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The velocity of first sound in liquid helium has been measured for frequencies between
5.4 and 208 kHz and at temperatures 1 pK& I &y- I'

~ &5 mK. The dispersion u(u)-u(0)
for each frequency shows a single asymmetric peak at Ty. The Landau-Khalatnikov or-
der-parameter relaxation process alone is not adequate to describe the magnitude or the
shape of the dispersion. The maximum of the dispersion remains frequency dependent
even at the highest frequencies.

The acoustic modes of liquid helium have been
extensively studied to investigate the superfluid
phase transition. Rudnick and his co-workers
have recently measured the velocity and attenua-
tion of first sound near T ~.' ' Their results have
been compared with theoretical predictions. ' ' In
this Letter we report on measurements of the
velocity u(~) of first sound in liquid helium at
frequencies between 5.4 and 208 kHz and in the
temperature range 1 ttK & IT~ —TI & 5 mK. The
dispersion u(o-) -u(0) calculated from the data
shows a single asymmetric peak at T ~. We have
compared our data with the theory of Landau and
Khalatnikov (LK) for order-parameter relaxation, '
as modified by Pokrovskii and Khalatnikov (PK).'.
The measured dispersion is larger than this pre-
diction, and seems to contain contributions from
other processes. The maximum of the disper-
sion remains frequency dependent even at our
highest frequencies, and shows a trend consis-
tent with high-frequency data at 1 ' and 500 MHz.

The velocity of first sound in liquid helium was
measured in a cylindrical copper resonator (2.0
cm long, 0.55 cm i.d. ) with a vertical axis. The
ends of the resonator were terminated by identi-
cal condenser microphones with aluminized My-
lar diaphragms used to excite and detect plane-
wave resonances of the cavity. ' The resonator
was isolated from the He II bath by placing it in
an evacuated can. After filling the resonator at
1.3 K with liquid helium, a low-temperature
valve in the vacuum can was closed and isolated
the sample from the bath. A liquid-vapor inter-
face in a small ballast volume between the reso-
nator and the cold valve assured that all data
were taken under saturated vapor pressure. The
temperature was measured with a carbon resis-
tance thermometer mounted axially in the reso-
nator in direct contact with the liquid. The power
dissipated in it was 2 x 10 ' %. The temperature
resolution was better than 2 pK. We did not de-

tect a plateau or a jump in the resistance of our
thermometer at T ~. We consider this an indica-
tion that the temperature gradients in our system
near T z were not appreciably larger than our
temperature resolution. The temperature of the
resonator was regulated with a heater wound on
its outer wall. The data were taken while the
temperature of the liquid in the resonator drifted
up at a controlled rate of 3 to 10 ttK/min for
IT ~

—T I& 500 pK. A wave analyzer was locked to
one of the resonant first-sound harmonics of the
helium-filled cavity, and automatically tracked
the resonant frequency as the temperature drift-
ed. ' The phase of the electronic loop of this feed-
back system was checked frequently and adjusted
when necessary.

Because of the gravitational pressure gradient
in the sample and the slope of the A. line, the tran-
sition temperature at the bottom of our sample
was 2.5 ItK lower than at the top." Since we did
not observe any anomaly in the thermometer at
7 ~, we used the temperature of the inflection
point of the velocity as the temperature T~' at
which the A. temperature reached the upper end of
our sample. This choice is correct for +=0.' We
also measured the temperature at which the max-
imum attenuation occurred. Comparing these
temperatures with the data of Ref. 3, it was found
that the inflection point stays at T„' to within 2

p.K at all our frequencies. The behavior of the
minimum of the velocity is quite different. It oc-
curs when the A. temperature is at the bottom of a
helium sample of finite height only for co = 0, and
is displaced as a result of dispersion to lower
temperatures with increasing frequency. All tem-
peratures given in this Letter are referenced to
the temperature 7.

' &'.
Figure 1 shows the velocity difference u(~)

-n ~(0) for the range 80 pK &T ~' —T & —50 IuK for
six frequencies between 5.4 and 208 kHz, as well
as the values calculated for ( =0.' The data at
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FIG. 1. Measured first-sound velocity u(~) minus
uy(0) as a function of I'1'q'-r I. uy(0) is the thermody-
namic velocity in a zero-height sample at Ey, Ty~ is
the ~ temperature at the top of our sample. Circles,
data at ~/2n. =208 kHz; triangles, calculated thermody-
namic velocity for ~/2~ =0 in a sample of 2 cm height
(Ref. 8). Full lines, smooth curves drawn through data
points at a/27t' =104, 54, 27, 15, and 5.4 kHz, in de-
creasing order.

