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Acoustic resonators were used to measure simultaneously the velocities of first, second, and fourth sound in
He II to a typical precision of 0.2%. Data were taken at temperatures from 1.2 K to the A line in 50-mK
steps, and at pressures from the saturated vapor pressure to the melting curve in 1-bar steps. Temperature and
pressure were determined to better than 0.1%. Fourth sound was measured in a coarse (~ 1-um) and fine
(~90-A) packed powder. Smoothed and raw data values are tabulated for more than 1500 data points.

I. INTRODUCTION

One of the most significant successes of the two-
fluid theory of superfluid helium was the accurate
prediction of new modes of sound propagation in
the bulk liquid.!~® In addition to ordinary sound
composed of compressional waves (first sound),
there appears a thermal or entropy wave (second
sound), and a pure superfluid wave which propa-
gates in a superleak (fourth sound). The veloci-
ties of propagation of these modes have been
thoroughly studied along the saturated vapor pres-
sure (SVP) line, and the velocity expressions of
the two-fluid theory have been verified.*®

Prior to the work we report here, the pressure
as well as temperature dependence of the first-
and second-sound velocities was measured,®” but
the full potential of such data had not been fully
exploited. The pressure dependence of fourth
sound had not until now been measured. There is
a very compelling reason for carefully measuring
the sound velocities: the velocities can be mea-
sured easily to high precision, and such data,
when supplemented with a small amount of data at
SVP, will completely determine the thermody-
namics of He II. It can be shown that the sound
velocities determine the most important thermo-
dynamic derivatives directly and that the only
derivative which must be taken numerically can
be found in two independent ways and hence can
be found accurately. The thermodynamic informa-
tion contained in the sound velocities will be the
subject of the following paper.??

In this paper we describe an experiment which
uses acoustic resonators to measure simultan-
eously the velocities of first, second, and fourth
sound to ~0.2% precision. Data were taken at
temperatures from 1.2 K to the X transition tem-
perature T, in 50-mK steps, and at pressures
from SVP to the melting curve in 1-bar steps.
The temperature was measured to within 1 mK,
and the pressure readings were accurate to better
than 0.1%. Fourth sound was measured in a coarse

14

packed powder and in a fine packed powder which
gave significant size effects. The experiment was
intended to be the “last word” in sound velocity
measurements in He II above 1.2 K.

II. EXPERIMENT
A. General method

The sound velocities were found by measuring
the resonant frequencies of plane-wave modes in
cylindrical cavities. Long, narrow cavities were
used to produce sequences of plane-wave reso-
nances without the interference of radial modes.
By measuring a resonant frequency f belonging to
a harmonic sequence, the sound velocity C can be
found from

c=2if/m, (1)

where [ is the length of the cavity and m is the
harmonic number. The velocity of fourth sound
given by Eq. (1) must be multiplied by a “scattering
correction,” n, which accounts for changes in the
effective compressibility and scattering (arising
from Kelvin drag effects) due to the powder par-
ticles. The determination of » will be discussed

in Sec. III A.

B. Experimental cell

The experimental cell is shown in Fig. 1. It
consists of a brass cylinder drilled to make four
10.16 £+0.01 cm long, 0.6-cm diam resonators.

The resonators are interconnected with drilled
passageways and are filled and pressurized
through a i-in. copper tube. Drive and pickup
sound transducers seal the ends of each resonator.
Two of the resonators are empty and used for
first and second sound. The other two are packed
with powders for fourth sound. One is packed
with a 1-um aluminum oxide powder to an average
porosity (open volume divided by total volume) of
57% which gives pores just small enough to lock the
normal fluid and give negligible size effects. The
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FIG. 1. Experimental cell.

other is packed with ~90- A carbon black to a
porosity of ~60% and gives large size effects. A
thorough discussion of fourth-sound resonators
and size effects is given in Ref. 5.

