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An observation of an electromagnetic absorption peak in the millimeter wave range in liquid helium at
the A transition is reported. The value of the helium-loss tangent at the temperature T'; of the A transi-
tion is about 1073, The peak shape is slightly asymmetric under temperature 7. There is a sharper drop
of absorption at T < T, with a dependence close to ¢t !, where ¢t =|T —T,|/T,, and a flatter one at
T >T,. The occurrence of this microwave absorption peak at the A point indicates directly that the
superfluid fraction affects kinetic electrical properties. The mechanism of dielectric losses at the A tran-

sition is discussed.

The superfluid A transition in liquid helium has attract-
ed attention as a subject for investigation for a long time,
because this liquid makes available the most favorable
conditions for theoretical and experimental study of the
critical phenomena resulting from the phase transition.
Numerous works have been devoted to the critical phe-
nomena in *“He over recent decades (see, for example,
Refs.
The temperature singularities of the heat capacity, heat
conductivity, sound velocity and absorption, and other
physical properties of liquid helium have been carefully
studied in these investigations. At the same time, the
electrical properties of liquid helium in the critical state,
which are of significant interest, have been insufficiently
studied until now.

Because helium is a monatomic liquid characterized by
weakly interacting atoms, its polarizability « is connected
with an elastic deformation of the electron shell only and
has characteristic frequencies in the optical range. This
circumstance makes it possible to use the Clausius-
Mossotti equation (e —1)/(e+1)=4wap/3M, where ¢, p,
and M are the dielectric permeability, density, and molec-
ular weight, respectively, for the description of the static
electrical properties of liquid helium. In this case, a is
assumed to be independent of temperature.’> Under this
assumption the temperature dependence of liquid-helium
density was determined in the temperature interval
1.6-4.2 K by means of static dielectric permeability mea-
surements.* The assumption of the temperature indepen-
dence of «a in this interval signifies really that the electric
polarizability of helium is unaffected by the superfluid
fraction.

In Ref. 5 an attempt to detect the temperature depen-
dence of @ was undertaken by means of careful indepen-
dent p and € measurements above and below the transi-
tion temperature 7',. The change of a in the temperature
interval 1.6—4.2 K was measured and a small degree of o
temperature dependence was observed at the A point.
This temperature dependence may be the influence of the
superfluid fraction on the electrical properties of liquid
helium. Nevertheless, the accuracy of the a determina-
tion, which was mainly coupled with measurements of p
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1 and 2 and the literature cited in these reviews).

with a relative accuracy of the order of 10™%, was
insufficient to draw reliable conclusions about the effect
of the superfluid fraction on liquid-helium polarizability.

There is another possibility to detect the influence of
the A transition on the electrical properties of liquid heli-
um. It consists in measuring the kinetic electric effects
associated. with absorption of electromagnetic energy.
However, such measurements are a serious experimental
problem because of extremely low dielectric losses in
liquid helium even at microwave frequencies. Such a low
level of dielectric losses is due to the fact that helium po-
larizability possesses characteristic frequencies in the op-
tical range. On the evidence of Ref. 6 the loss tangent of
liquid helium (tandy,) is less than 5X 107 % at the fre-
quency 9.1 GHz. This causes the following considera-
tions. Owing to the increase of the superfluid-fraction re-
laxation time 7 in the neighborhood of the A point, a
significant increase of dielectric losses can be expected at
angular frequencies o of the order of the inverse relaxa-
tion time. The increase of tandy, in this case must be
directly coupled with the effect of the superfluid fraction
on the electric properties of liquid helium.

From ultrasonic velocity and absorption measurements
it follows that the times of both order-parameter relaxa-
tion at T < T, and order-parameter fluctuations on both
sides of T, agree well with 7=7y¢ % where
70=1.8X10" 125, t=|T—T,|/T,, and x =1.062.” Ow-
ing to the great increase of dielectric losses under increas-
ing @ one can see from the above 7 that suitable frequen-
cies to detect the influence of the superfluid fraction on
the electrical properties of liquid helium are in the mil-
limeter wave range. However, the measurement of ex-
tremely low dielectric losses in the millimeter wave range
has been extremely difficult because the usual methods
using cavity resonators,® including superconducting ones,
are not suitable for this purpose, owing to their
insufficiently high quality in the millimeter wave range.

The present paper describes the observation of an elec-
tromagnetic absorption peak in the 8-mm wave range in
liquid helium at the superfluid A transition. A quasiopti-
cal method to measure the extremely low dielectric losses
in condensed media recently created by’ has been used
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for the measurements in liquid helium.

The essence of this method modified for liquid-helium
measurements is the following. A dielectric sphere im-
mersed into liquid helium is used as a microwave dielec-
tric sphere resonator (DSR). The sphere is of a diameter
D >>\e; 172, where A is the electromagnetic wavelength
in vacuum and g, is the dielectric permeability of the
sphere material. Under these conditions oscillations of
the ‘“‘whispering gallery” type can be excited in the
sphere. The electromagnetic field of these oscillations is
located near the sphere surface and decreases exponen-
tially with distance both outside and inside the sphere.
Owing to this fact the oscillations possess extremely high
quality Q,. If the sum of the losses in the sphere material
and radiation losses is much less than those in the liquid
helium, it is the latter that determine the loaded DSR
quality.