each frequency were taken in individual runs.
The experimentally determined velocity is u(~),
and u ~(0) is the thermodynamic velocity at r ~ in
a sample of zero height, taken as 217.3 m/sec
from Ref. 2. The velocity of sound was deter-
mined from the measured frequencies by normal-
izi.ng to the data of Ref. 2 at r ~' —r = 500 pK.
The normalization was done so that an accurate
comparison could be made to the data of Ref. 2

and the calculations of Ref. 8. Our data are in-
dependent of any choice of the normalization tem-
perature as long as it was chosen from T ~' —T
&300 pI&, where there was no dispersion. The
total change of the velocity in the temperature
range of Fig. 1 is only 0.2~/~. The velocity data
are precise 'to 6u /u '= 10 . I't is apparent from
Fig. 1 that there were temperature inhomogenei-
ties in the liquid for T &T z which are of the order
of a few microkelvins. These small temperature
inhomogeneities become noticeable in this experi-
ment because of its precision and the strong tem-
perature dependence of the first-sound velocity
at T ~Tg.

From the velocity data u (u ) -u z(0) we deter-
mined the dispersion u(&u) -u(0), where u(0) is
the thermodynamic zero-frequency velocity for
our 2-cm-high sample. ' The combined errors
for the dispersion for r & r ~ are 0.4 cm/sec, and
for r &r ~ the errors may be as large as 3 cm/

sec because of the temperature inhomogeneity.
The data show a rapid decrease of the dispersion
for T &T „and demonstrate a strong asymmetry
of the dispersion peak. The dispersion measured
by Barmatz a.nd Rudnick at u. /2v = 22 and 44 kHz
is consistent with our data if the gravitational ef-
fects are considered for their 4.4-cm-high sam-
p] e '2y12

The sound attenuation for 0.6 MHz & ~ /2p & 3.17
MHz was analyzed as resulting from two contri-
butions: one below T ~ due to an order-param-
eter (I K) relaxation process and one contributing
both above and below T; arising from critical or-
der-parameter fluctuations. The attenuation
arising from order-parameter fluctuations is not
understood in detail. ' The mechanisms giving
rise to attentuation should also determine the
dispersion of sound. There are also no detailed
theoretical predictions for the dispersion result-
ing from critical fluctuations with. which we could
compare the data. Qualitatively, this part of the
dispersion is expected to occur both above and
below Tz with its maximum at T~." Vfe have
compared our data with the dispersion due to the
order-parameter relaxation process. ~' This dis-
persion is given by

u(~) -u(0) =au ( '7'/(1+(u'T'),

where v is the order-parameter relaxation time,
and &u =u(~) -u(0)=Ac""/C, '. [e = (r ~

—r)/r ~;
C, = specific heatJ. ""We have obtained A = (1.3
+ 0.2) x10' from the data for the attenuation maxi-
mum of Williams and Rudnick, 3 and the data of
Ahlers" for C~ (J/mole K). The temperature
dependence of M has usually been neglected
in the discussions of dispersion or attenuation
data, """"although M~ changes by about 50%
per decade of T ~

—T.
In Fig. 2 we show the measured dispersion

u(~) -u(0) for ~/2m=208 kHz. In addition, we
show Eq. (1) evaluated with a constant bu =21.6
cm/sec, ' as well as evaluated with bu = (1.3 x10')
x eo ~ /C~2. We used the relaxation time 7 given
in Ref. 3." Figure 2 also shows the expected in-
fluence of the gravitational field on the disper-
sion at 208 kHz for our 2-cm-high sample. Tak-
ing the temperature dependence of ~ into ac-
count substantially decreases the magnitude of
the LK dispersion near T z. Both this tempera-
ture dependence and the gravitational average
shift the position of the peak of the LK dispersion
and of the measured dispersion to T &T ~'. The
gravitational average affects the dispersion at
lower frequencies more because the peak is nar-
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FIG. 2. First-sound dispersion at cu/2n =208 kHz as
a function of Ty' —T. Circles, present data. The theo-
retical dispersion is calculated from Eq. (1) for 4u
=21.6 cm/sec (solid line) (Ref. 3), for 4u= (1.3x105)
&« ' 022/C&2 (dashed line) (Ref. 13), and including the
effects of gravity (dash-dotted line). The inset shows
the dispersion which remains when the gravity-average
calculation (dash-dotted line) is subtracted from the
measured data.

rower. The inset in Fig. 2 shows the dispersion
remaining after subtracting the gravity-averaged
PK dispersion (dash-dotted line) from the experi-
mental data. The additional dispersion shows a
peak at T ~ which may be attributed to order pa-
rameter fluctuations, as has been suggested for
the attenuation. ' The apparent asymmetry of
this part of the dispersion may be due to the tem-
perature inhomogeneity for T )T ~ and the uncer-
tainty in the theoretical calculation of the PK dis-
persion for T &T ~. At all frequencies we see con-
tributions to the dispersion in addition to the LK
relaxation process, if Eq. (1) correctly describes
this process. Only for temperatures such that
&u7 &0.1 do our data allow an uPv behavior of the
dispersion.

