phi l .  Mag. ( s e r i e s  

6) 40, 472-488 (1920), - 
N e r n s t f  s theorem of the "react ion-isobar"  is used to d i scuss  ioni- 
zat ion-equi l ibr ium in  a star. See a l s o  Egger t  (1919). 

241. Sakakura,  A, Y. : The connected d i ag ram expansion of the grand pa r t i -  

tion function and the s t a t i s t i ca l  mechanics  of the e lec t ron  gas .  Thesis,  

University of Colorado, 1960. TID-11028. 

"The connected d i ag ram expansion of the grand par t i t ion function, 
general ized to include many-component s y s  terns with ex terna l  f ie lds ,  
was obtained by means  of second quantization and Wick ' s  theorem,  
This was accomplished by expanding the i t e r a t ive  solution of the 
Bloch eqn. into a s u m  of n o r m a l  products  and by d i r ec t ly  evaluating 
the t r a c e s  of these n o r m a l  products . .  F o r  the c a s e  of pa i r  i n t e r -  
act ions alone, the d i a g r a m s  w e r e  simplified by the separa t ion  into 

8 
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I f e .  a i t  i s  possible  to obtain d i rec t ly  the genera l  fo rm of the l imiting 
laws of s t rong electrolytes  f r o m  the combined use  of the Gibbs- 
Helmholtz formula  and the v i r i a l  theorem of Clausius,  
shown that the DH and the K r a m e r s  (1926) limiting laws a r e  par t icu lar  

It is  then 
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the i r reducib le  d i ag rams  and the polarization p a r t s  in  analogy with 
ground-state  theories ,  
polarization p a r t s  was derived, and the ru l e s  for  computing the 
eigenvalues of this in tegra l  eqn. were  given. I t  was shown that the 
lowest o r d e r  eigenvalues yielded the Montroll- Ward ring contribu- 
tions .j 
d iag rams ,  the ground-state  energy of the e lec t ron  gas  was der ived 
to second o r d e r ,  The r ing contribution to the grand p.f .  con- 
taining all possible  combinations of the f i r s t -o rde r  exchange in t e r -  
actions is obtained by including the eigenvalues corresponding to 
kerne ls  with one in te rna l  l ine,  F r o m  this the eqn. of s ta te  and the 
in te rna l  energy of the e lec t ron  gas  in the nea r  c l a s s i ca l  l imi t  were  
extended to include t e r m s  of o r d e r  A y s  .y4 and A yZO 
of absorbing all pass ive  par t ic le  interact ion into a contraction symbol 
was given, and a s imple ladder  d i ag ram was summed.1f  

The in tegra l  equation sa t i s f ied  by the 

With the inclusion of the f i r s t -  and second-order  i r reducib le  

a 

A method 

Salpeter ,  E, E.:  s e e  Bowers,  D. L 

Samuilov, E, V , :  s e e  Predvoditelev,  A. S. 

Sandved, KO: s e e  Gronwall, T. H. 

242. Scatchard,  G, : The Milner and Debye theor ies  of s t rong  electrolytes .  

243 

Phi l ,  Mag, ( s e r i e s  7)  - 2, 577-586 (1926). 

Mi lne r '  s numer ica l  r e su l t s  a r e  not to be  taken a s  s t r i c t  consequences 
of his  theory because of the complicated method of calc .  and ex t r a -  
polation which he used. The DH theory on the o ther  hand "is s o  
d i r e c t  in  i t s  development that the approx. may  be  improved a t  any 
t ime by  including m o r e  t e r m s  in  the s e r i e s  used to approximate 
the Boltzmann equation. 

Scatchard,  G, : The coming of age  of the inter ionic  a t t rac t ion  theory.  

Chem, Revs .  13, 7 - 2 7  (1933). - 
"The p resen t  occasion is then a ve ry  fitting one to s top and consider  
just  what this adolescent  theory  is, just  what i t  has  a l r eady  accom-  
plished, what may  be expected of i t  in  the future,  and what our  
att i tude toward i t  is to be." Nonmathematical  review of the contr i -  
butions of Arrhenius ,  van Laar, Debye and HGckel, B je r rum,  Mhller,  
Gronwall and La Mer,  e tc ,  

244. Scatchard,  G. and Epstein,  Lo F, : The calculation of the thermodynamic 

p rope r t i e s  and the assoc ia t ion  of e lectrolyt ic  solutions e Chem. Revs,  

- 30, 211-226 (1942), 

"A convenient sys t em of represent ing  thermodynamic data  f o r  s a l t  
solutions is descr ibed,  in  which: (1) the Debye K is taken p ropor -  
tional to the ionic s t rength  p e r  unit volume of solvent; ( 2 )  the Debye 
l imiting law is expressed  as a n  analyt ical  function of the tempera ture ;  
( 3 )  
to p. a t  constant composition; (4)-the function 

the mean coll ision d i ame te r  a is taken inverse ly  proport ional  

-1 1 t K a  - 2 I n  7 z = 1 t ~a - (1 t ~ a )  
( K a )  

is presented  in a table of z vs ,  g = Ka/( l  t Ka); (5) the deviations 
f r o m  the DH approx. a r e  t rea ted  as  an  apparent  associat ion,  with 
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n 

cly the constant determined to a g r e e  with analytical  methods for  the 
t e r m  proportional to the ionic s t rength;  (6)  
e i ther  e lectrostat ic  o r  chemical ,  ' is made on the assumption that 
shor t - range  fo rces  a r e  independent of the association; (7) devia- 
tions f r o m  these relat ions a r e  expressed  graphically a s  deviations 

the calc.  of associat ion,  

f r o m  a power s e r i e s  in  the concs.  * .  It 

245. Scatchard,  G o  : [ Discussion r e m a r k  a f te r  paper  by Eigen and Wicke 

(1954)] Jo  Phys .  Chem. - 58, 713-714 (1954). 

Cr i t i c i sm of Eigen- Wicke theory.  
the charged medium should be included in the electrostat ic  work, 
the s ta t i s t ics  used for  the c a s e  of unequal volumes s e e m  ser ious ly  
a t  fault in  that the e lec t ros ta t ic  interact ion of two ions of the a tmos -  
phere  i s  calcd. as depending only on their  dis tance f r o m  the cen t r a l  
ion and not on their  dis tance f r o m  each other ."  

