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state of 1*7Pm. However, in order to consider this
choice a small deformation parameter is required.
This is not reasonable compared to other deforma-
tion parameters in this region and one concludes
that the NiLsson approach is not applicable here.
Even if the additional freedom of non-axially sym-
metric shapes is allowed in accordance with the cal-
culations of Hecur and Sarcuier 16, it is not pos-
sible to account for the spins and parities found in
the present work. Finally, we may compare the level
structure with the calculations of KissLinger and
Sorensen 17, in which the spectra of spherical nuclei
with residual forces have been predicted. The main

16 K.T.Hecur and G. R. Sarcuier, Nucl. Phys. 32, 286 [1962].
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assumption of this theory is that the low-lying states
of spherical nuclei can be treated in terms of two
basic excitations, quasi-particles and phonons. For
the most part these are treated as separate modes
of motion. For even-even nuclei the lowest excita-
tions are the phonons, and only these are treated in
detail. For the odd-mass nuclei both of these modes
of excitations are low in energy and are considered
as well as their interactions. However, these calcula-
tions are not fully successful in predicting 4"Pm
structure especially for the low-lying levels. These
facts have been observed in the neighbouring *9Pm
nucleus.

17 L. S. Kissuinger and R. A. Sorensex, Rev. Mod. Phys. 35,
853 [1963].
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The thermal diffusion factor, a;, for the gas systems He—Ar, He—Ne, Ne—Kr and Ne—Xe is
measured as a function of composition in a glass two bulb apparatus, operating with its hot and
cold bulbs at 373.9° and 273.3 °K respectively. Gas samples are analysed with a sensitive and
specially designed differential thermal conductivity analyser. The a; data are compared with
similar values of other vorkers and a smooth set is recommended. The data are further compared
with the predictions of rigorous theory in conjunction with realistic intermolecular potentials. An
approximate prediction of the theory concerning the composition dependence of ap has been

checked.

Many efforts have been made to measure the
thermal diffusion factor ay, for binary mixtures of
gases and these are summarized by Grew and Isss !,
and Mason, Muny and Smith 2. Saxenxa and Ma-
THUR 37 have interpreted some of these data in a
series of three articles. During these studies a need
for a number of specialised investigations came into
light. The present work is polarized towards such
deficiencies and particularly deals with the compo-
sition dependence of ay. The mixtures of noble
gases have been investigated in view of the fact that
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the Cuapman—Enskoc theory strictly applies only to
such monatomic spherically symmetric molecules.
The specific binary systems covered are He— Ar,

He — Ne, Ne — Kr and Ne — Xe.

Experimental Procedure and Results

For our measurements the known two bulb ther-
mal diffusion apparatus is used with the volumes
V1=193.5 cc and V,=30.3 cc. The two volumes
can be separated by a stopcock and the two bulbs

3 S. C. Saxexa and B. P. Maruur, Rev. Mod. Phys. 37, 316
[1965].

4 S. C. Saxeva and B. P. Matuur, Rev. Mod. Phys. 38, 380
[1966].
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THERMAL DIFFUSION FACTOR IN BINARY GAS MIXTURES

by a standard vacuum joint. The effective L/A4 is
380 cm ™! (L =length and 4 = area of the tube con-
necting the two bulbs). The upper bulb (volume V)
is kept at 373.9 °K by circulating oil from a con-
stant temperature bath through the jacket surround-
ing the bulb. The temperature in the thermostat is
constant to 1 0.05 °C. The lower bulb is immersed
in a mixture of ice and water. For the analysis of
the gas samples a specially designed differential
thermal conductivity analyser is used .

