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1176 .3 k e V . T h e e n e r g y o f t h e i s o m e r i c t r a n s i t i o n in 
7 3 A s w a s m e a s u r e d t o b e 3 6 0 . 4 ± 0 .4 k e V . T h e 
i s o m e r i c l e v e l a t 427 .3 ^ 0 . 4 k e V is f e d b y t h e 
7 h 7 3 S e . * 

* Note added in proof: Very recently MURRAY et al. (Nucl. 
Phys. A 130, 563, june 1969) published the energies and 
relative intensities of the gamma-rays following the decays 
of 7.1 h 73Se and 42 min 73l»Se produced by 70Ge(a,n) re-
action. The gamma-rays of 253.8 keV, 320.1 keV, 392.3 
keV, 401.1 keV, 577.5 keV, 1002.6 keV and 1076.6 keV 
observed by us were confirmed. The lines of 84.3 keV, 
848.8 keV and 992.1 keV were also present in our spectra. 
They are associated to the decay of 73mSe by MURRAY et al. 
— The absence of some conspicous peaks abserved in our 
spectra obtained by irradiating natural selenium among 
the transitions reported by MURRAY et al. forced us on a 
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revision of some conclusions concerning the origin of those 
peaks. Thus, the 649.5 keV transition is now attributed to 
the decay of 81Se in agreement with previously reported 
results of PRAWIROSOEHARDJO (Phys. Rev. 157,995 [1967]). 
Another transition to be attributed to the same decay is 
that of 260.2 keV, as suggested by YTHIER et al. (Physica 
34, 559 [1967] ) . The relative intensities of these lines are 
0.40 ± 0 . 0 7 and 1.05 ±0 .13 , respectively. However, five 
gamma-ray, namely those with 976.2 keV, 986.2 keV, 
1104.6 keV, 1171 keV and 1176.3 keV, remain without de-
finite assignement. 
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The relations of the theory of real gases which have first been derived by Mayer and his co-
workers can be obtained in a simple way b y the functional method. In this case the assumption 
of the pairwise additivity of the intermolecular potential can be dropped. Apart from some new 
relations for distributions functions the expansion of the direct correlation functions is obtained 
as a power series in density with coefficients consisting of integrals over Husimi functions. 

I n a series o f p a p e r s 1 t h e f u n c t i o n a l m e t h o d h a s 
b e e n a n a l y s e d t o d e r i v e i n t e g r a l e q u a t i o n s f o r m o -
lecu lar d i s t r i b u t i o n f u n c t i o n s . I n ( I ) w e h a v e s h o w n 
t h a t s u c c e s s i v e a p p l i c a t i o n s o f f u n c t i o n a l o p e r a t i o n s 
l ead t o h ierarch ies o f f u n c t i o n s a n d the i r i n t e r r e l a -
t i o n s . I n p a r t i c u l a r w e h a v e f o u n d t h a t t h e U r s e l l 
a n d t h e H u s i m i e x p a n s i o n s c a n b e e x p r e s s e d in 
t e r m s o f a p p r o p r i a t e f u n c t i o n a l d e r i v a t i v e s w h i c h 
in t u r n g e n e r a t e r e la t i ons b e t w e e n d i f f e r e n t h ier -
arch ies o f in tegra l e q u a t i o n s . A s t h e s e e x p a n s i o n s 
are a lso u s e d in the t h e o r y o f rea l gases d e v e l o p e d 
b y MAYER a n d his c o w o r k e r s 2 - 5 o n e m a y s u s p e c t 

Sonderdruckanforderungen erbeten an Dr. E. L u x , In-
stitut für Theoretische Physikalische Chemie der Uni-
versität Frankfurt/Main, D-6000 Frankfurt, Gräfstr. 38. 

i J. K . PERCUS, Phys. Rev. Letters 8,462{1962], - J . L. LE-
BOWITZ and J. K . PERCUS, J. Math. Phys. 4, 116 ,1495 
[1963]. — J. K . PERCUS, The Equilibrium Theory of 
Classical Fluids, W. A. Benjamin, Inc., New York-
Amsterdam 1964. - L. VERLET, Physica 30, 95 [1964]; 
32, 304 [1966]. - E. L u x and A. MÜNSTER, Z. Phvs. 
199, 465 [1967], hereafter referred to as I . — E. L u x 
and A. MÜNSTER. Z. Phys. 213, 46 [1968]. 

t h a t t h e f u n c t i o n a l m e t h o d y i e l d s a s i m p l e d e r i v a -
t i o n o f t h e M A Y E R t h e o r y . 