The sound transducers were capacitive devices;
details are shown in Fig. 2. The first- and fourth-
sound transducers used electreted (charge implant-
ed) teflon sheet (1.3 x10~2 cm thick) for the oscil-
lating element. The stationary element was a con-
ducting button epoxied into a mounting flange. The
epoxied surfaces were grooved to add strength and
to help ensure a leak-tight seal at high pressures.
Pressures in excess of 60 bar could be maintained.
The exposed surface of the button was roughened

by sandblasting to improve the transducer response.

The surface of the teflon sheet facing the resonator
had a conducting layer of evaporated aluminum
which was grounded through contact with the brass
cylinder. The transducer was driven by applying
a sinusoidally varying voltage of amplitude ~80 V
to the stationary plate.

The second-sound transducers were identical to
the first and fourth except that the oscillating
membranes were porous superleaks (1-um pore
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FIG. 2. Details of the sound transducers.

diameter Nuclepore®). Operation of these trans-
ducers is described in detail elsewhere.®

Each transducer was sealed to the brass cylind-
er with an indium O ring and ten 6-32 machine
screws.

C. Resonator performance

Typical spectra (pickup amplitude versus drive
frequency) of the resonators are shown in Fig. 3.
In the first-sound spectrum [Fig. 3(a)] the seventh,
eighth, and ninth harmonics were particularly
strong and gave velocities which agreed to within
0.2%. The seventh harmonic consistently gave the
average of the three and was used to give the tabu-
lated values of the first-sound velocity C,. The
quality factor, given by @ =f/Af, where Af is the
full width at half maximum, was at least 500 at
all temperatures and pressures and hence the
resonant frequency could easily be determined to
0.2%.

The Q of the second-sound resonances [shown in
Fig. 3(b)] was lower than that of the first-sound
resonances, but by using the twentieth harmonic
the sound velocity could be determined to within
0.04 m sec™!. Although some radial modes ap-
peared between the tenth and twentieth harmonics,
the twentieth harmonic agreed with the harmonic
sequence below the tenth to within 0.2%.

The 1-pum fourth-sound spectrum [Fig. 3(c)]
showed structure due to the acoustic interaction
of the packed powder and the fluid. However, if a
portion of the spectrum is expanded as shown in
Fig. 3(d), then the powder structure becomes a
slowly rolling background and the fourth-sound
resonance appears as a high @ peak. The second
harmonic could be consistently located to within
a few Hz for a precision of 0.4 m sec™!.

The 90-A fourth-sound spectrum was similar to
the 1-um fourth-sound spectrum. However, at
some pressures, a few of the resonance peaks
would disappear into the background. Hence it
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FIG. 3. Typical resonator spectra. (a) First sound,
(b) second sound, (c) fourth sound, (d) fourth sound,
expanded scale. Harmonic numbers are indicated.

was necessary to follow several peaks in order

to obtain data over the complete pressure range.
There was also a problem in the shifting of the
resonances due to the interaction with the powder,
so that some of the resonances did not fall in a
harmonic sequence. However, there was always
a set of resonances which showed the same tem-
perature and pressure dependence, and hence
could be normalized to give a sound velocity ac-
curate to an estimated (1-2)%.

D. Cryostat

The cryostat system is shown in Fig. 4. The
temperature was regulated with a carbon resistor
thermometer and heater in a feedback circuit. The
temperature was found by measuring the vapor
pressure of the helium bath and using the T
scale.!® The vapor pressure was measured with
a quartz Bourdon gauge’! calibrated above 3 Torr
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FIG. 4. Cryostat system.

with a mercury manometer and cathetometer and
below 3 Torr with a calibrated capacitance gauge.?
The temperature could be determined to within 1
mK over the entire temperature range.

The pressure in the resonators was measured
with a capacitance gauge®® factory calibrated to
better than 0.1% accuracy in a 0-10-bar range. In
order to realize the full 0—-25-bar range in the
experiment, the reference pressure of the gauge
was changed at 10 and 20 bar. When the gauge
read 10.000 bar, the reference was adjusted until
the gauge read 0.000 bar. A second precision high-
pressure gauge ensured that the resonator pres-
sure was constant to less than 0.1% during the
reference change. Hence the accuracy of 0.1%
was maintained over the full 0-25-bar range.

