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' ICROWAVE spectroscopy is at present seriously
handicapped by the lack of suKciently extensive

tables of the rotational energy of a rigid rotor. This is

commonly described either by the E„~ rotation of
K.ing, Hainer, and Cross' or by a series expansion' of a
quantity m in powers of the Wang asymmetry param-
eter, b. The available tables' give E, at 0.01 intervals of
z up to J=12. More recent compilations'4 give the
coefficients in the series expansion up to J=40, but
this converges prohibitively slowly when ~lr~ &0.9 and
the E value is small.

Work in progress here on bent triatomic molecules

requires accurate energies for J&12 and large asym-
metries. A satisfactory technique has been developed

by use of the method of Golden. ' This originally re-

quired an exceptionally good tabulation of characteristic
values M(s) of the Mathieu equation of parameter s.
The new method instead uses the energy tables' for
low J to obtain the energy levels of higher J by a
"stepup" process, to be described.

Golden gives the result:

so =M (48) —28+rr8'+P8" +
where

1
8'=-' b 1+

2J(7+1) .

2J(7+1)

the terms in cr and p being small corrections.

With an MgO sample containing 10'~ spins, the
inverted state persisted for about 2.5 milliseconds at
4.2'K. Amplification was observed with a gain of 20 db
at 125 microseconds after inversion, falling to 3 db at
720 microseconds.

We are indebted to Dr. R. A. Weeks of the Oak
Ridge National Laboratory for irradiating the materials
and to Mr. B. R. McAvoy for his assistance.

* Supported in part by Wright Air Development Command,
U. S. Air Force.
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The stepup process consists of increasing J while
simultaneously decreasing the asymmetry, b, so that 0
remains constant. The quantity m then also remains
constant, apart from small variations in O'. The appro-
priate value of m for the lower J and larger asymmetry
is found from the tables, ' and corrected for higher J by
using the values of n and p listed by Golden. ' In practice
it was necessary to develop more complicated relations
in the E„~ rotation, but this does not affect the
rapidity and convenience of the process.

Table I compares tabulated values of E for the level
12g2, 0 with values calculated by the above method and
by the series expansion up to b'.

There is good agreement for asymmetries so large
that the series oscillates violently, though agreement

TABLE I. Comparison of values of E, for the level 12],2, 0.

Tabulated value
Stepup from 1111 0

Stepup from 660
Stepup from 330
Stepup from 220
Series expansion

151.111552
151.111558
151.111397
151.109561
151.068250
151.923200

148.695733
148.695724
148.694102
148.572802

230.240702

becomes less good as the asymmetry increases, making
the method valueless for

~
Ir

~

&0.5. It is also inaccurate
when E is comparable with J, but the series expansion
is then satisfactory. The value of the technique is that
it gives satisfactory energies where other methods fail,
and could yield even better results by use of these as
starting points for an iteration solution of the secular
determinant. Much tedious computation can also be
saved by the recently suggested use of energy moments. '

I am grateful to the Department of Scientific and
Industrial Research for a Studentship supporting this
work and to Dr. T.M. Sugden for helpful discussions.
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HK erst measurements of the specific heat of
liquid He' under its saturated pressure by deVries

and Daunt' covered the temperature range 0.5'K to
2.3'K. Subsequent measurements by Roberts and
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Fro. 1.Molar speci6c heat of liquid He' at a pressure of 12—15 cm Hg. O present results. Previous measurements at the
saturated vapor pressure are shown as: Q deVries and Daunt'; ~ Roberts and Sydoriak'; & Abraham, Osborne, and
Weinstock. '

Sydoriak' extended the range of observation down to
0.37'K and those by Osborne, Abraham, and Wein-
stock' down to 0.23'K. The later measurements, carried
out with greater volumes of He', were of higher accu-
racy. All the dg, ta were consistent and showed that no
marked anomaly, such as a A.-point, occurred in the
range of temperature studied. They also showed the
curious result that between about 0.3'K and 1.0'K the
specific heat varied little with temperature, and no
unambiguous extrapolation of the curve could be made
to T=0'K. It was considered important therefore to
extend the observations to yet lower temperatures, and
measurements down to 0.085'K are reported herewith.