'IAlthough the work of displacing 

See E i g e n ' s  reply,  ibid. p. 714. 

246. Scatchard,  G. : The interpretat ion of activity and osmotic  coefficients. 

Chapter 2 in The St ruc ture  of Electrolyte  Solutions. 

Sons, New York (1959). 

John Wiley & 

Discusses  var ious proposed improvements  and extensions of the 
DH theory, 

247 .  Schatzman, E,  : L'  Entropie  d ' u n  melange de  gaz en equilibre d ' i on i sa -  

tion, Bull. acad.  roy ,  Belg.  (cl .  S c . )  - 34, 748-753 (1948). 

"Formulae a r e  given for  the ca lc .  of entropy when a toms  have 
s e v e r a l  deg rees  of ionization, Calcs .  a r e  given for  0.l' - -  R. A. 
Newing, PA - 52, 577 (1949)' 

248. SchlBgl, R. : Erwiderung auf die  vorhergehende Arbei t  von E. Hiickel 

und G. Krafft, "Untersuchungen hber  den Einfluss d e r  IonengrEssen 

auf das  thermodynamische Verhalten von Elektrolytlbsungen. I t  Z. 

physik. Chem. (Frankfur t )  - 3, 176-177 (1955). 

Comments  on paper  by HGckel and Krafft  (1955). 

249. Selivanov, V.  V. ~ and Shlyapintokh, I. Y. : Thermodynamic proper t ies  

of air on the rma l  ionisation and the shock wave. 

f r o m  Zhur.  F i z .  Khim. 32, 670-678 (1958). 

AD 225148, t ranslated 

- 
Calc.  for  t empera tu re  range  2 X 104 to 5 X lO5'K, 
l o p ,  to 10-3p0 where p o  is  the ini t ia l  densi ty  a t  0 "  and 1 a t m  
p r e s s u r e .  See CA 52, 17860 (1958). 

densi t ies  f r o m  

- 
2 50. Wemenchenko, V. K,  : Fizicheskaya Teoriya Ras  tvorov. Gostekhizdat, 

Moscow (1941). 

251. Senter,  G. , e t  al,  : The p resen t  posit ion of the theory of ionisation. 

A gene ra l  discussion,  T rans .  F a r a d a y  SOC. 15, 3-178(1919).  - 
Collection of pape r s  on theory and experiment;  many comments  
about the pas t  h i s tory  and p resen t  s ta tus  of the subject.  
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hh 252, 

253. 

2 54, 

255. 

2 56* 

2 57. 

2 58. 

@ 

*Shakhparanov: M. 1. : Nekotorye Voprosy Fizicheskoi Teor i i  Rastvorov. 

Dissertation, Moscow State University (1952). 

Shakhparanov, M. I, : Vvedenie v Molekulyarnuyu Teoriyu Rastvorov. 

Gosudarst ,  Izd, Tekh. -Teor .  Lit. Moscow (1956). 

Ch, X: 
Bogolyubov' s derivation of the binary distribution function (1 946), 
theory of conc.. solns .  work of Semenchenko and B je r rum,  empir i -  
ca l  formulae for  conc, so lns ,  , application of Bogolyubov method by 
Yukhnovskii and Glauberman, 
a u t h o r ' s  own work on neutral  molecules  in ionic solvents;  investi-  
gations of s t ruc tu re  in ionic solutions. 

Shlyapintokh I, Y. : s e e  Selivanov, V ,  V. 

Soper,  F. G, : The velocity of interact ion of ions,  J. Phys ,  Chem. - 31, 

"Statistical theory of solutions of e lectrolytes"  - -  DH theory, 

Mayerl  s theory (1950); review of 

References to Russian work. 

1790- 1797 (1927), 

See Onsager (1928), 

Soper F G. : Equilibrium in electrolyte  solutions,  J. Phys ,  Chem. 

- 32? 67-71 (1928). 

See Onsager (1928), 

Stakhanov, I- P o :  see  Predvoditelev,  A. S o  

Stokes,  R,  Ha I s e e  Robinson, R. A ,  

S t r e l '  tsova, E,  A, : K voprosu o funktsiyakh raspredeleniya dlya s i s t e m  

s Kulonovskim vzaimodeistviem. Zhur ,  Ekspt l ,  i Teoret .  F i z .  - 26, 

173-178 (1954). 

The distribution function of a sys t em of charged par t ic les  is found 
by solving Bogolyubovl s equations (1 946) ,  
gives the DH resul t ,  as a l r eady  shown by Bogolyubov; the next 
cor rec t ion  to the f ree  energy  appea r s  to contain a logari thmical ly  
divergent  t e r m ,  See a l s o  Doklady Akad, Nauk S.S. S. R. - 116, 820 
(1957), 

e t  al. : Thermodynamic p rope r t i e s  of air between 

The f i r s t -o rde r  equation 

Stupochenko, E. V. 

1000" and 12, 0 0 0 ° K  and 0.001 and 1000 a tmospheres .  P. 1-40 in 

Phys ica l  Gas Dynamics, edited by A. S,  Predvoditelev,  t ranslated by 

R e  C ,  Murray  and D. R. H. Phi l l ips;  Pe rgamon  Press ,  New York 

(1961)> 

Description of calculations published by Predvodi te lev e t  al,  (1957). 
Stupochenko, E; V. : s e e  Predvoditelev,  A. S o  

Suhl, H, and Werthamer,  N, R. : Higher random-phase approximations 

in  the many-body problem. Phys.  Rev, - 122, 359-366 (1961). 

"The usua l  random-phase approx,  [ Bohm and Pines ,  Phys ,  Rev, 
- 92, 626  (1953)] combined with a n  equations-of-motion technique f o r  
the many-electron problem is extended, yielding many of the known 
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resu l t s  of s e r i e s  summation methods 
19571 in a s t ra ight-forward manner  

[ Dubois 1959, Gell-Mann 
The method should apply to 

o ther  types of many-body problems as well. ' I  

Sumida, De Y,: s e e  Hilsenrath,  J. 

259. Theimer,  0. : o b e r  die effektive Ionisierungsspannung eines Atoms im 

Inneren des  Plasmas, Z. Naturforsch,  - 12a, 518-519 (1957). 

