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Different cut-off criteria of partition functions have been utilized in order to evaluate the con­
tribution of electronic excitation to thermodynamic properties of high temperature gases (5000 °K 
to 35 000 °K, 1 0 -2- 1 0  atm ).

It is shown that properties of single species are strongly affected by the cut-off criterion adopted, 
i. e. the contribution of electronic excitation to these properties is important.

It is also shown that the reported absence of this contribution to total enthalpies and specific 
heats of plasmas is the result of an almost complete compensation between “reactional” and “frozen” 
terms which are all dependent on electronic excitation.

Introduction

Accurate values of electronic partition functions 
of gases up to 35,000 °K are presently available 1-4 
and have been obtained by completion of the ob­
served energy levels of the relevant species and by 
applying the cut-off criteria proposed by M a r g e n a u  
and L ew is  5 and by Gr ie m  6. Equilibrium properties 
derived from these partition functions are at present 
the most accurate ones available. These data can 
therefore be taken as a guiding reference for less 
accurate calculations in which the ground state 
only, or a few levels above it, are included in the 
partition functions.

A comparison among these methods of calcula­
tion shows that “total” specific heats and thermo­
dynamic functions do not differ by more than a few 
percent up to 35,000 °K. Equilibrium compositions 
appear to be affected by the introduction of elec­
tronic levels only as far as minority species are 
concerned.
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This result suggests that electronic excitation 
might be contributing to “total” quantities as well 
but that this contribution is actually masked by 
compensation effects occurring among the various 
terms into which these quantities can be separated. 
It is therefore the purpose of the present work to 
examine in some detail the problem of the contribu­
tion of electronic excitation to the various equili­
brium properties of plasmas, and this will be done 
by a systematic application of three different cut-off 
criteria.

The Cut-off of Partition Functions

In the evaluation of the electronic partition func­
tions Q vj of a species j

wmax
Qej = 2  9 nj exp{ -  Enj/k T} or (1)

n
En) max

Qd  =  2  9 nj exp{ — E„j/k T}
o

it is necessary to resort to some cut-off criterion of 
the partition function in order to avoid the diver­
gence of the summation12. The following criteria 
have most extensively been used in recent times.

a) The criterion of M a r g e n a u  and L ew is  l * 2’ 5

The partition function is cut at a value of the 
quantum number n given by:

=  3 6 .1 1 - 10s ( f ^ | y \  (2 )

where Z;pft is the effective charge of the y-th species 
and nj the number density (cm-3 ) of the species 
with diarge Zj.

This criterion represents the upper limit of the 
cut-off criteria adopted.

b) The criterion of G r ie m  3> 6> 9

The partition function is cut at a maximum value 
of En given by:

E njm*x =  £0j AEftj

with AE0j =  2(zj + l )  e*(nlkT)'h (2"; *;2) Vt (3)
where E0j and AE0j are the ionization potential and 
the lowering of the ionization potential in the 
plasma.

12 H. W . D r a w in  and P. F e le n b o k ,  Data for Plasmas in Lo­
cal Thermodynamic Equilibrium, Gauthier-Villars, Paris 
1965.

c) The ground state method

Q ej =  9 o j • (4 )

Once the cut-off criterion has been selected the 
procedure for the calculation of equilibrium pro­
perties is straightforward 3j 9.

Properties of Single Species

a) Partition functions and their derivatives with 
respect to temperature

Values of Q ej  calculated at different pressures for 
nitrogen species according to the three methods 
mentioned in the preceding section have been plot­
ted as a function of temperature in Figure 1.

Corresponding values of

* d In Q e l  i t  n  d*ln Qej 
Q e} ~  d ln T ® e} ~  d2 ln T

can be found in Figures 2 and 3 respectively.
A comparison of these quantities calculated at 

one atmosphere according to the Griem’s criterion 
and to a criterion in which the first levels above the 
fundamental are included in Q ej can be found in 
Ref. 9 for other species as well as for nitrogen spe­
cies diluted in helium, argon and xenon. Values for 
oxygen at 0.01 — 10 atm can be found in Ref. 4. It 
should be remarked that the large difference ob­
served in the values of Q ej  and of its derivatives, 
when different cut-off criteria are applied, are to a 
large extent attributable to the use of completed 
sets of energy levels, as already discussed in refer­
ences 9’ 13.