Let us consider a two-bulb convection free appa-
ratus whose bulbs have volumes V| and V, and are
maintained at temperatures Ty and T, respectively,
where T, >T,. Further let us represent the mole
fraction of the heavier component by z, and z; and
¥, are the values of z at the steady state in the bulbs
V, and V', respectively. We now define, in common
practice, the so-called separation factor () such that,

Q= (1)

ar can now be computed by the following relation:
ar=1nQ/In(Ty/T,). (2)

The so computed ar refers to an average tempera-
ture T between Ty and T',. Assuming ay varies with
temperature as 4 — (B/T), Brown7 showed that

(3)

7y (1 __xl)

7y (1 —2,) )

= T 7
T=_-1"21p_t,
L= T

If ay is assumed to vary as 4 — (B/T?) we get8

T 2In(T,/T

Tully Ty V 2T (4)
In an apparatus of the above type the approach

to steady state is characterised by a relaxation

time, 7. The expression for 7 is given by Saxena

and Mason 9,

L | T i e O I
o |2 g 2R B
4 [VHLVJ [DJ

L

(5)

where

The five stable rare gases used in preparing the
different gas mixtures are supplied by the British
Oxygen Co. He, Ne and Ar are spectroscopically
pure, Kr and Xe only 99 —100 percent, the rest
being Xe and Kr respectively.

6 B. P. Matuur and S. C. Saxexa, J. Appl. Res., to be pub-
lished.
7 H. Brown, Phys. Rev. 58, 661 [1940].
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The accurately prepared mixtures of the desired
composition is filled in the two bulb apparatus at a
pressure around 10 cm of mercury. Such low pres-
sures were preferred specially in view of the small
value of 7, in such cases. The computed values of ©
from Eq. (5) are reported in Table 1. We have
allowed the diffusion to proceed for a period of
about six relaxation times before withdrawing the
steady state sample from the hot bulb, while the
cold bulb itself is removed and directly analysed.
These two samples, the initial feed sample and a
number of standard mixtures of known composition
around the unknown ones are then analysed on the
differential conductivity analyser. Thus, knowing
the compositions of the mixtures in the hot and
cold bulb, the separation factor Q) and hence ar can
be easily evaluated. In Table 1 we report for all
four binary systems such ) and a7 values as a func-
tion of composition. Also indicated are the values
of the gas mixture-pressure at which the thermal
diffusion run is made.

. P * 0/ H .

Gas Bt | o' oFHg. hrs. | ovNe %S | @ o7
He-Ar 11.5 0.56 | 58.9 295 1.129 0.390
69.2  3.00 1.150 0.448

77.5 270 1.165  0.490

He-Ne 10.0 ‘ 035 28.0 1.95 1.103 0.315
‘ 46.5 2.50 1.106 0.325

64.5 2.35 1.109 0.332
TNeKr | 133 | 190 | 410 215 | 1094 0287
48.2 240 1.101 0.308

69.0 230 1.111 0.335

83.3 2.00 ‘ 1.149 ' 0.445

Ne-Xe | 9.6 | 1.57 519 220 1.092  0.280
559 230 1.097  0.296

| 69.1 1.96 1.095 | 0.295

| 848 137 1.111 | 0.335

91.0 1.02 1.128 I 0.385

* The values refer to the pressures listed in column 2 of this table and not
to a one common value.

Table 1. Experimental values of S, Q and a7 . Temperature of
the hot bulb 373.9 °K. Temperature of the cold bulb 273.3 °K.

For all the four different gas pairs the difference
in the thermal conductivity values of the two com-
ponents is sufficiently large with the result that
separations could be measured very accurately. The
separation S, defined as the difference in the com-

8 S. C. Saxe~a and E. A. Masox, Mol. Phys. 2, 379 [1959].
? S. C. Saxe~a and E. A. Mason, Mol. Phys. 2, 264 [1959].
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positions of a component in the two bulbs, for the
gas systems of Table 1 varies between 1 to 3 per-
cent. The actual values of S are reported in Table 1,
column 5. Our analyser is capable of detecting and
responding to changes in composition of the order
of 0.025 percent. Thus, in the worst case in Table 1,
for which the separation has a minimum value, we
have an uncertainty of 2.5 percent. An error of the
same order will, therefore, creep into the computed
ar values on this accord only. The error caused by
temperature fluctuations is small. We estimate an
overall uncertainty of about two percent in our
smoothed a; values. The a; values of Table 1 can be
assumed to correspond to the composition of the
initial mixtures because in all cases the observed
separation is small.