"The ionization potential is reduced in the presence  of-free ioniza- 
tion, as in a plasma,  and this reduced potential is d iscussed  br ie f ly  
in t e r m s  of the DH theory and the m o r e  recent  work of Ecke r  and 
Weizel (1956, 1957, 1958)," - -  J, Do Craggs,  PA - 62, 678 (1959). 

260 ,  Theimer ,  0, : e b e r  die Wechselwirkungsenergie d e r  Ladungstrsger  in 

e inem Plasma, Z ,  Naturforsch. - 13a, 568-569 (1958). 

'I,, i s t  es "uberraschend, d a s s  Ecker  und Weizel (1956, 1957) d ie  
Wechselwirkung d e r  Ladungstrsger  in e inem Plasma nach e iner  . 

Methode berechnen, die sowohl in  ih ren  Resultaten a l s a u c h  in ihren  
physikalischen Grundlagen mi t  d e r  DH Theorie  unvertrzgl ich i s t .  , . I '  

See a lso  P A  - 6 2 ,  443 ( 1 9 5 9 ) -  

Thompson, P, T , :  s e e  Frank ,  H. S. 

261. Tiablikov, S, V , ,  and Tolmachev, V. V, : K klassicheskoi  teor i i  silnykh 

elektroli tov Nauchnye Doklady Vys she i  Shkoly, Fiziko-matematicheskie  

Nauki, No, 1, 101-109 (1958). 

"The difficulties of the s ta t i s t ica l  f r e e  energy calc .  fo r  e lectrolytes  
a r e  d iscussed  cr i t ical ly ,  esp,  the considerat ion of ion interact ions,  
which have been superseded  by Debye ' s  work,  This theory [DH-I 
i s  compared  with r e su l t s  obtained f r o m  B j e r r u m '  s theory; doubt: 
is expressed  as  to the validity of r e su l t s  der ived f r o m  B j e r r u m '  s 
theory ,"  - -  A, Kremhel le r ,  CA 53, 7730 (1959). See Vedenov (1959). 

262.  Timan, B,  L, : The influence of the interact ion between par t ic les  on the 

AEC-tr-2279; t r ans -  ionization equilibrium in  thermal ly  ionized gas  a 

lated f r o m  Zhur,  Ekspt l ,  i Teore t ,  F i z ,  - 25, 733-737 (1953). 

Translat ion RJ-441, Assoc ,  Tech, Serv ,  E a s t  Orange, N ,  J. 

Also 

"The ionization equil, in  a gas  a t  high t empera tu res  and p r e s s u r e s  
is  investigated theoret ical ly ,  
between the gas  par t ic les  leads  to the displacement  of the ionization 
equil. in  the direct ion of i nc rease  in  the number of ionized par t i -  
cles with increas ing  p r e s s u r e ,  A compar ison  with exptl. data is 
made  

Taking into account interact ion 

263. Timan, B,  L , :  Heat capaci ty  of gases  a t  high t empera tu res .  Zhur .  

Eksptl .  i Teoret .  F i z ,  - 27, 262-264 (1954); UCRL Trans ,  672 (L). 

The heat  capacity a t  constant volume i s  calculated fo r  a monatomic 
gas  capable of single ionization only. Effects of interact ion a re  not 
included, 

264. Timan, B o  Lo : Vliyanie vzaimodeistviya ionov na ikh ravnovesnye 

kontsentrats i i  v s luchae mnogokratnoi termicheskoi  ionizatsii  gaza.  
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Zhur ,  Eksptl ,  i Teore t ,  F i z ,  - 27, 708-711 (1954). UCRL Trans .  674 

(L) ,  
"By the application of the DH theory i t  is shown that the interact ion 
between the ions has  a considerable effect  on the equilibrium under 
conditions to be  found in s t a r s . "  - -  J. M, Hough, PA - 58, 805  (1955). 

265, Tolmachev, V, V. : K klassicheskoi  teor i i  silnykh elektroli tov,  Doklady 

Akad, Nauk S ,S ,S .R ,  - 119, 314-317 (1958). 

"The s ta t is t ical  bas i s  of the DH and B j e r r u m  correc t ions  to the 
change in the f r e e  energy due to ionic a t t ract ion in s t rong electrolytes  
is  d i scussed ,11  - -  J,  R. Leach, CA - 53, 3847 (1959). 
Vedenov (1 9 59), 

Cri t ic ized by 

Tolmachev, V, Y o  : s e e  a l s o  Tiablikov, S ,  V. 

266s Trulio,  J. G o ,  and Brush,  S, G. : Correct ion to the Debye-HGckel 

theory,  Phys ,  Rev-  - 121, 940- (1961). 

Abe '  s S2 in tegra l  (see Abe 1959) is evaluated numerical ly  f o r  a 
one-component c lass ica l  e lectron gas  and the r e su l t s  compared 
with those given by  Bowers  and Salpeter  (1960). 

267 .  Trulio,  J, Go and Brush,  S o  G. : Evaluation of s o m e  integrals  a r i s ing  

in  the theory of ionized gases .  I. UCRL 6450 (P t .  I) (1961). 

The S2 integral  defined by Abe (1959), which a l s o  appea r s  in  the 
theories  of F r i edman  (1959) and Meeron (1957, 1958), is  evaluated 
numerical ly  for  a modified Coulomb potential  similar to that used 
by Glauberman (1951). The r e su l t s  a r e  re levant  to the f r e e  energy 
of a sys t em of posit ive and negative charges .  

Trulio,  JL G, t see Har r i s ,  G. M, 

268 ,  Uhlenbeck, G,  E, : Successive approximation methods in  classical s t a -  

t is t ical  mechanics ,  Physica - 26, S17-27 (1960). 

Review of work on graph  theory applied to v i r ia l  expansions, and 
brief r e m a r k s  on the d i ag ram expansion fo r  the equation of s ta te  
of a plasma.  

269. UnsGld, A, : Physik d e r  S terna tmosphzren  mi t  besonde re r  Beriicksichti-  

gung d e r  Sonne, J, Springer,  Be r l in  (1938). 

Chapter  IV  dea ls  with the rma l  ionization and gives useful tables f o r  
calculations with the Saha formula.  

270, UnsSld, A ,  : Zur Berechnung d e r  Zustandsummen f G r  Atome und Ionen 

in  e inem Teilwise Ionis ier ten Gas ,  Z. Astrophys.  I 24, 355-362 (1948). 