When use is made of the observed energy levels 
only, the partition function is raised above its 
ground state value to an extent depending on the 
species considered but Q ej  remains practically in­
sensitive to the cut-off criterion (Margenau and 
Lewis or Griem) in that none or a few energy levels 
only are in this case to be found within the range 
of levels or of energies involved in the cut-off. On 
the contrary when completed sets are used the Q ej 

become dependent not only on the criterion adopted 
but also on the more or less hydrogenlike character 
of the additional levels introduced in the summa­
tion 9> 13.

13 M . C a p i t e l l i ,  E. F i c o c e l l i  V., and E. M o l i n a r i ,  Rev. Int.
Hautes Temp. Refract. 7, 153 [1970].
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t h t 3ok

Fig. 1. Partition functions Q^j at different pressures for the 
species N, N+, N++ and N+++ according to different cut-off 

criteria.

b) Enthalpies and specific heats

The enthalpy of a species is obtained from the 
corresponding partition function by derivation with 
respect to temperature

Hj - 1 , =  R T ( | ^ f ) r (cal/mole) (5)

n o '3“«
Fig. 2. Values of Qej at different pressures for the species N 

and N+ according to different cut-off criteria.

where qj =  Qej • QtT is the total partition function for 
a monatomic species. $ tr  is the translational parti­
tion function

<?«r =  ■V

and Ej is the reference level.
Eq. (5) then becomes

Hj -  £j =  5/2 R T + R T Qej . (6)

By deriving Eq. (6) with respect to temperature one 
obtains the specific heat of a single species

CPj =  5/2 R +  R( Qej +  Qej) cal/mole °K. (7)

The behaviour of the derivatives of the electronic 
partition functions illustrated in Figs. 2 and 3 is 
immediately reflected by the enthalpies and by the 
specific heats of the single species, as can be ap­
preciated from Figs. 4 and 5.

As already discussed in Ref. 9> 13 specific heats of 
a single species can markedly be affected by dilu­
tion in different gases. This effect has been found to 
be particularly important for the species N diluted 
in He, Ar or Xe and for the species He diluted in 
nitrogen. Smaller effects have been observed when 
Xe and Ar are diluted in nitrogen. Here again it 
should be pointed out that the effect of dilution can 
only be appreciated when use is made of completed 
sets of energy levels.
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M O ~ 3oK

Fig. 3. Values of Q?j at different pressures for the species N 
and N+ according to different cut-off criteria.

c) Enthalpies of ionization

The enthalpy change (cal/particle) corresponding 
to the ionization process Bz =  Bz + 1  +  e is given by 
the expression

AH =  5 / 2  k T  +  k T (QeB*+1 — QeBz) +  ~  AEqb* ( 8 )

where Eqb* is the ionization potential of the species 
Bz and AEqb* is the corresponding lowering in the 
plasma. Values of AH for the reactions N =  N+ + e 
and N+ =  N++ -fe  calculated at different pressures

T -10“3 °K

Fig. 4. Enthalpies at different pressures of the species N and 
N+ according to different cut-off criteria.

according to the three methods have been plotted 
as a function of temperature in Fig. 6. The behav­
iour of the reaction N =  N+ +  e is interesting in that 
it shows that AH goes through a minimum and can 
become larger than the ground state value. This is 
the consequence of taking into account the excita­
tion of both N and N+ which occurs in different 
temperature ranges. Beyond the minima of the 
zlH/T curves the electronic excitation of the ionized 
species begins to contribute to the QeBz+1 term while 
the term QeB* is now decreasing with increasing 
temperature (compare Fig. 2 ). The minimum is not 
present in the reaction N+ =  N++ + e since the N++ 
species has energy levels which are too high to be 
appreciably populated in the temperature range 
examined. Figure 7 reports the results obtained for 
the reaction Ar =  Ar+ + e. In this figure values of 
AH calculated by D e v o t o  14 according to the 
Griem’s method have been compared with the values 
obtained by us using the same method. The levels 
utilized by Devoto for the completion of the observed 
set of energy levels are more hydrogenlike than