Both the vapor pressure and resonator pressure
gauges were temperature regulated.

E. Electronics

The electronics setup shown in Fig. 5 was used
to measure the first-, second-, and one of the
fourth-sound velocities simultaneously. The first-
and second-sound resonances had sufficiently high
@’s and low backgrounds so that their resonance
frequencies could be tracked automatically using
wave analyzers! in a phase-locked loop. The
fourth-sound resonances had high @’s but the back-
ground prevented automatic tracking. The fourth-
sound resonances were each found in turn using a
spectrum analyzer' with a cathode-ray tube dis-
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play. The analyzer could sweep a frequency range
and locate the resonance in a matter of seconds.

]__
Once the fourth-sound resonance was found a com-
Cy Freauenc puter was signaled, and all the resonant frequen-
Tropking co?mtery cies together with the cell temperature and pres-
oscillator sure were simultaneously stored and tabulated.
() Then the spectrum analyzer was switched to the
Tracking F’c%%‘:“:gfy other fourth-sound resonator and the process was
oscillator repeated.
\/\A.,- Cy F. Procedure
> Frequency
| Spectrum counter At the beginning of a run, the temperature was
analyser regulated at a value close to an integral multiple
of 50 mK. The resonator fill line was intercon-
Cell nected with the bath vapor and the cell was given
pressure Multiplex/ time to come to thermal equilibrium. When it was
interface observed that the sound velocities were stable, the
ﬁ;lt:pemt ure ] SVP data were taken. The resonator pressure
was then incremented by 1 bar and the data taking
Pickups Computer .
procedure was repeated. After each pressure in-
crement, the sound velocities were found to be-
FIG. 5. Electronics. come stable after only a few minutes.
TABLE 1. Velocity of fourth sound in He II in a 90-A packed powder (msec™}).
T (K)
P (bar) 1.20 1.25 130 135 1.40 145 1,50 1.55 1.60 1.65 1.70 1.80
SVP 158 156 153 151 148 144 140 135 130 124 118 103
1 161 159 156 154 151 147 142 137 132 126 119 104
2 165 162 159 157 154 149 145 139 134 127 120 105
3 168 166 162 160 157 152 147 141 135 127 120 106
4 171 168 165 162 159 153 149 143 136 128 120 106
5 173 171 166 165 161 155 150 144 138 129 120 106
6 173 173 168 166 163 157 152 145 139 129 120 105
7 178 175 170 168 165 159 153 147 140 128 119 104
8 181 177 171 170 166 160 154 147 141 127 118 102
9 182 178 173 172 167 161 155 148 141 127 117 101
10 184 181 174 173 168 161 155 149 141 126 115 99
11 186 183 175 174 169 162 156 149 141 124 113 97
12 187 184 176 174 169 163 156 149 140 122 111 94
13 189 185 177 175 170 163 156 149 140 120 109 92
14 190 186 178 176 170 163 156 148 139 118 108 89
15 191 187 179 176 170 163 156 147 138 115 103 86
16 192 187 179 176 170 163 156 147 136 112 100
17 193 187 179 176 170 163 154 145 134 109
18 194 187 179 176 170 162 153 144 132 106
19 194 187 179 176 170 161 152 142 130 102
20 194 187 179 176 169 160 150 141 128 98
21 194 187 179 175 168 159 149 139 126 93
22 193 187 178 174 167 158 146 136 123 87
23 193 187 178 174 165 156 144 133 119 82
24 192 186 177 172 164 154 142 130 116
25 191 185 176 170 162 152 140 127 112
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On some runs which immediately followed liquid-
helium transfers, the carbon resistor thermometer
was found to drift a few millidegrees. Since the
actual temperature was measured with the vapor
pressure, this caused no problem except for some
inconvenience in tabulating the data.