"Im Anschluss  a n  eine f ruhe re  Arbe i t  von M, Planck [ Ann. Physik 
- 75, 673 (1924)] wird ein handliches Verfahren  zu r  Berechnung d e r  
Zustandsumme von Atomen und Ionen in  teilwise ion is ie r ten  Gasen 
entwickelt. 
Planck und uns e inerse i t s ,  Urey und F e r m i  ande rese i t s  wird 
k la rges te l l t ,  

F e r m i ,  

., Das Verhaltnis zwischen den Darstellungen von 

See Fowler  J1929) for  s u m m a r y  of theories  of Planck, Urey and 
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Van Rysselberghe, P, : see Rysselberghe, Po van. 

271 Vedenov, A. A. : Thermodynamic proper t ies  of degenerate  p lasma,  

Zhur ,  Eksptl. i Teoret .  F i z .  - 36, 641-642 (1959); Soviet Phys.  J E T P  

- 9, 446-447 (1959). 

"Using the d i ag ram technique [ Matsubara,  P r o g r .  Theoret .  Phys .  
(Kyoto) 14. 351 (1955)] for  s ta t is t ical  G r e e n ' s  functions in quantum 
stat is t ical  mechanics,  we have calcd,  the interaction cor rec t ion  f o r  
the thermodynamic potential of a completely ionized degenerate  
p l a sma  fo r  the c a s e  in which the electron p lasma is a F e r m i  gas  
while the nuclei f o r m  a Boltzmann gas  

The resu l t  given by Landau and Lifshitz (1958) is  wrong because 
i t  "does not take account of the exchange energy of the electrons and 
the self-consistent t e r m  has  been computed incorrect ly .  ' I  

I f  

2 7 2 .  Vedenov, A,  A ,  : A new method in c l a s s i ca l  s ta t is t ical  physics .  Doklady 

Akad, Nauk S .S ,S ,R,  - 125, 757--760 (1959); Soviet Phys ,  Doklady 4, - 
364-368 (1959). 

Method of evaluating the p . f .  by  expanding in  powers  of inverse  
tempera ture  and F o u r i e r  t ransformation of the two-particle co r -  
re la t ion function, 
gives DH formulae  fo r  a completely ionized gas  (details  in neKt r e f .  ). 

Applied to the calc .  of the 2nd v i r ia l  coeff. ; a l so  

273. Vedenov, A ,  A ,  : F r e e  energy of s t rong electrolytes .  Zhur ,  Eksptl .  i 

Teore t ,  F i z .  - 36, 942-943 (1959); Soviet Phys ,  J E T P  - 9, 665-666 (1959). 

The method used in the above ref .  for  calculating the pa i r  c o r r e l a -  
tion function is  h e r e  applied to ca lc ,  the f r e e  energy of a s t rong 
electrolyte  s o h ,  The r e su l t  of Tolmachev (1958) and Tiablikov and 
Tolmachev (1958) is said to be  inco r rec t ,  

274, Vedenov, A,  A ,  ~ and Larkin,  A ,  I. : Equation of s ta te  of a p l a sma ,  

Zhur ,  Ekspt l ,  i Teore t ,  F i z ,  36, - 1133-1142 (1959); Soviet Phys ,  

J E T P  - 9, 806-811 (1959). 

"The f r e e  energy  F of a completely ionized gas  is  given in  t e r m s  
of the density n: 

The t e r m  An3 j2  is identical  with the familiar DH t e r m ,  
s ions for  B and C have been obtained, 
been used  to c a r r y  out the calcs.11 
Yukhnovskii (1 9 52) is  c r i t i c ized ,  

" i t  seems highly unlikely that the Vedenov-Larkin equation of s ta te  
is  c o r r e c t . "  

275, *Veis, S .  : Rendering Saha '  s equation m o r e  accu ra t e  fo r  the c a s e  when 

2 2 F = Fideal t An 3/2  t Bn In n t Cn 

Expres -  
A d iag ram technique has  

The work of Glauberman and 

This paper  i s  reviewed by Duclos (1960, p .  95-97) who says  

' I  

the interact ion of the ions is expressed  by Ildistant" forces .  Ceskoslov. 

Easopis p r o  fysiku - A10, 394-403 (1960), 

abs t r ac t  in Czechoslov, 

Abs t r ,  15, 1322-1323 (1961), 

In Czech, with English 

J, Phys .  - BI'l* 29.5 (1961); a l s o  Nuclear Sci. 

- 
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"The equilibrium concs.  of ions of thermical ly  ionized gases  a r e  
investigated.  If the interact ion of the par t ic les  of the ionized gas  
i s  expressed  in  the f o r m  of "distant ' '  f o rces  we obtain Saha '  s equa- 
tion f o r  the equilibrium concs.  of ions.  The Saha equation der ived 
h e r e  r ep resen t s  the influence of the interact ion of the ions and is 
m o r e  genera l  than the Saha equation der ived by B. L. Timan, who 
expressed  the interact ion of the ions as  a pure ly  Coulomb equation.' ' 

276 .  Veldhuizen, H, van: De Theorie  van Debije en  Huckel en haar  experi-  

menteele  Toetsing, I, II. Chem. Weekblad - 27, 486-492, 681-685 

(1930). 

"A discussion of the numerous theoret ical  and experimental  investi-  
gations designed to ver i fy  the theory of Debye and Xuckel concerning 
e lec t ro ly tes , ' '  - -  E.  Schotte, CA - 25, 3903 (1931). 

277, V i l l a r s ,  Do S, : Equation of s t a t e  of gaseous metal l ic  p l a smas .  Bull. 

Am. Phys ,  Sbc. ( s e r i e s  11) - 6, 370 (1961). 

"An at tempt  has  been made to implement a theory of H. S. Green 
which calculates  the equation of s ta te  f r o m  cor re la t ion  functions." 

Ward, Jo  C . :  s e e  Montroll, E. W. 

278, Watson, K, M, : Cooperative interact ions in a p lasma.  Phys ica  - 26, S188- 

196 (1960). 

Brief r e m a r k s  on the equation of s ta te  of a high-temperature ,  low- 
densi ty  p lasma.  

Wegstein, J, H. : s e e  Hilsenrath,  J. 
Weizel, W , :  s e e  Ecker ,  G. 

Wer thamer ,  No R.: s e e  Suhl, H. 