14 R. S. D e v o t o ,  Tables of the Composition and Transport 
Coefficients of Partially Ionized Argon, NASA CR-85559.
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Margenau -Lewi s

T-10"3 °K

Fig. 5. Specific heats at different pressures of the species N 
and N+ according to different cut-off criteria.

those utilized in the present calculations and the 
differences reported in Fig. 7 can here be ascribed 
to the different method of evaluation of the missing 
levels, a fact already pointed out in a preceeding 
section. In the present calculations a value of 
AE0 = 0 has been used when applying the ground 
state method. An alternative choice of AE0 has been 
made by B u r h o n  and W ie n e c k e  15 who have also

15 F. B u r h o n  an d  R. W ie n e c k e , Z. Phys. Chem. 2 1 3 ,  37
[I960],

----------- Margenau-Lewis

—  —  Griem

T 10 3 °K

Fig. 6. Enthalpies of ionization at different pressures for the 
species N (below) and N+ (above) according to different cut­

off criteria.

used a ground state method but with

AE0 =  7 • IO- 7 / n e (e. v .) ,

according to UNSOLD 16 [ n P is the electron number 
density (cm-3 ) ] .  Values of AE0 calculated accord­
ing to Unsold are, as well known, much larger than 
those evaluated according to either the M a r g e n a u  
and L ew is  10 or the Griem’s method. Values of AH 
calculated for the reaction 0 =  0+ +  e according to

16 A. U n s o l d , Phys. Sternatmosphären, Springer-Verlag, Ber­
lin 1956.
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T 110 K

Fig. 7. Enthalpies of ionization at different pressures, for the 
species Ar according to Devoto and to the present work.

Burhon and Wienecke have been compared in Fig. 8 
with the corresponding values determined according 
to the criterion of Griem and to the ground state 
method.

Properties of the Plasma

Values of the Helmholtz potential of the entropy 
and of the internal energy calculated for helium and 
nitrogen according to three different cut-off criteria

\

T - 10 0 K

Fig. 8. Enthalpies of ionization at 1 — 10 atm for the species 0 
according to different cut-off criteria.

have been collected in Table 1 and in Table 2 re­
spectively.

One appreciates from these tables that the con­
tribution of electronic excitation to these functions 
is at most of the order of a few percent, in marked 
contrast with the large contribution present when 
single species are considered. The calculations of 
thermodynamic functions reported in references17-19 
confirm this observation.

This contrast can be understood for thermo­
dynamic functions, such as F and G which are depen­
dent on ln Qej . It is in fact observed that, in general,

17 P. F a u c h a i s  and N. M a n s o n ,  XX. Meeting IUPAC, Mos- 18 F . F a u c h a i s ,  Rev. Int. Hautes Temp. Refract. 6, 77 [1969]. 
cow 1965. 19 J. C. H e s t e r  and K. G. S e w e l l ,  J. Appl. Phys. 35, 729

[1964].
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Table 1. A comparison of thermodynamic properties at various temperatures calculated according to Margenau and Lewis’s 
criterion (columns a ) , to Griem’s criterion (column b) and to the ground state method (columns c) for a Helium plasma.

0.1 atm. 1 atm.
a c a b c 10 atm.

