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the equilibrium value of the angular momentum is
I.=Ious, the classical value. Hence the equilibrium state
of an ideal Bose-Einstein gas is not superQuid.

A superQuid state is reached if, for some reason, the
"condensed" particles fail to shift over to the new
ground state. Then the angular momentum falls along
the dotted line in I'ig. 1, and the observed moment of
inertia is less than Io. Order-of-magnitude estimates of
the lifetime of this state are dificult to make, but do not
disagree with a macroscopic relaxation time.

We suggest, therefore, that the actual liquid helium
superQuid state is also metastable rather than an
equilibrium state. A crucial experiment to decide
whether the superQuid state is metastable or thermo-
dynamically stable is the following: the vessel is set
into rotation above the 'A point, and then cooled down

FiG. 1. The angular momentum L of an ideal Bose-Einstein gas
below the condensation temperature, as a function of the angular
velocity co of the container.

without application of torques. If the superQuid state is
stable, the vessel's rate of rotation must speed up as it
cools down. If our theory is right, the vessel will main-
tain its speed. The experiment has not been done so far.

In this connection, another experiment of Andro-
nikashvili' might be thought to raise a difficulty;
Andronikashvili showed, in essence, that as liquid
helium is cooled down and more and more of the fluid

becomes superQuid, this newly created superQuid does
not take part in the rotation of the normal Quid. This
looks at first sight as if the superQuid state were thermo-

dynamically stable. However, Andronikashvili started
rotating and cooling at a temperature below the X point, -

so that there were already macroscopically many
particles in the state with quantum number m =0 at the
time the experiment started. Now it is characteristic of
Bose-Einstein statistics that the transition probability
to a state i is proportional to IiI~+1, where 1V; is the

number of particles already occupying state i. In other
words, Bose-Einstein statistics work according to the
principle: "To him that hath shall be given. " As the
temperature drops, and more and more particles get
pushed out of the high-energy states, the already highly
populated state with ms=0 provides the center of con-
densation, rather than the true ground state. Of course,
eventually equilibrium must be reached, but this
presumably did not occur in the time interval Androni-
kashvili used for cooling down. This provides a lower
limit for the relaxation time, of the order of minutes.

The only other experiment relevant to this discussion'
employed angular velocities so high that the circum-
ferential velocity near the wall of the vessel was higher
than the critical velocity for superQuid Qow. Hence it is
not surprising that Osborne found all the fiuid taking
part in the rotation.

Once this explanation of the superQuid properties of
liquid helium is accepted, the concentration of normal
Quid can be computed by standard methods of equi-
librium statistical mechanics. This is possible because,
for angular velocities less than V/MR', the metastable
state is the same as the equilibrium state. This calcula-
tion has been done for the ideal Bose-Einstein gas, where
it gives the expected result I= (T/Ty)'Ip, and it has
been set up for the interacting gas, using methods de-
veloped for a study of the thermodynamic properties of
liquid helium. 4 The approximation of a hard-sphere gas
gives corrections in the right direction, but of insufE-
cient magnitude. This is the same situation as occurs for
the calculation of the specific heat.

A detailed paper on this subject is in preparation.
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' PARAMAGNETIC resonance phenomena at micro-
wave frequencies in LiF crystals, colored by ir-

radiation, have been studied by Hutchison' and by
Schneider. ' Hutchison observed a g value of 2.00 in
neutron-bombarded crystals of Lip which he assumed
was due to P centers. Schneider, on the other hand,
reported observations on LiI' crystals subjected to



LETTERS TO TH E ED I TOR

180-kv x-rays and interpreted a broad intense peak
(g=2.020) as due to U centers, while ascribing a sub-.

sidiary resolved set of lines to the hyperhne structure
of Ii centers.