279 ,  Wheeler,  T.  S, : Zur al lgemeinen Theor ie  d e r  Losungen s t a r k e r  Elek-  
t rolyte .  Physik.  Z .  - 32, 674-680 (1931). 

"The express ion  for  the e lec ,  work of diln. of a dil.  soln. of a 
s t rong electrolyte ,  whose ions a t t r a c t  o r  r epe l  according to a law 
of f o r c e  of which Coulomb's  law is a spec ia l  cas+ is obtained as 
the sum of a s e r i e s  of t e r m s .  
which depends on the a s s u m e d  law of fo rce ,  multiplied by a power 
of the ra t io  of this energy  to a kinetic energy. The v i r i a l  of 
Clausius can  be der ived  f r o m  the express ion  thus developed. The 
gene ra l  f o r m s  of the thermodynamic functions which can  be obtained 
f r o m  the work function are  given. 
p re s s ion  to the spec ia l  formulat ions of Ghosh, Milner,  and Debye 
a r e  indicated." - -  E. R. Smith, CA - 26, 19 (1932). 

Each  t e r m  is a potential  energy, 

The relat ions of the gene ra l  ex- 

280, Wheeler, T o  S . :  The theory of equations of s ta te .  Phi l ,  Mag. ( s e r i e s  

7) - 13, 604-615 (1932), 

"A gene ra l  express ion  f o r  the work of dilution of a s y s t e m  of charged  
pa r t i c l e s  in  the rma l  equi l ibr ium i s  deduced by thermodynamic and 
dimensional  considerat ions e The equation is applied to solns .  of 
s t rong  e lec t ro ly tes  and compared  with the DH express ion;  potentials 
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of c r y s t a l  l a t t i ces  a r e  calcd.  ; 2nd v i r i a l  coeff. of A is calcd.  ; i t  
i s  shown that in  the van d e r  W a a l s  equation the cohesive power 
va r i e s  as the inve r se  4th power of the dis tance,  F o r  the c a s e  of 
s t rong electrolytes  with ions of finite size,  calc .  fo r  K2S04 gives 
the par t ic le  s i z e  l a r g e r  than the DH theory but of the right o rde r . ' '  
- -  A, Fle i scher ,  CA - 26, 3416 (19321, 

281 .White, W o  Bo , and Kr ieger ,  F, J. : The composition and thermodynamic 

proper t ies  of air a t  t empera tu res  f r o m  500" to 8000°K and p res su res  

f r o m  0,00001 to 100  a tmospheres .  RAND Report  R-149 (1949). 

282. Wicke, E. ,  and Eigen, M. : Uber den Einfluss des  Raumbedarfs von 

Ionen in  w"assriger L6sung auf i h r e  Verteilung i m  elektr ischen Fe ld  

und i h r e  Aktivitztskoeffizient, Z .  Elektrochem. - 56, 551 - 561 (1952). 

"The space requi rements  of ions,  detd. essent ia l ly  by the amt .  of 
hydration, mus t  be considered in  their  d i s t r ,  function. 2 l imiting 
idealized c a s e s  a r e  presented:  (a )  cations and anions a s  equally 
l a rge  rigid sphe res  and (b) different space  requi rements  of the 2 
kinds of ions and complete interpenetrabi l i ty  of oppositely charged 
ions,  - I 1  --CA 47, 2020.  F o r  numer ica l  ca l c s .  and graphs s e e  
Na tur wis s ens c haf ten - 3 9, 54 5 ( 1 9 52) 

283. Wicke, E, , and Eigen, M. : Raumbedarf und Aktivitstskoeffizienten 

s t a r k e r  Elektrolyte  in  w2ss r ige r  Lobsung, 

167 ( l953I0 

Z .  Naturforsch.  - 8a, 161 - 

"Discusses  the analogy between the var ia t ion of the coeff. of activity 
with conc,  and the behaviour of r e a l  gases .  
der ived fo r  the distribution of s t rongly hydraced ions in  the ionic 
cloud, which takes  into account the effect of the mutual spat ia l  
displacement ,  The dis t r ibut ion function i s  based on the assumption 
of pa r t i a l  penetrat ion of hydrate  she l l s  of the ions of opposite r ings.  
If this function i s  substi tuted for  the s imple  Boltzmann dis t r ibut ion 
in  the theory of Debye and HEckel, i t  becomes  possible  to po r t r ay  
accu ra t e ly  the var ia t ion of the coeff. of activity with concell - -  F. 
Lachman, PA - 56, 608 (1953). 

An express ion  i s  

284. Wicke, E, , and Eigen, M, : Thermodynamische Eigenschaften 

konz en t r ie  r t e r  wS s s r ig  e r Elekt r olytl; sung en Z Elekt r oc hem e - 57, 

319-330 (1953). 

"In consider ing the thermodynamic p rope r t i e s  of e lectrolyte  solns 
in  the conc. range 0 , 1 - 2  M, two modifications of the DH theory a r e  
introduced: (1) the hydration sphe res  of s imi l a r ly  charged ions do 
not in te rpenet ra te ;  (2)  oppositely charged ions f o r m  ion pa i r s ,  sett ing . 
up a dissocn,  equil. 
removed a t  higher temp. ., - -  H. Newcombe, CA - 49, 8670 (1955). 

A p a r t  of the hydration envelope of a n  ion is 

285. Wicke, E. and Eigen, M, : Bemerkung zu d e r  vorangehenden Mitteilung 

von E o  Heckel und Go Krafft, 

Ionengrossen auf d a s  thermodynamische Verhalten von Elektrolytlosungen. ' I  

Z. physik,  Chem. (Frankfur t )  - 3, 178-182 (1955). 

"Untersuchungen uber  den Einfluss d e r  
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Reply to H k k e l  and Krafft  (1955). 

286. Wicke, E, and Eigen, M, : Erwiderung auf die  voranstehende Notiz 

von Hcckel und Krafft ,  

(1 9 5 5) a 

Z .  physik, Chem. (F rankfu r t )  - 5, 312-322 

Reply to HGckel and Krafft  (1955), 

Wicke, E , :  s e e  Eigen, M. 

Wienecke, R, : s e e  Burhorn, F. 