T °K Helmholtz Potential (cal/g) a c

10 000 1.223(5) 1.223(5) 1.109 (5) 1.109(5) 1.109 (5) 0.995 (5) 0.995 (5)
15 000 1.920(5) 1.919(5) 1.742(5) 1.742(5) 1.742 (5) 1.569(5) 1.569 (5)
20 000 2.800 (5) 2.798(5) 2.545(5) 2.454(5) 2.453 (5) 2.183(5) 2.182 (5)
25 000 3.962(5) 3.961 (5) 3.403(5) 3.402 (5) 3.398(5) 2.912(5) 2.905 (5)
30 000 5.172(5) 5.171(5) 4.492 5̂) 4.492 (5 4.488 (5) 3.824(5) 3.813(5)
35 000 6.403 (5) 6.402 (5) 5.608(5) 5.608(5) 5.605 (5) 4.818(5) 4.809(5)

Entropy  (cal/g cK)
10 000 1.298(1) 1.298(1) 1.184(1) 1.184(1) 1.184(1) 1.070(1) 1.070(1)
15 000 1.400(1) 1.399(1) 1.250(1) 1.250(1) 1.250(1) 1.125(1) 1.125(1)
20 000 1.924(1) 1.916(1) 1.475(1) 1.471(1) 1.467(1) 1.223(1) 1.219(1)
25 000 2.276(1) 2.277(1) 1.932(1) 1.929(1) 1.925(1) 1.481(1) 1.463(1)
30 000 2.340(1) 2.342(1) 2.098 (1) 2.098(1) 2.099(1) 1.779(1) 1.768(1)
35 000 2.381(1) 2.381(1) 2.149(1) 2.150(1) 2.151(1) 1.900(1) 1.901 (1)

Internal Energy  (cal/g)
10 000 7.460(3) 7.460 (3) 7.438(3) 7.438 (3) 7.438 (3) 7.428(3) 7.428(3)
15 000 1.806 (4) 1.791 (4) 1.335 (4) 1.330(4) 1.328(4) 1.184 (4) 1.181 (4)
20 000 1.047 (5) 1.034 (5) 4.949(4) 4.884 (4) 4.803(4) 2.634 (4) 2.556(4)
25 000 1.729(5) 1.732 (5) 1.426(5) 1.421(5) 1.413(5) 7.903 (4) 7.517(4)
30 000 1.849(5) 1.854(5) 1.801 '5) 1.804 (5) 1.808(5) 1.512(5) 1.493 (5)
35 000 1.929(5) 1.933(5) 1.915(5) 1.919(5) 1.924(5) 1.834(5) 1.845(5)

Table 2. A comparison of thermodynamic properties at various temperatures calculated according to Margenau and Lewis’s 
criterion (columns a), to Griem’s criterion (column b) and to the ground state method (columns c) for a Nitrogen plasma.

0.1 atm. 1 atm. 10 atm.
a c a b c a c

T °K Helmholtz  Potential (cal/g)

10 000 3.215(4) 3.192 (4) 2.866(4) 2.866 (4) 2.843 (4) 2.534(4) 2.511(4)
15 000 6.239(4) 6.206 (4) 5.323(4) 5.326(4) 5.270(4) 4.595(4) 4.518(4)
20 000 9.812(4) 9.754 (4) 8.509 (4) 8.515(4) 8.444 (4) 7.244(4) 7.151(4)
25 000 1.380(5) 1.374(5) 1.190(5) 1.191 (5) 1.181(5) 1.024(5) 1.013(5)
30 000 1.862(5) 1.855(5) 1.579(5) 1.581 (5) 1.570(5) 1.342(5) 1.327(5)
35 000 2.373(5) 2.371 (5) 2.027(5) 2.029 (5) 2.015(5) 1.702 (5) 1.685(5)

Entropy  (cal/g cK)
10 000 4.501 4.421 4.004 4.003 3.916 3.560 3.455
15 000 6.562 6.542 5.359 5.352 5.321 4.285 4.162
20 000 6.993 6.940 6.255 6.262 6.212 5.350 5.319
25 000 8.140 8.149 6.655 6.659 6.599 5.797 5.740
30 000 9.410 9.366 7.744 7.750 7.721 6.202 6.129
35 000 9.930 9.796 8.610 8.620 8.540 6.983 6.917