I n t h e f o l l o w i n g s e c t i o n s w e w a n t t o p r e s e n t th i s 
d e r i v a t i o n s h o w i n g t h a t i t is b y f a r less c o m p l i c a t e d 
t h a n t h a t g i v e n b y M a y e r h i m s e l f . F u r t h e r m o r e , t h e 
i n t e r m o l e c u l a r p o t e n t i a l is r e s t r i c t e d o n l y b y t h e 
p r o p e r t i e s r e q u i r e d f o r t h e e x i s t e n c e o f t h e r e l e v a n t 
i n t e g r a l s . M o r e o v e r , th i s m e t h o d l eads t o s o m e n e w 
r e l a t i o n s f o r d i s t r i b u t i o n f u n c t i o n s a n d t h e d e n s i t y 
e x p a n s i o n s o f t h e d i r e c t c o r r e l a t i o n f u n c t i o n s . T h e 
c o e f f i c i e n t s in t h i s p o w e r series are c lus ter i n t e g r a l s 
o v e r H u s i m i f u n c t i o n s . 

2 J . E. MAYER and E. W . MONTROLL, J. Chem. Phys. 9, 
2 [1941]. 

3 G. E. UHLENBECK and G. W . FORD, in: Studies in 
Statistical Mechanics, vol. I , North-Holland Publ. Co., 
Amsterdam 1962. 

4 J . E. MAYER and M. G. MAYER: Statistical Mechanics, 
J . Wi ley & Sons Inc., New York 1959. - J. E. MAYER, 
in: Encyclopedia of Physics, vol. X I I Springer-Verlag, 
Berl in - Gött ingen - Heidelberg 1958. 

5 A . MÜNSTER. Statistical Thermodynamics, Springer 
Academic Press, Berlin-New York 1969. 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



1 4 0 6 E. LUX 

1. Distribution Functions as Power Series 
in Fugacity 

Consider the generalized grand canonical partition 
function (1) which is a functional of <p 

2 v , f r i ^ ) P ( i , . . . , t f ) d i . . . d i v . A'^0 1 = 1 
(1) 

The <p(i) =q>i are di f ferentiate functions which in 
addition have the properties required for the exis-
tence of the integral. For the functional derivatives 
with respect to zcpi at cpi = 0 we have 

dn ~{<p) 
= P(\,...,n), 

FI özqpi 
i = l <P=0 

whereas for cpi * 0 we get 

önE(cp) _ o(l,..., n, (p) 

(2a) 

(2 b) 
n özcpi 
! = 1 

n 2, 
! = 1 

Here o (1, . . . , n, <p) is the generalized n-particle mo-
lecular distribution function, corresponding to 
Eq. (1). 

W e now define the logarithmic functional deriva-
tives of E(cp) 

dn In Z(<p) 
= U{l,...,n) (3a) 

and 

II dzcpi 
i = 1 9?=0 

<5" In £"(9?) 1(1, . . . , n, cp) 
, ( ( f t * 0 ) . (3b) 

n özipi n z w 
i=1 i=l 

Using the functional chain rule we find that the 
P- and the [/-functions as well as the q- and the 
/-functions are related to each other by the Ursell 
expansion [theorem la of (I)] 

P ( l ) = E7(l) 
P(1,2)=U(1,2)+U(1)U(2) (4a) 

etc. , 

Q(l) = l(l) 
o(l,2) = 1(1,2)+ 1(1)1(2) 

etc . . 
(4b) 

Thus (3 a) defines the well-known Ursell functions 
whereas the /-functions are apart from normalisation 
the total correlation functions. 

Next we expand I n S and the right hand side of 
(3 b) into a functional Taylor series at cp = 0 

In E (op) = J V, f fl<PiU(l,...,N)dl...dN, 
y>o • J 

(5a) 

1(1, ...,n, <p) 

Zn n q>i 
i=1 

£ 7 ( 1 , . . . , » ) 

+ 2 ^ f f l <PiU(l,...,N)dn+l.. A>« ' ' J £=n-i-1 
diV. 

(5b) 

With the relation In E = PV/kT^^ we have for 
(pi = l 

PV/kT =V^btzi (6a) 
i 

and 

HI n) y zN~n 

• ft/(l, ...,N)dn + 1 ...dN (6b) 

where the coefficient bi are the reducible cluster 
integrals4-5 . Note that the first Eq. of (6b) is the 
well-known fugacity expansion of the density: 

g/z = l+2nb^zn'1 

2 

because of 

(n 1)! • • • > w)d2 ... dn = nbn. 

Equations (6a), (6b) and (7) have first been derived 
b y MAYER a n d MONTROLL 2 in a comple te ly dif ferent 
and complicated way. 