287, Wigner, E, : On the interact ion of e lec t rons  in  meta ls .  Phys .  Rev. - 46, 

1002-1011 (1934)- 

"The energy of interact ion between f r e e  e lec t rons  in  a n  e lec t ron  gas  
i s  considered,  
spin is known to be that of the space charges  plus the exchange in- 
tegra ls ,  and these t e r m s  modify the shape of the wave functions 
but sl ightly,  
contains,  in addition to the interact ion of uniformly dis t r ibuted 
space  charges ,  another t e rm.  
e lec t rons  r epe l  each other  and t r y  to keep as far a p a r t  as possible .- 
The total  energy of the sys t em will be dec reased  through the c o r -  
responding modification of the wave function. 
i t  is a t tempted to calc .  this "correlat ion energy"  by a n  approx. 
method which is, essent ia l ly ,  a development of the energy by means 
of the Rayleigh-Schrodinger per turbat ion theory in  a power s e r i e s  
of e 2 0 1 r  See a l s o  F. Bloch, Z .  Physik 57, 545 ( l 9 2 9 ) ,  

Winter, E. : see  Kroepelin, H. 

The interact ion energy of e lec t rons  with para l le l  

The interact ion of the e lec t rons  with an t ipara l le l  spin 

This t e r m  is due to the fac t  that the 

In the p re sen t  paper  

- 

288, Wohlfarth, E. Po : The influence of exchange and cor re la t ion  f o r c e s  on 

the specific heat of f r e e  e lec t rons  in  meta ls .  Phi l .  Mag. ( s e r i e s  7 )  

- 41, 534-542 (1950).  

"The effect on specific heat  of including exchange t e r m s  in  the 
express ion  for  the e lec t ronic  energy  of a f r e e  e lec t ron  gas  is d i s -  
cussed ,  Previous  work i s  considered;  the only full  d i scuss ion  
(Koppe 1947) contains a number of a lgebra ica l  e r r o r s .  When these 
a r e  co r rec t ed  the theore t ica l  express ion  fo r  specif ic  heat  becomes,  
f o r  sodium, Ce = yT/(8.9 - 1. 7 loglOT), over  a wide t empera tu re  
range, y being the Sommerfeld factor., ( $ 2 )  This re la t ion is  in  
d isagreement  with observation, due to the approx. implied in  the 
use  of a one-electron wave function. In $ 3  L a n d s b e r g ' s  tentative 
suggestion (1949) fo r  es t imat ing the effects of co r re l a t ion  f o r c e s  is 
considered in  re la t ion to the p re sen t  problem, a sc reened  r a t h e r  

[ See Po To Landsberg,  P r o c .  Phys .  SOC. (London) - A62, 806 (1949).] 
P than a s imple Coulomb potential  being used  in  the exchange integral .  e . ' I  

289. Woolley, H, W,  : Thermodynamic p rope r t i e s  of gases  a t  high t emper -  

a tu re s ,  I, Chemical  equi l ibr ium between molecules ,  a toms,  and 

a tomic  ions considered as  c lus t e r s .  J. Resea rch  Natl. Bur ,  Standards 

- 61, 469-490 (1958). 
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"The equilibrium thermodynamic proper t ies  of gaseous mixtures  
a t  high tempera tures  a r e  t reated by an  extension of the c lus te r  
theory of Ursell ,  omitting the assumption of additivity of pa i r  en- 
e rg i e s ,  
tion in expressing the inc rease  of the p.f .  for  the en t i re  gas  due to 
the joining together of the p a r t s  of the c lus te r .  The law of m a s s  
action and the dependence of second and third v i r i a l  coefficients upon 
the c lus te r  integrals  for p a i r s  and t r ip les  of molecules in  a mix- 
ture  have been obtained theref rom.  
gas  i s  made by incorporating Mayer '  s c luster-based extension of 
the DH theory." 

An effective p.f .  i s  introduced, which is a convenient func- 

Extension to a par t ia l ly  ionized 

Woolley, H, W , :  s e e  a l so  Beckett, C .  W. 

York, H a :  s e e  Marshak, R. E, 

290.  Yukhnovskii, I. R, : Binarnaya funktsiya raspredeleniya dlya s i s t em 

vzaimodeistvuyshikh zaryashennikh chast i ts .  I, Zhur. Eksptl. i 

Teoret ,  F i z ,  - 27, 690-698 (1954). UCRL Trans .  669 (L). 

The pa i r  distribution function for  a sys tem of par t ic les  interacting 
with the modified Coulomb potential ar) = r - l ( l  - e-ar)  is found 
by solving Bogolyubov's equations (1946). See PA - 58, 872 (1955). 

291. Yukhnovskii, I. R,  : Use of collective var iables  and t rea tment  of shor t -  

range fo rces  in  the theory of a sys tem of charged par t ic les .  

Eksptl ,  i Teoret .  F i z .  - 34, 379-389 (1958); Soviet Phys.  JETP - 34, 

Zhur. 

263-270 (1958)- 

"Bogolyubov has  suggested the study of the ' m i x e d '  problem: the 
ca lc .  of the p . f ,  of a n  ionic sys t em in which the shor t - range  f o r c e s  
a r e  descr ibed  in  coordinate space  and the long-range fo rces  a r e  
descr ibed  by means  of collective var iables .  
devoted to the solution of this problem."  

The p resen t  paper  i s  

292. Yukhnovskii, I, R, : On the s ta t i s t ica l  theory of ionic sys tems.  Ukrain. 

F i z ,  Zhur ,  - 4, 167-176 (1959). UCRL Trans .  670 (L). 

"An equation is der ived for  a compact  fo rm of energy that is neutral  
in  a n  en t i re  sys t em of ions, and the b inary  and t e rna ry  distribution 
functions of this sys t em a r e  considered a l so .  
differentiation is descr ibed,  which leads to distribution functions of 
the Coulomb type, io  e.  the so-cal led sho r t  fo rces  a r e  absent . "  - -  
W. Jacobson, CA - 53, 21067 (1959). Extension of the work of 
Zubarev (1954), 

A method of functional 

293. Yukhnovskii, I. R, : F r e e  energy of sys tems of charged par t ic les .  Dokl. 
0 

Akad. Nauk. S.S.S.R. - 126, 557-560 (1959); Soviet Phys ics  Doklady - 4, 

617-620 (1959). 

Shorter  vers ion  of above paper .  