If we use Brown’s formula we get an average tem-
perature of 318.5 °K. The average temperature ac-
cording to Eq. (4) is 317.1 °K. This value does not
differ by any appreciable amount from that given
by Brown’s formula. We therefore continue to re-
gard our ar values consistently for all mixtures to
refer to 318.5 “K. Thus, knowing the ar values at
specific composition and temperature we preceed to
compare with the ar data of the other groups and
also with the predictions of the Cuapman—ENskoc
theory.

Comparison with the Earlier Data

For each system the ar values determined here
will now be compared with the values available in
the literature and obtained on a two-bulb apparatus
of the same general design as employed here. We
present this comparison graphically and consider
each system individually. We attach some importance
to this effort because in a few cases the available
data have been suspected ® and appreciable discre-
pancies occur in the data of different groups. In
general our experiments are confined to such com-
positions where the available information is scarce.
Unfortunately some interesting runs with specific
compositions could not be made due to limited
amount of gas available with us.

For the Ar—He system the experimental data
available are of Atkins, Bastick and Isss 19, Grew 11,
and Saxena and Mason 8. The measurements of GREw

10 B. E. Artxins, R. E. Basiick, and T. L. Isss, Proc. Roy. Soc.
London A 172, 142 [1939].
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and the ones of Saxexa and Mason were made at
only one composition but as a function of tempera-
ture. We got ar at 318.5 °K by interpolating their
values. ATkins et al. determined ar as a function of
composition but at 326 °K. We have not made any
effort to reduce their values to our working tempera-
ture, because of the fact that at these temperatures
the temperature dependence of ar is very small 11,
All the data are plotted in Fig. 1. The measurements

0651~

<Ly —

045

0.25| i 1 | 1 |
0o 20 40 60 80 100
z He —

Fig. 1. Composition dependence of ar for the Ar— He system.
Experimental data: o Atxins et al., & Grew, —O Saxena and
Mason, @ Present results. — Smooth experimental curve.

of all groups are in reasonable agreement with each
other. The continuous curve is a compromised plot
through the experimental points giving equal weight
to all. The ay values read from this curve over the
whole composition range and at conveniently spaced
values of composition are recorded in Table 2. We
recommend their use being the most reliable and
consistent set.

In Fig. 2 we show plotted, the ar values for the
He — Ne system as determined by us, ATkins et al. 10
and the interpolated value from the data of Grew 1.
The data of Arkins et al. are systematically greater
than the other values while our results agree well
with the single point from Grew. The discrepancy
consistently increases as the percentage of He in the
mixture increases. We have drawn a smooth curve
through the different points, ignoring completely the
data of Arxkins et al., which we certainly feel are in
error. The values in Table 2 are taken from the
smooth curve.

The various ar values for the Ne — Kr system as
obtained in the present work, by Arkins et al. 9,
and by Grew ! are plotted in Fig. 3. Here, contrary

11 K. E. Grew, Proc. Roy. Soc. London A 189, 402 [1947].
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. | | |
Gas pair | or %He 10 30 | 50 | 70 85 100
He-Ar | Exptl. | 0.265 0.317 0.377 0.447 0515 | 0.665
Calc. ! 0.295 0332 | 0382 0.457 0.530 0.638
Exp-six (+1.0) (+45) | (+1.3) (+2.2) (+28) | (—42)
Cale. | 0.380 0420 | 0.467 0.540 0615 | 0735
12—6 | (+302) (+265) | (+192)  ($172)  (+167) | (+95)
He-Ne | - oHe 30 | 40 50 | 60 0
| | | )
| Exptl. 0.315 0319 | 0323 | 0329 0.337
| Cale. 0.314 0.316 0324 | 0335 0.348
| Expesix (—0.3) (=10) | (+03) | (+18) (+3.2)
Ne-Kr xg %Ne 40 50 60 | 70 0
~ Exptl. 0.284 | 0.294 0.310 0.346 0410
- Cale. 0270 | 0290 0.313 0.345 0.382
- 12-6 (—=5.1) | (—14) (+0.3) (—0.3) (—7.3)
Ne-Xe ar %Ne 20 | 40 6 | 80 90 |
| Exptl. Curve I 0.250 0.270 0.297 0.345 0.387
Exptl. Curve IT 0.180 0.225 0.280 0.350 0.400
Calc. Exp-six 0.200 0.220 0.225 0.317 0.380
Cale. 126 0.215 0.255 0.310 0.390 0.450