Internal Energy  (cal/g)
10 000 1.286(4) 1.229 (4) 1.138(4) 1.136(4) 1.072(4) 1.026(4) 0.944 (4)
15 000 3.604(4) 3.607 (4) 2.715(4) 2.702 (4) 2.711(4) 1.832 (4) 1.724 (4)
20 000 4.175(4) 4.126 (4) 4.002(4) 4.009 (4) 3.979(4) 3.456 (4) 3.487(4)
25 000 6.550(4) 6.632(4) 4.738(4) 4.743 (4) 4.691 (4) 4.252 (4) 4.224 (4)
30 000 9.642 (4) 9.543 (4) 7.437(4) 7.441(4) 7.463 (4) 5.184 (4) 5.113(4)
35 000 1.102(5) 1.068 (5) 9.868 (4) 9.884 (4) 9.742 (4) 7.422 (4) 7.361 (4)

electronic excitation beginns to contribute to Q ej at 
temperatures at which the species j  has become a 
“minority” species in the plasma.

However, if one considers functions such as H  or
V , which are dependent on Q ej  or the specific heats

which depend on both Q ej  and Q ej  this explanation 
becomes less satisfactory in that Qej and particularly 
Qej will rise above their ground state value of zero 
at temperatures at which the concentration of the 
species j  is still appreciable.
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A contribution of electronic excitation to these 
latter functions is therefore expected and the fact 
that this contribution is apparently absent requires 
closer examination. A detailed analysis of the terms 
into which total enthalpy and total specific heats can 
be separated will therefore be carried out in the 
next sections with reference to a nitrogen plasma.

a) Total enthalpy

The total enthalpy Htot of a nitrogen plasma can ~ 
be calculated according to the following expression: ^

Hr H t ~
/--------------------------- A--------------------------- S -------------- X

Htot (cal/g) =  5/2 k T f  N } + k T f  N ,  Qej +  I  N,  J
j=  l  j - 1  j=  l

where N j  is the number of y’-th particles per gram of 
plasma. The reference level in the nitrogen plasma 
has been choosen so that £̂ 2 =  0- From this follows:

£N =  D / 2 ; £ y + =  (Eos — AEo n ) +  D / 2 ; 

£n ++=  (Em - A E ox) +  (Eos* — AEok+) +D/2;

^electron =  0  .

with D dissociation energy of the N2 molecule.
The total enthalpy can thus be thought as result­

ing from two contributions: the “frozen” enthalpy 
H[ and the “reactional” enthalpy Hr .

Values of Htot, Hf and Hx calculated according 
to the Margenau and Lewis criterion and to the 
ground state method have been compared in Fig. 9.

The coincidence of the values of Ht01 is indeed the 
result of a compensation between Hf and Hr in the 
two methods. In order to understand how this com­
pensation arises, one should examine the expres­
sions which give Hf and Hr in more detail.

In the case of a nitrogen plasma, in which succes­
sive ionizations of the species N are present, it is 
necessary, in order to simplify the problem, to 
consider the successive ionizations as occurring in 
non overlapping temperature regions20,21. In the 
temperature and pressure ranges considered in this 
work it will be sufficient to consider two ionization 
reactions only: 1 ) N =  N+ +  e and 2) N+ = N++ + e.
In fact N+++ -ions are minority species up to
35.000 °K while the reaction N2 =  2 N can be con­
sidered as completely shifted to the right above
10.000 °K.

T • 1(T3°K

Fig. 9. Total (Htot), reactional (H r) and frozen ( Hf )  enthal­
pies of nitrogen at different pressures according to Margenau 

and Lewis and to the ground state method.