An adiabatic calorimeter of volume 0.5 cm' was used
which was cooled below 1'K by a paramagnetic salt,
the thermal connection being made through a super-

conducting Pb thermal valve which could be opened
and closed magnetically, as described elsewhere. 4 A 100-
ohm manganin heater was used and temperatures were

determined by susceptibility measurements of a cerium

magnesium nitrate specimen thermally attached to the
calorimeter. This salt was chosen since it accurately
follows Curie's law in the temperature range covered, '
and has a negligible heat capacity. Details of the

apparatus and method of measurement are deferred to
a later publication.

The results of our measurements of the specific heat
of pure' He' under a pressure of 12 to 15 cm Hg are

shown in Fig. 1, which also gives the data from previous
observations made at the saturated vapor pressure. ' '
It is estimated that the smooth curve drawn through
our data is accurate within &2%%u~. No corrections have
been made for the diGerences between C„and C„
which are negligible in this temperature range.

It will be seen from Fig. 1 that the smooth curve
falls close to the previous results down to 0.25'K and
that below this temperature it continues to diminish
smoothly with decreasing temperature down to 0.085'K.
The curve appears to allow a linear extrapolation to O'K
to be made with a slope of 3.75 cal/mole-deg'. The
justification for this linear extrapolation is reinforced

by appeal to the entropy diagram of Fig. 2, which has
been calculated by using the linear extrapolation and
the measured specific heat. At 0.5'K we find S~;~= 1.39
&0.03 cal/mole-deg. Since the difference between the
specific heat under 12 to 15 cm Hg and under the satu-

rated vapor pressure is small in the range of our

measurements, it is permissible to compare this figure

with the value of 1.44 cal/mole-deg calculated for Sq;~

at saturated vapor pressure from the most recent vapor
pressure data. '

We feel that the experimental results reported here,
together with the magnetic susceptibility data of
Fairbank et al. ' and the recent theoretical work of
Brueckner and Gammel, ' now provide sufhcient evi-

dence to give a high degree of certainty to the linear
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extrapolation that we have made, particularly in view
of the close agreement (within about 2/ro) between the
experimental and theoretical values of the linear term.
Rigorously there always remains the experimental
possibility of a transition, possibly accompanied by
the appearance of superAuidity, at temperatures lower
than those of our measurements; but we feel that the
data presented here make this possibility now unlikely.
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%e wish to thank the National Science Foundation
for a Grant-in-Aid of this research and the Once of
Naval Research for assistance towards some phases of
the work.
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Fzo, 2. Molar entropy of liquid He' at a pressure of 12—15 cm
Hg, calculated from the present speci6c heat measurements by
using a linear extrapolation from 0.085'K to O'K.

It is generally agreed" that the condition leading to
superQuidity in He is the absence of low-lying energy
states apart from the collective phonon excitations. It
follows from the linear Fermi-type specific heat that in
He' an abundance of low single-particle excitations
exists down to O'K, thus preventing the occurrence of
superQuidity, a conclusion inherent in the original
statistical approach of London. "

The marked deviation from an ideal Fermi function
above about 0.2'K indicates a more complex character
for the excitations at these higher temperatures. It is
anticipated that further insight into the nature of the
excitations will result from measurements on the liquid
under pressure, which are now in progress. Further dis-
cussion is therefore postponed.

Electron Nuclear Double Resonance of
Neodymium*
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PETER M. LLEWELLYN

Ertrico Fermi Irtstitute for Nuclear Studios and Departmertt of
Chemistry, University of Chicago, Chicago, Illinois

(Received February 5, 1958)

~ 'HE method of electron nuclear double resonance
has recently been employed by Feher' for investi-

gation of some solid state problems. In this letter we
discuss the application of the method to an investigation
of Nd+' in LaC13 crystals.

Both Nd'" and Nd"' have nuclear spin 7/2 The
lowest crystal field state of Nd+'(f', 'Ists) in LaCls is a
Kramers doublet described approximately by2

0.941 t +7/2( —0.339
~
%5/2).

The energies of the hyperfine levels are therefore
given by'

W(3II,m) = sr hcA+ hcP(HIP+ rN'+—2M rrt 5'f-
& s (E(M+ttt) hc(A —2P)+gt iPHls

+ (hcB) 'L16—(M+trt) ')) '* gir'PHrrt, —(1)

for the case in. which H is parallel to the c axis of the