* The quantities in braces are the percentage deviations of the computed ar values from the corresponding experimental data.

Table 2. Comparison of experimental (smooth) and calculated a7 values as a function of composition at T=2318.5 °K *.

044
o
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I o
Fo3er- o
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°
a32r
028 1 | 1 | 1

28| 35 45 55
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65 75

Fig. 2. Composition dependence of ar for the He—Ne system,
and the rest of the legend is same as in Fig. 1.

040
T 035

0.30

0251

Q20

15 75 95

55
% Ne —»
Fig. 3. Composition dependence of ar for the Ne—XKr system,
the remaining legend is same as in Fig. 1.

to the He — Ne system, the discrepancy between our
values and the ones by Arxins et al., increases with
decreasing percentage of Ne. We have consequently
neglected their values while drawing the curve.
Again the values in Table 2 are taken from the
smooth curve.

The various available ay values for the Ne —Xe
system are shown in Fig. 4. Apart from the present
measurements the values belong to Atkins et al. 9,
Grew 1, and Hevymann and Kistemaxker 2. The latter

Q6

0.5~

al | 1 1
20 40

100

Fig. 4. Composition dependence of a7 for the Ne—Xe system.
Experimental data: —0 Heymann and Kistemaker, and rest of
the legend is same as in Fig. 1.

12 D, Heymany and J. Kistemaker, Physica 25, 556 [1959].
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value is obtained by interpolating at the desired
temperature from the original data. Unfortunately,
the different measurements are in poor agreement
with each other. The single point of Heymann and
Kistemaker 12 seems to be greater than the value
obtained from the trends evident in the figure. This
possibility has been earlier indicated by us? and is
conclusively confirmed here. Even after ignoring
this point it is not possible to pass a single smooth
curve through the remaining experimental points.
We have therefore passed two alternative curves.
The results are recorded in Table 2. A careful re-
examination of this system would be useful.

Comparison with Theory

We now compare our smooth ay values with the
predictions of Crapman—ENskoc theory in conjunc-
tion with the two popular intermolecular potentials
for nonpolar spherically symmetric molecules. These
are the modified Buckincuam exp-six potential:

D(r) = 1—;6/::) [(6/(1) exp a (1 o r:;> _ <L’r-1}7)6},

for r>rp.e (6)
and

B(r)=co, for

rérmax-

and the (12-6) Lex~arp—JoNEs potential:
D(r) =4 e[ (ro/r) 2 — (ro/r)*] . (7)

In a recent review Saxena and Josur ** have sum-
marized the different explicit expressions for ay to
be used for computation and indicated by specific
calculations the accuracy to be associated with a
particular expression for ar. Here we have em-
ployed the doubly approximated formula on the
Kinara scheme. The expression in the commonly
used notation is,

[ar']s=[or]; 1 +K{) +K,, (8)
where
’ C,2 c?_,_
Kl fn o Seamg 9
N L P ®
and
K,/ — — =2 (1'@!)1/’ [ %-2C-1-2 ,]
5 2V2z \ M Co1—1C-2-» (10)

5 1 () R G
_ 1-M /2 [<ol2 i 2].
2Y2z, L+ €1 Cosy

13 S, C. Saxe~xa and R. K. Josui, J. Sci. Indust. Res. India 24,
518 [1965].
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Here M = (My/M,), and the expressions for the
various C;; and a;; are compiled in the article of
Saxena and Josur 13, The parameters (¢/k, ry, and a)
for the exp-six and (¢/k and r,) for the L — J(12 — 6)
potentials used by us are those listed by Saxena and

MaTHUR 3.