Figure 3 shows the measured maximum of the
first-sound dispersion as a function of frequency.
In addition, Fig. 3 shows the maximum disper-
sion expected from order-parameter relaxation
calculated with Etl. (1) including the temperature
dependence of M and the influence of gravity
for our sample. Especially at the higher frequen-
cies the maximum of the dispersion is larger
than expected from the PK theory and is a strong-
ly increasing function of frequency. The continu-
ous increase of the dispersion maximum with fre-
quency is supported by the value at I MHz, "and
the recent value for 500 MHz, 2.3 +0.2 m/sec,
occuring very close to T z.' Our calculation us-
ing the PK theory" predicts a maximum disper-

FIG. 3. Maximum dispersion of first sound as a func-
tion of frequency. Circles, data of the present work;
triangle, value at 1 MHz (Refs. 7 and 8); dashed line,
maximum measurable dispersion calculated from Eq.
(1) including the temperature dependence of Au and the
gravity average for a 2-cm-high sample.

sion of 0.5 m/sec at T ~-T = 6 mK for 500 MHz.
In the megahertz range the attenuation could be
separated into two contributions of about equal
magnitudes. Our data are consistent with the
asser tion that the dispersion, too, arises from
the LK relaxation phenomenon and from order-
parameter fluctuations. Clearly, there is a need
for a theory explaining the observed attenuation
and dispersion of first sound in liquid helium
near T~.
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The attenuation data were analyzed neglecting the
temperature dependence of 4u (Ref. 3) . An analysis
with the PK theory (Ref. 5) leads to a maximum at T

Taking the temperature dependence of &u into ac-
count strongly influences the value of the relaxation
time 7. Such an analysis does not affect the calculated
PK dispersion by more than the errors quoted above for
A. . The conclusions in this Letter about the dispersion
are not inQuenced by the details of the analysis of the
attenuation data.
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Experimental observations of the propagation of an intense, unneutralized, annular,
relativistic electron beam along a homogeneous magnetic guide field show that it is un-
stable. The instability is accompanied by a loss of beam particles and intense micro-
wave emission.

High-current relativistic electron beams are
now being used in both plasma heating and con-
finement experiments. ' While these experi-
ments use neutralized electron beams, the diode
and injection regions can be unneutralized. Tech-
niques now exist for the production and trans-
port of low-impedence, electrostatically unneu-
tralized beams. "We describe a series of ex-
periments investigating the stability of an unneu-
tralized electron beam similar to that described
by Friedman and Ury' and also used in micro-
wave generation experiments. " In the experi-
ments reported here the operation is at relative-
ly high impedance with beam energies of 400 keV,
diode currents of up to 30 kA, and pulse dura-
tions of 60 nsec. The beam is an annulus with a
3.8-cm diameter and a thickness of 0.2 cm. It
is propagated along a magnetic guide field through
a 3-m-long metallic drift tube of 5.0-cm diam-
eter. The base pressure in the drift tube is be-
low 5x 10 ' Torr.

Figure 1 shows Lucite witness plates mounted
at different positions along the drift tube for a
guide-field strength of 8 kG. The beam thickness
has grown from its initial value of about 1.5 mm
at injection to 3.0 mm at the first witness-plate
location. Within the next 0.75 m the beam ex-
pands radially inward until it fills the central
part of the tube. As seen in Fig. I, the filling
is not completely uniform but exhibits an azi-
muthal structure with seven or eightfold azi-

(a)
iijij

R

FIG. 1. Witness plates mounted at (a) 0.75 m, (b) 1.2
m, (c) 1.5 m, and (d} 3.0 m along the drift tube. The
beam remained centered in the tube in all cases.

muthal variation. This feature is always pres-
ent but not extremely well defined or completely
repeatable as regards the azimuthal mode num-
ber. A more quantitative estimate of the expan-
sion rate is shown in Fig. 2 which plots the thick-
ness of the annular beam as a function of the ax-
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