Equation (9) can be written as 

( Hf )  * =  5/2 k T( Ne + Ns  +  Nv *) +  k T  N s Qes  (9 a)

+  k T N s+ Qes* i 
(Hr) ! =  Ns  • D/2 +  Njf  (Eos -  AEos +  D/2)  (9 b)
for reaction 1 ) and as
( H t ) 2 =  5/2 k T ( N e + N r  + Ns ~) + k T  Ns< Qe s<

+ k T  N s "  Q c s " , (9 c) 
(Ht) 2 =  Ns+(Eos — JEos +  D/2) +  Ns**(Eos —

+  E0s * - A E o s + +  D/2)  (9 d) 

for reaction 2). Equations (9 a —d) can be rear­
ranged by introducing the first and the second 
degree of ionization, which are defined as

/VN+ j
ö i  =  _ j —rr  a n d  CLs) =  AT ,7 •

^N + +  ̂ N
One obtains the following expressions 

( H [) 1 =  5 / 2 R * T ( l + a 1) + R * T ( l - a 1) Q0s  (10a) 

+  R* T Qzs" •>

20 J. A r t m a n n ,  Z. Physik 183, 65 [1965]. 21 J. A r t m a n n ,  Z. Angew. Physik 25, 104 [1968].
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J£on) + D / 2 , (10 b)

( H f ) 2 =  5/2 R* T ( 2  +  a 2) +  R *  T ( l  -  a 2) ( j eN+ (1 0  c)

+ R* T a2 @eN++,

(Hr) 2 =  a2 (£ 0n+ -  ^ o n +) +  Ö/2 +  £on -  •
(lO d)

In these derivations use has been made of the elec­
troneutrality conditions

N e =  Nx+ and N e =  N>;+ + 2 Nn++

which are valid for the first and for the second reac­
tion respectively.

In Eq. (9 a —d) the energy terms (D, , etc.) 
are given in cal/particle while in Eq. (10 a —d) the 
corresponding terms are in cal/g.

One can see from Fig. 9 that Hf calculated ac­
cording to the Margenau and Lewis criterion is 
always larger than the corresponding term calculated

according to the ground state method. This problem 
has been discussed in connection with the reaction 
He =  He+-fe  in R ef.10. For reaction 1 ) the observed 
differences arise principally from the contribution 
of the term k T Qey  =  R* T (1 — ax) Qex . The 
contribution of the term R* T 04 (?e;^ is on the 
contrary small in that (?eN+ does not appreciably 
differ from zero until 04 ^ 1 , i .e . until reaction 1 ) 
is completed (compare Figures 2 and 10). This is 
the consequence of the fact that the energy levels of 
N+ are too high to be appreciably populated in the 
temperature region where the species N ionizes. The 
same considerations apply to the second reaction 
where the term R* T( I  — a2) Qey+ is the main re­
sponsible for the observed differences.

Figure 9 also shows that the situation is reversed 
in the case of HT where values derived from the 
ground state method are higher than those cal­

T-10"3 °K

Fig. 10. Functions of and a2 at 0.1 and 10 atm for nitrogen according to Margenau and Lewis and to the ground state
method.
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culated with the inclusion of the energy levels. These 
differences can be attributed to different values of 
a! and a2 [Eq. (10 b) and (10 d)] in the two 
methods. In fact if one writes Saha’s equation in 
terms of 04 and a2 one obtains 20, 21

exp1 - a i 2 p  <?eN 

a2( l + a 2) (?eN+»
( l - a 2)(2  +  a2) p Qeyi<

(Ua)

{ -
E0N + -z l£ (

k T

( l i b )

When the ground state method is applied, the ratio 
QetflQeN in Eq. (11 a) will be equal to S'oWs'on 
and independent of temperature. When the criteria 
of Margenau and Lewis or of Griem are used ()eN 
will increase above its ground state value beyond 
some pressure dependent temperature. (?eN+ will on 
the contrary remain close to <?on+ because the upper 
levels of N + are not appreciably populated, as 
already discussed. The consequence is that the ratio 
QeH+/QeX will decrease with increasing temperature.