294. Yukhnovskii, I, R,  : On the s ta t i s t ica l  theory of mixed ion-dipole sys t ems  

of interact ing pa r t i c l e s .  Doklady Akad. Nauk S.S.S.R.  - 136, 1317-1320 

(1961); Soviet Phys ics  Doklady (in p r e s s ) .  
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295. 

296.  

297. 

298, 

299.  

300 ,  

301 
0 

Yukhnovskii, I, R, : s e e  a l s o  Glauberman, A. E. 

Yvon, J, : Le potentiel thermodynamique h volume constant dans l e s  

solutions d '  6 lectrolytes  fo r t s .  

(1 93 6). 

J. phys. rad ium ( s e r i e s  7) - 7, 93-94 

"Sommaire: En s aident du thdorkme stat is t ique de Liouville 
1' au teur  etabli t  s implement  la formule  fondamentale de la thgorie 
des  e lectrolytes  de Debye e t  Huckel re la t ive h la re'partition moyenne 
des  ions l e s  uns a u  voisinage des  a u t r e s  dans une solution en equi- 
l ib r  e thermodynamique. 

Yvon, Jo : Les  cor re la t ions  dans un p lasma en equilibre.  J. phys. 

rad ium - 19, 733-738 (1958). 

The pa i r  distribution function is calcd.  f o r  a sys t em with Coulomb 
interact ions,  using a l inear ized in tegra l  equation and the super -  
posit ion approximation. 

Zubarev, Do N, : Vychislenie konfiguratsionnykh integralov dlya s i s  temy 

chas t i t s  s Kulonovskim vzaimodeistviem. 

- 95, 757-760 (1954). 

Doklady Akad. Nauk S.  S. S o  R. 

Der ives  by the u s e  of collective coordinates  a formula  similar to 
that of Mayer  (1950) f o r  the "ring in tegra l"  i n  t e r m s  of the F o u r i e r  
t r ans fo rm of the potential, which reduces  to the r e su l t  of the DH 
theory  for  Coulomb interact ions.  

Box 35, West Newton 65, Mass .  
English t ranslat ion available f r o m  M o r r i s  Do Fr iedman,  P. 0. 
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ADDENDA 
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ionization formula  which i s  appreciably different f r o m  the Saha 
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plasma' '  which "causes  ionization of the upper a tomic levels ;"  
a l so ,  effect of e lec t ros ta t ic  interact ions on the ionization equilib- 
r i um equation. 
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Report  GAMD- 572, General  Atomic (1 958). 

Ionization equilibrium ignoring electrostat ic  energy and excluded 
volumes , 

349. Rouse,  C.  A . :  Ionization equilibrium equation of s t a t e .  Part 11. Mix- 

t u r e s .  Report  UCRL-5695-T, P t .  3 (1961). 

Numerical  resu l t s  fo r  mixtures  of H and He. 

350. Rozhdestvenskii ,  I.  B. : Thermodynamic and gas-dynamic proper t ies  

of flowing air downstream of a no rma l  shock wave with allowance f o r  

ionization and dissociation. P. 73-85 in Physical  Gas Dynamics,  -- 

Edited by A. S. Predvoditelev.  English t ranslat ion by R. C. Mur ray  

and D. R. Phill ips;  Pe rgamon  P r e s s ,  New York (1961). 

This  paper  p re sen t s  $method f o r ,  and the r e su l t  of, calculating I t  

the  thermodynamic and gas-dynamic proper t ies  of flowing a i r  be- 
hind a no rma l  shock wave. 
15,500 m/sec and p r e s s u r e s  before  shock f r o m  1 to 0.00001 a t m .  
Under these  conditions, t empera tu res  of up to 12,000"K and p r e s -  
s u r e s  of up to 1000 atm develop behind the shock front  . o . .  A 
sys t em of a lgebraic  functional equations mus t  be solved, including 
the continuity equation, the  energy and momentum conservat ion 
equations and the equation of state. 
in the equations of conservat ion of energy and enthalpy and the  
equation of s ta te  a r e  functions of t empera tu re  and gas  p r e s s u r e  . . . 

The study covered speeds f r o m  4500 to  

The molecular  weights appearing 

I 1  

351. Sanochkin, Y .  V.  1 Therma l  ionization and e lec t r ica l  conductivity of 

gas  mixtures .  Zhur.  tekh. fiz. - 31, 188-193 (1961); Soviet Physics  - 

Technical Physics  - 6,  134-137 (1961); P A  - 64, 520 (1961). 

"Magnetohydrodynamic problems demand knowledge of the ioniza- 
t ion and the e lec t r ica l  conductivity of gases  heated to  a high t e m -  
pe ra tu re .  This is considered f o r  mixtures  of monatomic g a s e s ,  
taking account of f i r s t  and second ionizations. Bas ic  to this  is a 
s imple  application of the law of m a s s  act ion,  the relat ive amounts  
of par t ic les  ionized k t imes  depending in a known way on t empera -  
t u r e .  It is made  c l ea r  that p roper  choice of gas  mixtures  can  p ro -  
vide any des i r ed  degree  of ionization f o r  a given t empera tu re  range 
By way of example,  the deg ree  of ionization attending a shock wave 
propagated through argon is  investigated.  ' I  (PA). 
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97, 98, 99, 125, 128, 131, 132, 149, 151, 180, 187, 203, 215, 222, 

224, 237, 238, 246, 282, 283, 343 I 
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Air  ( see  a l so  Nitrogen, Oxygen) 

17, 30, 36, 48, 105, 116, 135, 136, 142, 146, 147, 175, 226, 249, 

257, 281, 305, 312 ,  350 

Argon 

24, 28, 312, 351 

Association of ions (including B j e r rum,  Fuoss  theor ies )  

19, 47, 75, 80, 95, 96, 97, 108, 109, 111, 133, 160, 172, 224, 243, 

244, 261, 265 

Bogolyubov theory 

22, 23, 84, 86, 118, 119, 120, 127, 173, 253, 290 

Born-Green theory 

77, 122, 197, 213, 277, 342 

Clus te r  expansions: s e e  Diagram expansions 

Carbon; carbon dioxide 

170, 171, 228, 299, 312, 322 

Collective coordinates,  collective motions, etc.  ( s e e  a l s o  Plasma 

oscil lations ) 