2. Conversion to Power Series in Density 

From the functional method we obtain density 
expansions in a most simple way. To solve this so-
called elimination problem 3 - 4 we simply make use 
of an appropriate functional operation which 
1) is related to Eqs. (3) since they introduce the 

fugacity expansions, 
2) employs g(i, (p) as independent function. 
Because of 

r$ln~"(9>) o( l,<f) 
— j zQ)i= • zai = o(l, a) , öztpi r z(fx Y - v ' r ' ' 

o ( l , <p)/z(pi or In o ( l , <f)jzq:i can be used as func-
t i o n a l , and theorems 2a resp. 4a as well as theo-
rems 3a resp. 5a of (I) can be applied. 
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2.1. The functional £>(1, <p)jzcpi 

Defining 
dn[Q(l,(p)/z<pi] 

n +1 
n öo(i,(p) 

i=2 

= R(l,...,»+ 1) (8a) 

«5=0 

and 
dn[o{\,(p)lzcpl\ 

n 0Q(i,q>) 
i = 2 (8b) 

the functional chain rule leads to the intermediate 
expansion of U-functions into i?-functions [theorem 
2a of (I)] 

U(l,2) = R(l,2), 
U(1,2,3) = i ? ( l , 2 , 3) (9a) 6 

+ *7(2 ,3 ) (Ä(1 ,2 ) + tf(l,3)) 
etc. 

and to the intermediate integral expansion of h-
into ^-functions [theorem 4a of (I)] 

h( 1,2) = k(l,2) 
+ Jes&( l ,3 )Ä(2 , 3 ) d 3 , (<p = 1), 
etc. (9b) 

with 

h(\,...,n) = l(\,...,n)lY[Qi. 
i=i 

In the same way as in part 2 we expand the right 
hand side of (8 b) into a functional Taylor series at 
cp> == 0 and put then cp = 1. Because of q (i, cp = 0) = 0 
and q (i, cp = 1) = Qi we find the relations 

V = 1 + 2 f R(l,...,m l ) d 2 . . . d m -f- 1, 
(10) 

2i ' ' y ' m^l ml 
• J R ( 1 , . . . , n + ra) dn - f 1. . . dw + ra. 

The left hand side of (10) still contains the fugacity. 
On differentiating the functional ln [^( l , (p)jzcpi\ in-
stead of (8), z is automatically eliminated. 

6 When P ( l , . . . , n ) = e x p { - / S 2 t t y } 
i < j 

where ua is the pair potential, the i?-functions can be 
expressed in terms of Mayer-/-functions 

£(1,2) = /12; 
R( 1, 2, 3) = /12/13/23 + /12/13; 

.R(l, 2, 3, 4) = /l2/l3/24/34(/l4/23 + /l4 + /23 + 1) + 
+ /l2 /23 /l4 /34 ( /l3 + /24 + 1) + 
+ /l3 /23 /l4 /24 (/l2 + /34 + 1) + 
+ /l2/l3/l4(/23 + /24 + /34 + 1); 

For the expansion of the U- and the later defined 
F-functions see3. 

2.2. The functional \n[o(I, (p)Iz<pi] 

Defining 
6n ln[o(l, (p)/z<p{] 

n +1 
II do(i,<p) 

= F ( l , . . . , w + l ) (11a) 

<p=0 

and 
dn l n [ o ( l , (p)/z(pi] 

n +1 
n <f) 

i = 2 

= c ( l , . . . , w + l , ? ) , (99 #= 0) 
( l i b ) 

the functional chain rule yields the Husimi expan-
sion of the {/-functions into F-functions [theorem 
3a of (I)] 

U( 1,2) = F ( 1 , 2 ) , 
17(1,2,3) = F ( l , 2 , 3 ) + £7(2 ,3 ) (F(1 ,2 ) + F ( l , 3 ) ) 

+ F ( 1 , 2 ) F ( 1 , 3 ) (12a) 
etc. 

and the Husimi integral expansion of the A-function 
into c-functions [theorem 5a of (I)] 

h( 1, 2) = c ( l , 2) + J ß 3 c ( l , 3)Ä(2, 3)d3 (12b) 
etc. . 

Thus we see that (11 a)defines the Husimi functions 
and ( l i b ) the direct correlation functions (for <p — 1). 
The right hand side of ( l i b ) is now expanded into 
a functional Taylor series at cp = 0. If we then put 
w = 1 we obtain 

M Qlz] = ZßmQm, 
7/t^l 

(13a) 

where ßm are the irreducible cluster integrals4-5 and 

c ( l , . . . , » ) = F ( l , ...,n) + 2 v ' v ' ,/t^i m\ 
•jV(l,...,n + m)dn+l . . .dw + m. (13b) 

Here we see for the first time that for the direct 
correlation functions c ( l , . . . , n) a power series in 
density exists, the coefficients being integrals over 
Husimi functions. If (13 b) is introduced into (12 b) 
we find the density expansion of the total correla-
tion functions h. Together with (4 b) we have the 
density expansion of the molecular distribution 
functions g. Under the general assumptions under-
lying this work they are both rather complicated 
and will therefore not be given explicitly7. 