In Table 2 the calculated values for a;p are re-
ported. It should be mentioned that at the tempera-
tures of our measurements the corrections due to
quantum effects are negligible and the classical ex-
pressions employed to describe the phenomenon
are good enough. Further the operating pressures
are such that the basic and fundamental assumption
of kinetic theory of binary collisions holds very
well. Thus, for such molecules the theoretical inter-
pretation of the ar data in terms of the potentials
of Egs. (6) and (7) is not only reasonable but is
precise enough for detailed conclusions specially in
view of the extreme sensitivity of thermal diffusion
to interaction potential. We now attempt such a study
for individual systems.

For the Ar — He system the computed values are
in good agreement with the experimental values
only for the exp-six potential. In the case of (12 — 6)
potential the disagreement is pronounced and much
more than can be explained on the basis of the ex-
perimental uncertainties. This conclusion of course
is not new and this view has been presented over
and over again by different workers. For the He — Ne
system therefore we do not use the (12 —6) poten-
tial at all for our numerical calculations and restrict
ourselves to the exp-six potential. The values so ob-
tained and reported in Table 2 are in excellent agree-
ment with the experimental results. For Kr, the dif-
ficulty to approximate its intermolecular potential
reasonably well be any simple form is well known.
In an article by Banernr and Saxena !4, this strange
problem has been discussed. They conclude that the
exp-six potential is inadequate and if the choice for
the potential is to be confined only to simpler forms,
the (12 —6) potential is reasonably good. We there-
fore report in Table 2 the computed values for the
Ne — Kr system for the (12 — 6) potential only. It is
interesting as well as encouraging to note that the
agreement between theory and experiment is good.
The ar values as obtained for the two potentials for
Ne — Xe system are reported in the last two rows of

4. P. Banernr and S. C. Saxexa, Indian J. Pure Appl. Phys.
3,12 [1964].
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Table 2. For this system unfortunately it has not
been posible to present an undisputed and unique
set of experimental values as for others. In Table 2
consequently, we report two sets which differ ap-
preciably from each other particularly at the end
where the proportion of Ne in the mixture is small.
Within the margin of this rather large uncertainty
in the experimental data we find that theory is good
enough for estimating the facts. We hope to improve
upon this uncertainty.

Composition Dependence of ar

In recent years efforts have been made to develop
a simple theory for the multicomponent thermal dif-
fusion 1%, An important piece of information which
emerged out of this investigation and which is of
relevance for the work presented in this paper con-
sists in the suggestion that for a binary system the
plot of ar vs. molefraction of a component should
be linear. This prediction of simple theory has been
further elaborated on the basis of rigorous Cuap-
man—Enskoc theory by Mason, WEeissmMaN, and
WenpT 16, who have also tried to confirm it by the
available experimental ar data for six different sys-
tems. We examine this particular prediction for the
four systems studied in this paper. In Fig. 5, we
plot ar~! vs. percentage of the lighter component in
the mixture. In all four cases it is possible to ap-

15 M. F. Laranseira, Physica 26, 409, 417 [1960]. — M. F.
Laranseira and J. Kistemaxker, ibid. 26, 431 [1960].
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Fig. 5. Composition dependence of ar .

proximate the experimental points on the basis of a
linear plot. However, the quantitative agreement is
not as good as one would expect though on the scale
of the plot of Fig. 5 it is not very much evident. We
therefore feel that this inference of simple theory is
qualitatively dependable and is approximately cor-
rect also. Any precise quantitative deduction on its
basis will be a little too much and due caution has
to be taken in such interpretations.
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