71, 72, 148, 219, 220, 291, 297 

Concentrated electrolyte  solutions 

16, 19, 25, 26, 27, 33, 74, 75, 80, 82, 86, 99, 119, 123, 125, 150, 
- 

151, 162, 168, 189, 216, 253, 284 

Correlat ion energy (gound s t a t e  energy)  of QM e lec t ron  gas  

46, 78, 148, 211, 219, 220, 241, 287, 288 

Correlat ion function: 

Debye-HGckel theory applied to ionized gases  

s e e  Pair dis t r ibut ion function 

1, 2, 18, 42, 44, 45, 60, 68, 69, 70, 71, 72, 95, 138, 140, 141, 155, 

161, 202, 2 3 0 ,  262, 264 

Debye-HGckel theory of s t rong  electrolyte  solutions 

47, 51, 52, 53, 56, 79, 80, $1, 82, 94, 95, 96, 137, 141, 149, 156, 

162, 167, 169, 284, 208, 210, 229, 242, 250, 252, 253, 276 
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Diagram expansions 

2, 32, 58, 59, 86, 117, 127, 132, 178, 179, 184, 187, 188, 198, 199, 

200, 201, 202, 241, 268, 271 

Dielectr ic  constant, effects of i t s  variation 

55, 97, 126, 190, 196 

Distribution function (number of posit ive and negative ions around a 

cent ra l  ion) 

6, 7, 64, 74, 75, 83, 86, 282, 295 

Distribution function: 

Electrolytes  - bibliography 

s e e  a l s o  Pair distribution function 

50, 80, 82, 86, 134, 137, 298, 337 

Excited s t a t e s  of a toms  and molecules;  par t i t ion functions 

5, 34, 41, 61, 105, 116, 139, 140, 145, 155, 157, 181, 235, 270 

Fluctuations 

16, 89, 94, 95, 99, 110, 133, 162, 177, 205, 216 

F r e e  energy  of sys t em of charged par t ic les  

10, 16, 87, 110, 119, 159, 168, 256, 265, 267, 273, 274, 292 

Ground-state  energy  of QM electron gas: 

Helium 

s e e  Corre la t ion  energy 

156,  349 

High p r e s s u r e s  - bibliography 

12, 313, 319 

His tor ica l  reviews of e lectrolyte  theory 

47, 49, 80, 85, 90, 134, 243, 251 

Hyd r og en 

28, 37, 44, 138, 139, 156, 140, 170, 171, 312, 345, 349 

Ionic radius  o r  size:  see Size of ions 

Ionization equilibrium ( see  a l s o  Saha equation) 

11, 24, 39, 40, 48, 73, 76, 91, 92, 93, 95, 105, 113, 116, 138, 139, 

142, 144, 145, 147, 155, 170, 171, 173, 181, 183, 192, 217, 226, 

227, 233, 240, 249, 262, 264, 275, 289 ,  345, 348, 349, 351 

Ionization potential, var ia t ion of 

60, 65, 66, 139, 140, 156, 170, 181, 232, 259, 260, 5, 341, 345, 346 

La tt ic e -gas  

38, 63 

Magnetohydrodynamics: see Plasma 
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Mayer '  s theory of ionic solutions 

2, 60, 84, 101, 102, 103, 104, 127, 132, 164, 184, 186, 187, 198, 

222, 223, 253, 289 

Metals,  e lectron theory of 

8, 78, 211, 220, 287, 288 

Milner I s theory 

80, 96, 112, 193, 194, 195, 196, 208, 210, 218, 230, 242 

Nitrogen ( see  a l so  A i r )  

13, 136, 181, 183 

Nuclear energy, thermonuclear  p r o c e s s e s  - bibliographies 

301, 306, 314, 315, 316, 317, 320, 321, 327, 328, 329, 332, 334, 

335, 338 

One - dim en s io na 1 s y s t e m s 

176,  2 2 5  

Oxygen ( s e e  a l s o  A i r )  

13, 35, 181, 247, 312 

Pair dis t r ibut ion function, r ad ia l  dis t r ibut ion function, cor re la t ion  

function 

9, 18, 22, 23, 86, 118, 119, 120, 187, 197, 256, 290, 292 

Par t i t ion  functions of a toms:  

Plasma osci l la t ions 

s e e  Excited s t a t e s  

153, 220, 333 

Plasma physics,  magnetohydrodynamics - bibliographies ( s e e  a l s o  

Nuclear  energy)  

155, 299, 300, 301, 302, 303, 304, 308, 309, 310, 317, 323, 324, 

325, 328, 329, 330, 331, 335, 336 

Potent ia l  of mean  (o r  ave rage )  fo rce  

29, 84, 163, 164, 184, 186, 187, 213 

P r e s s u r e ,  high: s e e  High p r e s s u r e s  

P r e s s u r e  ionization: s ee  Ionization potential, var ia t ion of 

Quantum effects 

18, 39, 44, 45, 46, 57, 58, 59, 60, 69, 93, 122, 138, 161, 166, 178, 

179, 192, 198, 202, 221, 271, 287, 288 

Quantum field theory methods1 

3, 4, 32, 106, 107, 241 

Radial  dis t r ibut ion function: s e e  Pair dis t r ibut ion function 
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u Random phase approximation 

211, 219, 220, 258 
1 Relat ivis t ic  effects  

40, 340 
t Reviews of e lec t ro ly te  theory: see Histor ical  reviews;  Debye-HGckel 

theory 

Saha equation (see a l s o  Ionization equilibrium) 

5, 39, 76, 113, 170, 191, 192, 209, 227, 231, 233, 234, 235, 240, 

269, 275 

Size of ions,  effect  of 

14, 60, 79, 80, 83, 96, 100, 124, 125, 133, 137, 150, 151, 152, 160, 

168, 172, 197, 203, 216, 238, 239, 244, 248, 282, 285, 286 

Sodium chlor ide 

14, 238 

Specific hea t  of QM electron g a s  n e a r  absolute z e r o  

8, 38, 166 

S t a r s  (stellar and s o l a r  s t r u c t u r e )  

68, 69, 70, 92, 95, 156, 157, 191, 217, 230, 234, 235, 240, 269 

Steam: see Water  

Superposit ion approximation 

121, 188, 213 

Thermonuclear  p rocesses :  see Nuclear  energy  

Vi r i a l  t heo rem 

87, 88, 115, 193, 236, 279, 340 

Water  

37, 312 
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