From 
g/z = d(P/kT)lc)z (14)4 .5 

7 For pair potentials they reduce to well-known expan-
sions 3 , 5 . 
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the virial f o r m o f the equat ion o f state is ob ta ined 
using (13 a) 

= e d - „ i . T F i ( 1 5 ) 

3. Conclusion 

I n the present der ivat ion o f relations f o r the i m -
per fect gas the on ly restrictions o n the inter mo lec -

ular potent ia l are those required b y the existence 
o f the t h e r m o d y n a m i c l imi t 5 . Combinator ial or 
equiva lent considerat ions as well as the use o f the 
theory o f funct ions h a v e been avo ided . Further-
more , w e h a v e been able t o derive the density 
expans ion o f the direct correlation funct ions . 

A cknowledgement 

I wish to thank Professor Dr. A. MÜNSTER for his 
continued interest and help during the course of this work. 

Abhängigkeit des optischen Bandabstandes von der molaren Zusammensetzung 
bei Zinksulfid-Kadmiumsulfid-Mischkristallen 
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The optical band gap was determined for powder samples of (Zn^Cdi-^S by absorption 
measurements using a microspectrophotometer. Whereas the lattice constants (measured by X-ray 
lattice analysis) are linear functions of the components, the band gap is smaller than expected 
from the molar composition. The relation between band gap and composition was found to be 
linear, with a break at the equimolar composition. Possible reasons of this phenomen are discussed. 

1. Einleitung 

Der B a n d a b s t a n d v o n Z inksul f id -Kadmiumsul f id -
Mischkristallen (Zn xCdi_a;)S wurde zuerst v o n CU-
RIE 1 durch Messung der di f fusen R e f l e x i o n an pul-
ver förmigen P r o b e n ermittelt . Er f a n d einen linea-
ren Zusammenhang zwischen d e m B a n d a b s t a n d und 
der molaren Zusammensetzung , allerdings bei er-
hebl ichen Streuungen der Meßwerte . W i r haben die 
Abhäng igke i t des Bandabstandes v o n der Z u s a m -
mensetzung mit einer wesentl ich genaueren M e t h o d e 
erneut best immt . Dazu wairden die Transmissions-
kurven für Kristallire unterschiedlicher Z u s a m m e n -
setzung mit e inem Mikrospektra lphotometer gemes-
sen u n d die energetische Lage der Absorp t i ons -
kanten best immt , da diese d e m B a n d a b s t a n d ent-
sprechen. Z u m Vergleich wurde a u ß e r d e m die A b -
hängigkeit der Gitterkonstanten v o n der Z u s a m m e n -
setzung der Mischkristalle röntgenographisch unter-
sucht . 
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2. Experimentelle Methode 

Die Mischkristalle wurden durch einstündiges Glühen der 
aus lumineszenzreinem Zink- und Kadmiumsulfid her-
gestellten Ausgangssubstanz gewonnen. Für zusätzliche 
Lumineszenzmessungen, über die in der vorliegenden 
Arbeit jedoch nur orientierende Angaben gemacht werden, 
wurden alle Proben mit 1(U4 Ag dotiert. Die genauen Zink-
Kadmium-Verhältnisse der verschiedenen Proben wurden 
durch chemische Analyse der Phosphore bestimmt. Die 
Kristallstruktur wurde mit einem Röntgen-Diffraktometer 
(Rigaku Denki GmbH) gemessen. 

Die Transmissionskurven der Kristallite wurden mit 
einem Universal-Mikro-Spektralphotometer (Typ UMSP I, 
Carl Zeiss) registriert. Dieses Gerät ermöglicht spektral-
photometrische Messungen an mikroskopischen Präparaten 
im sichtbaren und ultravioletten Spektralbereich nach 
einem Zweistrahlverfahren. 

Abbildung 1 zeigt den prinzipiellen Aufbau des Photo-
meters. Zwei synchron rotierende Spiegelräder teilen das 
monochromatische Licht in einen Meß- und einen Ver-
gleichsweg auf. Beide Strahlengänge enthalten ein voll-
ständiges UV-Mikroskop. Das Licht des Meß- und des Ver-
gleichsweges wird in schnellem Wechsel dem gleichen Licht-
empfänger zugeführt. Ein über einen Verstärker an-
geschlossener Kompensationsschreiber zeichnet das Ver-
hältnis zwischen Meß- und Vergleichsstrahl auf. Das 
Vergleichssignal wird über eine an den Verstärker an-
geschlossene automatische Spaltverstellung auch bei variab-
ler Wellenlänge konstant gehalten. Das Meßsignal ändert 