In order to get stable oscillations of the ‘“‘whispering
gallery” type and the highest Q, a uniaxial crystal is used
as the sphere material. As was shown in Ref. 9, the
“whispering gallery” type of oscillations possessing caus-
tics shaped as thin belts can be excited in such a DSR.
These oscillations are unaffected by the dielectric inho-
mogeneities of the sphere material. In order to avoid de-
crease of the unloaded DSR quality through dielectric
losses in the material of the sphere, the latter was
prepared from a sapphire single crystal (¢,=10) which
possesses extremely low microwave dielectric losses at
low temperatures. According to Ref. 10, in sapphire
crystals tand < 10~8 at the frequency 36.6 GHz at tem-
peratures T'< 15 K. The measuring DSR is a sapphire
sphere of diameter 30 mm with a precise optically pol-
ished surface whose coarseness (roughness) does not
exceed 0.1 pum. In order to eliminate the source of dielec-
tric losses at the surface of the sphere, the latter was
cleaned thoroughly by prolonged boiling in a chromium
mixture followed by washing in ammonia solution and
treatment in a gas discharge. Owing to the extremely low
dielectric and radiation losses in the sapphire DSR, its
unloaded quality in vacuum was about 10%, which made it
possible to use it for measuring the extremely low dielec-
tric losses in liquid helium. '

The measurement of dielectric losses in liquid helium
by the DSR method was as follows (Fig. 1). By means of
a short impulse of the electromagnetic field a set of
“whispering gallery” type oscillations was excited in the
DSR immersed into liquid helium. The decay of the os-
cillations possessing the longest lifetime 7,, was measured
and used to determine the value of tandy,. For this aim,
an impulse with carrier frequency of about w/27=36.6
GHz, duration 0.2 u s, and repetition-rate frequency 250
Hz from a microwave oscillator was directed along the
waveguide transmission line to an antenna having a wide
directional pattern. The antenna was placed near the
sphere and cooled by liquid helium. In order to minimize
the losses caused in the DSR by the antenna, it was
chosen in the form of a thin sapphire circular dielectric
waveguide which radiated from the end on the surface of
DSR. The dielectric waveguide of diameter 2.6 mm and
length 15 mm was supplied by the standard rectangular
metal waveguide. The same antenna was used for the
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FIG. 1. Schematic of an excitation of the electromagnetic os-
cillations in a sapphire sphere immersed into liquid helium. (1)
the input impulse; (2) the impulse response resulting from the
damping of the electromagnetic oscillations in the sapphire
sphere; (3) circulator; (4) antenna; (5) liquid helium; (6) sapphire
sphere; (7) sapphire needles; (8) copper sleeve.

detection of oscillations excited in the DSR. For the
same purpose of loss minimization the sapphire sphere
was placed in a copper sleeve of diameter 50 mm and sup-
ported in the sleeve with the help of three sapphire nee-
dles which eliminated the source of the losses in the DSR
due to its support.

Taking into account the spherical symmetry of the
DSR and that g,>>gy, it is easy to relate the liquid-
helium dielectric losses to Toms namely,
tandy, = o Ege®7,, ) !, Where ey, is the dielectric per-
meability of liquid helium. Because the quality of the
sapphire DSR placed in vacuum exceeded the quality of
the DSR immersed into liquid helium by more than two
orders of magnitude the error in determining tandy, did
not exceed 5% near the A transition.

The results of the tandy, measurements show a consid-
erable increase of the microwave dielectric losses in a
wide temperature region near the A transition (Fig. 2).
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FIG. 2. Temperature dependence of the dielectric losses in
liquid helium in the neighborhood of the A transition.
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The value of tandy, increases from 3.4X 107 % at T=4.2
K up to 107 % at T, =2.17 K. The measurement error of

the temperature was less than 0.1% A wide dissipation.

peak occurs at T,. The peak shape is weakly asymmetric
with respect to temperature: there is a sharper drop of
the absorption at T < T, with a temperature-dependence
power law close to ¢ ~ !, and flatter dependence at T > T}
It is significant that the electromagnetic energy absorp-
tion away from the A transition is temperature asym-
metric too: tandy, is 4.6X107% at 1.8 K and 3.4X10°°
at 4.2 K. Thus it has been estimated that the transition
of liquid helium into the superfluid state is accompanied
by a large microwave dielectric-loss increase, which is
associated with the manifestation of the superfluid frac-
tion in the kinetic electric properties of liquid helium.

For the explanation of this result the following con-
siderations can be given. The key question is about the
mechanism of the microwave-field interaction with a gas
of elementary excitations in superfluid helium. A mecha-
nism similar to that of microwave dielectric relaxation in
nonpolar dielectric crystals at low temperatures through
photon-phonon interaction!! may be proposed. In our
case the coupling between the microwave electromagnet-
ic field and the superfluid fraction may be realized by
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means of the pressure resulting from electrostriction'?
caused by an electric component of the microwave field.
Under the action of the microwave electric field the state
of the elementary excitation gas deviates from its equilib-
rium one. Since the relaxation time of the superfluid
fraction is of the order of ™!, this deviation does not
have time to follow the quick change of the microwave
electric-field strain. As a result an increase of gas entropy
takes place, which is accompanied by microwave energy
absorption. In different temperature regions in the neigh-
borhood of the A point the phonons, rotons, and vortex
excitations can serve as such excitations (microwave
photon-phonon, -roton, and -vortex interactions). Such a
mechanism makes it possible to explain the microwave
dielectric losses at temperatures T < T'.

The same mechanism may be realized at temperatures
T > T, where areas of the coherent state of liquid helium
are produced as a result of fluctuations. The temperature
interval where the A transition is manifested in the in-
crease of dielectric losses is comparatively great:
At=0.05. This is in agreement with the theoretical con-
clusion'? that the width of the A transition for the kinetic
properties of liquid helium increases under increasing
electromagnetic-field frequency w.
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