T 10 3 °K

Fig. 11. Total (Cp, tot)» reactional (CPtT) ,  and frozen (CPi f) specific heats of nitrogen at 0.1 and 10 atm according to Mar­
genau and Lewis and to the ground state method.
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The same considerations apply to the Qey ++ /<?eK+ 
ratio in Eq. l i b .  The terms AEq$ and AE0̂ + in the 
exponentials of Eq. 1 1 a, b, are zero in the ground 
state method and sufficiently small when the other 
criteria are adopted. The result is that values of 
and a2 are larger when the ground state method is 
used. This is clearly shown in Fig. 10 and explains 
the observed differences in Hx . Although the dif­
ferent methods of calculation lead to the same values 
of //tot it can now be appreciated that the situation 
described by the ground state method is that of a 
system of unexcited particles which is more ionized 
than the system of excited particles described by the 
other methods and just enough to make up for the 
loss of electronic excitation.

b) Total specific heat

Total specific heats (Cp-tot) for a nitrogen plasma 
can be obtained by numerical derivation of Eq. 9 
and frozen specific heats from the analytical deriva­
tion of Htot with respect to temperature at con­
stant pressure and composition9. The difference 
Cp,tot— Cp.f =  Cp.r gives the so called “reactional” 
specific heat Cp r . In Fig. 11 values of these quanti­
ties calculated according to Margenau and Lewis 
and to the ground state method have been plotted 
as a function of temperature for a nitrogen plasma. 
The compensation between CP f and C pv to yield 
values of Cp<tot which are practically independent of 
the method utilized is again apparent.

Compensation effects of this type have recently 
been discussed for the simpler case of a helium 
plasmau . The case of nitrogen will be examined 
below by resorting to the same simplifying assump­
tion utilized in the preceding section.

The expressions for the Op’s corresponding to 
reaction 1 ) and 2) are the following:

i r  \ /S j t f f + t f r M  . ( d ( H f  +  H r) A  M a ,\ 
(G p.toth-^ dT 3fiti I p . t U t J p

=  (Q>, r) i +  {Cp. r) i , (12 a)

(C/K f) i — 5/2 R" (1 + «j) +  ft* (1 — otj) {Qey  +  Qê ) 

+ R* ai iQti'S' +  QeS+) 5 (12 b)

(Cp.rh = AH1- (daJbT) v , (12 c)

( Cv. f) 2 =  5/2 R* (2 +  a.,) +  ft* ( 1 -  a2) ( 0 eX+ +  <?'eN+)

+ R* +  (12 d)

(C„,r) ,  =AH, - ( d a , / d T) p ,  (12 e)

AHt = 5/2 R* T + R* T

AH2= 5/2 R * T  + R * T ( Q ê

(dai
Ur = ?  ( i

Qe~s) +  E0x — J E 0S , 
(12 f)

-  <?eN4) +  ^ 0 N + — J E 0r  , 

(12 g)
H, \  (12 h)

2  \  ^ 2 )  ^  \  T J  / I  Q  * \

A H i -  <1 2 ')

Values of AHt , AH2 in Eq. (12 c, e, f, g) are in 
cal/g, in Eq. (12 h, i) in cal/particle.

The differences in the values of the Cp/ s  can be 
ascribed to the second term of Eq. (12 b, d) where 
the largest contribution to the observed differences
comes from Qe  ̂ in (12 b) and from Qex+ in (12 d), 
see Fig. 3.

Values of Cp,r differ in the two methods because 
values of AH1 and AH2 are different (Fig. 6) and 
because the functions

(1 2\ ] a 2 ( l  — a 2~) (2 +  ^2)
1 (1 1 ) and n 7 9 r1 -j- A Cts>

in Eq. (12 h, i), are also different (Fig. 10).

The conclusion is that the terms into which CPr{ 
and CPJ can be separated are all dependent on the 
criterion adopted, i. e. they all depend on elec­
tronic excitation. The sum of Cn t and Cp>r is indeed 
independent of the method utilized in the calcula­
tions but it should now be clear that this does not

T -10 3 °K

Fig. 12. Total (Cp, tot) > reactional (Cp , ,) , and frozen (Cp, f) 
specific heats of oxygen at 1 — 10 atm according to Griem and 

to Burhon and Wienecke.