We have studied the magnetic resonance in LiF
single crystals, with some samples irradiated by x-rays
at 50 kv and others bombarded by a cyclotron proton
beam at approximately 360 Mev. The sample, usually
less than 0.4 cc in volume, is placed on one end plate of
rectangular cavity, oscillating in the TED» mode and
resonating at the frequency of a stabilized klystron
around 9130 Mc/sec. The signal showing the magnetic
resonance is derived from a modulation of the static
held at 400 cps. The resonance is exhibited either in
the form of the derivative of the absorption curve or in
the form of the dispersion effect shown by the shift in
the resonance frequency of the cavity. The steady
magnetic field, measured by a proton resonance probe,
is varied slowly through the resonance value while the
signal is being recorded automatically. All our experi-
ments have been carried out at room temperature.

In each of our samples a single, broad, approxi-
mately Gaussian, resonance peak has been observed.
The signal-to-noise ratios ranged from about 30 for an
x-rayed sample to 500 for a proton-bombarded sample.
Xo resolved hyperfine structure lines have been de-
tected in any of our recordings. The g factor calculated
from a large number of recorded curves is g=1.999
~0.001 for the x-rayed samples, and g=2.002~0.001
for the proton-bombarded ones. As a simple measure
of the absorption line width, we use the field separation
between two points of maximum slope, designated here
as AH . The value of AH for a given resonance curve
is obtained by extrapolating to zero 6eld modulation.
The observed values of AH are 65 oersteds for the
x-rayed samples and 110 oersteds for the proton-
bombarded samples. Both the g factor and the line
width have been shown experimentally to be inde-
pendent of the concentration of the color centers for
samples subjected to the same kind of radiation. Conse-

quently, the eGects of dipolar interaction appear to be
negligible.

Using the approximate theory of Kahn and Kittel, '
one can show that the g factor for an F-center resonance
in LiF should be smaller than the free electron g by
not more than about 10 '. This prediction agrees with

the g value obtained for the proton-bombarded sample,
but not with the g value of the x-rayed sample.

Kip et al.4 assumed the line width to be caused by
hyper6ne interactions and predicted a nearly Gaussian

shape for the envelope of the hyperfine components.
They showed that the width of the envelope at half-
maximum (AH;) was 1.12/A cm ' for a nuclear spin
of 3/2. Here $ is the fractional effective s character of
the valence electron and A is the hyper6ne interaction
constant. For Lir (95 percent abundant), we have
I=3/2 and A=0.0134 cm '.' This gives AHl=161$

oersteds. Our experimental values of dH give AH;
= 76.5 oersteds for the x-rayed sample and 130 oersteds
for the bombarded sample if Gaussian line shape is
assumed. This would require )=0.5 for the x-rayed
sample if the resonance is to be attributed to Il centers.
Such a value for $ seems to be reasonable for Lir. The
value (=0.8 required to account for the line width of
the proton-bombarded sample appears to be somewhat
high. It is to be noted, however, that Hutchison has
also observed a line width of approximately 160 oersteds-
for his neutron-bombarded sample.

The results on the x-rayed LiF strongly favor the .

Ii center interpretation. The g factor is less than the
free electron value and the line width agrees well with
the theory of Kip et al.4 for Ii centers. While this evi-
dence does not exclude the presence of other one-electron
color centers, it does eliminate any sizable contribution
from V centers. The case of the proton-bombarded LiF
is far less clear cut. It may be that the resonance is
still due to F centers with their environment drastically
changed by heavy particle bombardment. It is also
conceivable that the contributions of 3f centers, R~
centers, and possibly other one-electron centers are
large enough to affect the line shape.

We wish to thank Miss M. C. Williams, Jr., for pre-
paring the x-rayed samples and Dr. W. J. Leivo of the
Carnegie Institute of Technology for the proton-
bombarded samples. We are also indebted to B. S.
Gourary and S. N. Foner for some stimulating dis-
cussions.
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A RTMAN and Tannenwald' have described a
method for determining the components of the

permeability tensor of a ferrite by measuring the fre-
quency shift and change in Q produced by the insertion
of a small spherical sample in a degenerate-mode
cavity. The cylindrical TE»& mode cavity permits
splitting of the cavity resonance into two frequencies
corresponding to the resonance of the cavity for each
of the counter-rotating circular components of the in-
cident linear polarization. We have found that there are
several advantages to be gained by using a very thin
disk in a similar cavity. Not only is it possible to pro-