III. ANALYSIS AND RESULTS

A. Analysis; determination of n

The first- and second-sound velocities (C, and
C,, respectively) were determined from the reso-
nant frequencies using Eq. (1) with 1=10.16 cm,
m(C,)="1, and m(C,)=20. The 1-um fourth-sound
velocity uncorrected for the powder scattering
(Cpneorr ) was found using m =2. The scattering
correction » was found by first calculating a low-
temperature (1.187 K) SVP value of the fourth-
sound velocity from the thermo-hydrodynamic
equations

2 _c2l1_Pn_ Pn 91)2_& M]
“ c1[1 » "o (c1 pS @
and

p./p=(1+C,C2/TS?) ", 3)

At SVP and 1.187 K, 3,=0, and the last term in
Eq. (2) can be ignored. The only data needed here
other than our own C, and C, are S and C, which
were interpolated from Ref. 16. Note that since
p,/p is small (=0.02), an error of 5% in C,/S?
will produce an error of only 0.05% in C,. The
scattering correction is taken to be

n=C,/C""
evaluated at 1.187 K and SVP. The calculated
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FIG. 6. Velocity of first sound in He II. Solid lines,
this experiment; solid circles, Ref. 6; open circles,
Ref. 20; crosses at SVP, Ref. 21.

value »=1.228 is in reasonable agreement with the
approximate expression® n = (2 — p)‘/z, where p is
the porosity of the packed powder.

Although it can be assumed that the scattering
correction for the 1 — um powder is constant, no
such assumption can be made for the 90-A powder.
The reason is that as the pressure approaches the
melting pressure, solid layers build up on the
powder particles. For the 1-um powder this has
negligible effect on the particle and pore size,
but in the 90-A powder the fractional change in
particle and pore size is significant and results
in a change in the scattering correction. Since
there is no clear theory for calculating the correc-
tion, we have tabulated the uncorrected 90-A
fourth-sound velocity data.

B. Results

The sound-velocity data have been used to deter-
mine continuous thermodynamic functions for
HeIl. As aresult, continuous functions fitting the
C,, C,, and C, (1 um) data have been obtained.
Since these functions fit the data to within the ex-
perimental precision, we have used them to obtain
smoothed values for these sound velocities. In a
table!” we present the smoothed values along with
the raw data (in parentheses). The general pre-
cisions for the C,, C,, and C, (1 pm) values are
0.2 msec™!, 0.04 msec™!, and 0.4 msec™!, re-
spectively. For the bulk of the data these corre-
spond to a precision of 0.2%.

The accuracy of the data is limited by the error
in the length of the resonators (0.1%) and, for the
1-pm fourth sound, inthe scattering correction
(0.05%). We assume that these are constant over
the temperature and pressure range of the experi-
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FIG. 7. Velocity of second sound in He II. Solid lines,
this experiment; open circles, Ref. 7. Data points of
Ref. 7 at elevated pressures have been shifted down by
2%.
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ment, and hence the accuracy is within the 0.2%
precision.

Very near the X line the C, (1 Lm) resonance
amplitude decreased and the peak could have been
shifted by the background. The accuracy of the
temperature measurement also becomes signifi-
cant near T,. Hence the raw data values of C, and
C, for T/T, >0.98 have precisions of ~1%. How-
ever, the functions which generated the smoothed
values in the table had the correct asymptotic be-
havior (as determined from Ahlers'® and Greywall
and Ahlers!?) built in. For those few points very
near T), the smoothed values can be considered
as more accurate than the raw data values.

The C, (90 A) data are presented in Table I.

The accuracy is estimated at (1-2)%. The signifi-
cance of these data in regard to size effects will
be the subject of a future paper.
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C. Comparison with other experiments

Figures 6 and 7 present smooth curves repre-
senting a part of our data and points taken from
other experiments. It can be seen in Fig. 6 that
the C, data of Atkins and Stasior?° deviate by sev-
eral percent at high pressures whereas the data
of Vignos and Fairbank® are in good agreement.
The data of Chase?! at SVP agree with our data to
~0.1%.

We found that the C, data of Maurer and Herlin’
agree with our data at SVP but are systematically
2% higher at elevated pressures. However, our
C, data agree with that of Greywall and Ahlers to
~0.2% at SVP and elevated pressures. In Fig. 7,
the open circles for elevated pressures represent
the data of Mauer and Herlin after being shifted
down by 2%.
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