LEVEL STRUCTURE OF 143Pr FROM y-DECAY 6 8 3

imply that electronic excitation makes no contribu­
tion to the total specific heat.

The compensation between Cp r and CPtf reported 
for helium 11 and nitrogen is also present for oxy­
gen, when the ground state method is compared with 
the Griem’s method utilized in reference 4.

However, when the Griem’s method is compared 
with that of B u r h o n  and W ie n e c k e  15, which has

already been mentioned in connection with Fig. 8, 
compensation is present only below a pressure de­
pendent temperature, as shown in Fig. 12. The large 
values of AE0 , corresponding to the Unsold’s cut­
off utilized by Burhon and Wienecke, are here re­
sponsible for the lade of compensation at higher 
temperatures.

Level Structure of 143Pr from y Decay
E. B a s h a n d y  *

Nuclear Physics Department, Atomic Energy Establishment, Cairo — U.A.R.

(Z. Naturforsch. 26 a, 683—689 [1971] ; received 16 November 1970)

The y  decay of 143Ce has been investigated using both a Ge(Li) y  ray and a high resolution 
iron free double focusing ß-ray spectrometer. In addition to y  rays previously reported, more y rays 
could be observed. Internal conversion coefficients and multipolarities of y  transitions were deter­
mined. Ten excited nuclear energy states have been established in 143Pr at 57, 351, 491. 722, 939, 
1045, 1061, 1161, 1382 and 1452 keV. Possible spin values have been assigned to all these states 
on the basis of conversion coefficients of y  rays. The level structure of ,43Pr is discussed in terms
of existing nuclear models.

Introduction

The decay of 143Ce has been studied earlier by 
several groups1-6. Recently, we have investigated 5 
the excited levels in 143Pr from the decay of 33 h 
143Ce. Energies and relative intensities of the inter­
nal and external conversion electron lines emitted in 
the decay were measured 5. Over a relatively short 
period of time the number of reported y rays emit­
ted in de-excitation of 143Pr has shown a continuing 
increase, owing to the improving methods of de­
tection and resolution. The latest investigation by 
M e g l i et al. 6 established quite a number of energy 
levels for 143Pr, several y rays, however, could not 
be placed in their proposed decay scheme.

In the present investigation, a high resolution 
Ge(Li) detector and an iron free double focusing 
/9-ray spectrometer have been used. The interest has 
been focused on search for new y rays and on the 
multipolarity assignments, with emphasis on tran­
sitions in the 143Ce decay. Measurements of several

* Present address: Department of Physics, Faculty of Engi­
neering, P.O. Box 1098, Tripoli, Libya.
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internal conversion coefficients are reported from 
which information on excited states of 143Pr could 
be deduced.

1. Experimental Procedure

The level structure of 143P r was investigated through 
the study of energies and relative intensities of y  rays 
produced in the decay of 143Ce.

The y  ray data in this experiment were recorded 
using a 2.5 cm3 Ge(Li) detector having a system re­
solution (FWHM) of 2.0 keV for the 661 keV y  ray of 
137Cs. The detector was connected through low noise 
electronics to a 400 channel pulse-height analyser. The 
experimentally deduced relative efficiency correction 
curve for the germanium detector is estimated to be 
accurate to ± 3 — 5%. The energy calibration was car­
ried out before and after each irradiation by using the 
following standard sources of well-known energies: 
203 Hg (72, 147 and 279.16 keV) ; 51Cr (320.10 keV) ; 
22Na (511.006 and 1274.52 keV); 137Cs (661.595 keV); 
54Mn (834.84 keV) ; 88Y (898.01 and 1836.13 keV); 
65Zn (1115.51 keV) ; 60Co (1173.24 and 1332.48 keV).
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