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Also, from the relation

U/~V= Tdr'/dT I' (3)
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N a previous paper' we have reported on preliminary measure-
- - ments of the widths of three fine structure lines of oxygen.
These lines arise from reorientations of the oxygen electron spin
vector 5(=1) with respect to the rotational angular momentum
vector E, which is constant for the microwave transitions ob-
served. It has since been possible to extend the determinations of
the line-width parameter to include fourteen lines over the range
of significant population.

The apparatus for detection of the lines is essentially that cited
earlier. ' To make the measurements more precise, a lattice of
frequency markers of 5.70 megacycles spacing has been super-

imposed on the recorder trace. This superposition results in an
individually calibrated recorder trace for each record made. With
the detecting system used, the shape of the recorder tracing of an
absorption line represents the second derivative of the line contour.
Thus, it is easily demonstrated that the distance between the
negative minima of the recorder trace is the full width (2hv) of
the line measured at half intensity.

Measurements on each of the lines have been made for at least
three diBerent pressures in the range 0.1 to 10 mm Hg. As in the
earlier work, measurements at a constant pressure were made for
successively decreasing modulations. Each time the measured
widths were extrapolated to obtain the width for zero modulation.
Since the modulating fields employed were of the order of the
earth's field, it was necessary to orient the absorption cell along
the earth's field and apply a dc current of proper direction and
magnitude to prevent significant broadening of the lines by the
earth's field. Corrections have been made, however, for broadening
the lines by inhomogeneity of the magnetic field surrounding the
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FIG. 1. Comparison of theoretical formula with experimental data. The
solid curve is the plot of Eq. (2). The points represent measured values of
the line-width parameter. The + series refers to transitions J K+1~K
and the —series refers to transitions J K -1~K.

and Eq. (1) it can be seen that b, U is zero at 1.44'K and that the
internal energy of the liquid is less than that of the solid below this
temperature.

The melting pressure data also point to another interesting
result. Since any reasonable extrapolation of the data gives a
positive melting pressure at absolute zero, it appears likely that
Hes, like He4, does not have a triple point and that the liquid is the
stable condensed phase at absolute zero.

& W. H. Keesom, Communs. Physical Lab. Univ. Leiden No. 1&4b
(1926)," Hehum (Elsevier, Amsterdam, 1942), p. 180.

3 Abraham, WeiIIstock, and Osborne, Phys. Rev. 80, 366 (1950).
3 C. A. Swenson, Phys. Rev. 79, 626 (1950).

cell. The observed line width parameter hv/c expressed in cnI ' per
atmosphere is plotted in Fig. 1 together with a theoretical curve
discussed subsequently. The data are in agreement with the single
K=11 line reported by Gokhale and Strandberg 3 and are of the
same magnitude as the line widths observed by Beringer and
Castle for M=O, DE=0, LQf=+1 transitions occurring in the
3-cm region at high magnetic fields.

Since oxygen lacks an electric dipole moment, interactions be-
tween molecules must take place through the mechanism of
shorter range forces such as quadrupole (V 1/r'), polarizability
(V~1/rs), or still shorter range nonelectric forces. The magnetic
dipole interaction is sufBciently small that it can be neglected
despite its long range (V~1/r'). Anderson4 and Mizushima' have
investigated, respectively, polarizability and quadrupole inter-
actions for 6K=0. Both interactions yield line widths that
decrease fairly rapidly with increasing E, the quadrupole line
width decreasing as K & for high E,' while the polarizability line
width decreases somewhat more rapidly for low E, and attains a
constant plateau for E greater than 15.The still shorter range non-
electric forces may be expected to be essentially independent of E,
so that a combination of all three interactions (for AE= 0) may be
expected to yield a line shape of the approximate form,

»zx o=CI+C2K &.

The observed variation in AI with E shows an unmistakable
peak about E=7. Since E= 7 —9 corresponds to the peak of the
thermal population for room temperature, this suggests that
resonance interactions contribute an important fraction of the
line widths for these states. Both polarizability and quadrupole
interactions have an angular cos'8 variation, where 8 is the angle
between the intermolecular distance r and the asymmetry axis of
the molecule. This angular variation gives large matrix elements
for K~K+2 transitions. Since only odd E values are permitted
for oxygen (spin 0"=0; 'Z ground state), the population of
(E&2) states near the thermal maximum is particularly high
with 28 percent of all molecules in E= 7 or K= 11 states. These
facts suggest that the total line width should be of the form

~&tot CI+C2E ~+C3+(E 2)+P(E+2)j, (2)

where f(K) is the fractional population of the Eth rotational
state, and the resonance interaction has been assumed independent
of E to a first approximation. Figure 1 is a plot of Eq. (2) for
CI=0.027, C2=0.012, and C3=0.090 cm ' per atmosphere. The fit
is seen to be satisfactory. The best fit of the data yields a fairly
low value of C2, which, moreover, includes part of the polarizability
interaction along with the quadrupole interactions. Mizushima's
expression for the quadrupole interaction alone is

Av cm '/atmos= 2.24X10ISQE &,

where Q is defined (as in Smith and Howard') as the average Q of
the rotating oxygen molecule {=—Margenau's 0/e). Arbitrarily
assigning 3/4 of C2 to a quadrupole interaction gives a value of
Q= 0.04' 10 "cm' for oxygen. This value is in agreement with the
upper limit of Q 0.09X10 "cd deduced from the broadening of
ammonia by oxygen. v
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