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The velocity and absorption of first sound in narrow tubes filled with Hell are investigated experimen­
tally. A detailed study is made of first-sound dispersion due to partial damping of the normal compon­
ent. The temperature and frequency dependences of the velocity in this case are in good agreement 
with the theory. The absorption of sound is found to increase appreciably in the region of strong dis­
persion. 

1. INTRODUCTION 

THE character of acoustic oscillations in superfluid 
helium, as is well knownll-sl, depends to a considerable 
degree on the degree of deceleration of the normal com­
ponent. In this sense, a large influence on the propaga­
tion of sound in Hell is exerted by side effects. This is 
connected with the following circumstance. Near the 
walls of a vessel filled with helium, there usually arise 
transverse viscous waves, in which only the normal 
component oscillates. Such waves attenuate rapidly, 
their depth of penetration AT/ = (2'Tin/WPn)112 is very 
small ('Tin and Pn are the viscosity and density of the 
normal component, w = 27Tf is the frequency of sound). 
So long as the dimensions of the vessel d greatly exceed 
AT/ (0 = d/A'T/ » 1), the influence of the viscous waves 
can be neglected, and two independent types of oscilla­
tions, first and second sound, can propagate in the 
liquid. In this case the normal component is completely 
free. In the other limiting case of very narrow channels 
(0 « 1), the normal component is completely blocked, 
and then the first sound goes over into fourth sound 
while the second sound goes over into a strongly damped 
diffusion wave. 

Physical interest attaches also to the intermediate 
case, when the depth of penetration of a viscous wave 
has the same order of magnitude as the dimension of 
the channels (o ~ 1). Then the normal component is 
decelerated only partly and the degree of its decelera­
tion, as shown by Adamenko and Kaganovlsl, is conven­
iently described with the aid of the dimensionless com­
plex parameter r: 

(1) 

In the case of cylindrical channels with radius d, accord­
ing tolsJ 

a= Im.2_ It (kad) b = Re~ It (kad) kad= 6(1 + i), (2) 
kad lo(kad) ' kad lo(kad) ' 

where J o(k3d) and J 1(k3d) are Bessel functions of zero 
and first order. Then the velocity of first sound, with 
allowance for the deceleration of the normal component, 
isLsJ 

Ut62 =Ut2 (1-bp;)[1+: (p/pna-b n. (3) 

When 0 « 1 (a = 0 and b = 1) formula (3) gives the 
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velocity of fourth sound u~o - u~ = u~ps/P, and when 
0 » 1 (a = 0, b = 0) we have pure first sound u1o - u1. 
In the case when 0 ~ 1 the velocity of sound given by 
formula (3) lies between u1 and u4 and depends on the 
value of 0. Such a unique dispersion of sound was ob­
served experimentallyl7J, and the measured velocity of 
sound was satisfactorily reconciled with the prediction 
of the theoryrsJ. 

The present research, in which we continued the 
earlier experimentl7 ' 9J, was devoted to a more complete 
investigation of the temperature dependence of the 
velocity and absorption of sound at different values of 0. 

2. EXPERIMENTAL METHOD 

Filter. To realize the conditions of partial damping 
of the normal component it is important to choose 
pro~erly the system of channels filled with the liquid. 
In l7 we used a filter, made of pressed fine powder of 
corundum, in which the channels did not have the form 
of straight lines. A shortcoming of such a filter is that 
the acoustic length of the path differed by 20-30% from 
the distance between the receiver and the emitter of the 
sound. In addition, the presence of individual minute 
particles of the filter, receiving part of the acoustic 
waves, has made it difficult to calculate the sound ab­
sorption accurately. 

In this investigation we prepared a filter with prac­
tically straight-line channels made up of thin glass fila­
ments. We used commercially produced filaments of 
~ 3-4 IJ. diameter. Such filaments are usually obtained 
in special machines and are subsequently wound in a 
regular manner on a drum. To prepare a filter, a small 
section of filaments, ~ 2 em long, was cut out from the 
drum and was transferred to a specially slotted sleeve, 
retaining at the same time the regularity of the arrange­
ment of the filaments. Then the sleeve with the fila­
ments was passed several times through dyes in order 
to reduce finally the dimension of the channels. The 
filter was in the form of a cylinder 14 mm in diameter 
and 22.2 mm long. As shown by a microscopic investi­
gation, the channels obtained in this manner were not 
strictly uniform over the cross section, but for the pur­
poses of the present investigation it is possible to use 
certain average effective dimension of the channel, the 
method of the determination of which is described below. 
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FIG. I Diagram of capacitive microphone: !-housing, 2-mem­
brane, 3-insulating liner, 4-body and ring of stationary electrode, 5-
sound-absorbing layer, 6-grid, 7-liner, 8-adjusting screws, 9-rings 
for stretching the membrane, I 0-lower cover. 

FIG. 2. Block diagram of 
measurements by the radio pulse 
method. 

An important advantage of such a filter is the linearity 
of the channels, the deviation from which amounted to 
only 2-3%. 

Pickups. As the radiator and receiver of sound we 
used capacitive pickups. Figure 1 shows a diagram of a 
capacitive microphone used to receive the acoustic os­
cillations. The moving element of the pickup, membrane 
2, was made of a lavsan polyester film 5 p. thick, on 
which a layer of aluminum of 500 A thickness was de­
posited. The membrane was stretched sufficiently 
strongly by rings 9, and then the degree of its stretch­
ing could be varied by means of three adjustment screws 
8. The stationary electrode was a copper grid 6 with 
mesh of 35 p., stretched between the ring and the body 
of the electrode. Sound-absorbing material 5 was placed 
in the latter to decrease the reflectivity of the micro­
phone. Such a construction of the receiver ensured high 
sensitivity in practically the entire range of the investi­
gated frequencies. 

The sound generator was a similar pickup, except 
that a flat brass electrode was used in place of the grid. 
Such a radiator operated effectively in the frequency 
range 20-130 kHz. The frequency characteristics of 
the pickups did not vary with the temperature. 

Measurement method. To determine the velocity of 
sound we used a method of directly measuring the 
propagation time T of the acoustic wave in the liquid. 
The main measurements were performed with the aid of 
radio pulses using a scheme shown in Fig. 2. The gen­
erator of the shifted pulses G5-7 A triggered another 
generator of radio pulses fed to the radiator. The am­
plitude of the pulses was ~ 5 V, and the carrier fre­
quency could vary in a wide range. The output of the 
sound receiver was constructed in accordance with a 
cathode-follower scheme, from which the pulse was fed 
after amplification to an oscilloscope. The time T was 
determined from the delay of the generator G5-7 A, and 
the pulse amplitude was measured directly on the os­
cilloscope. 

However, the radio-pulse method cannot be used in 
the low-frequency region, since the pulse signals be­
come nonmonochromatic if their duration is limited. 
This is connected with the well-known fact that upon 

FIG. 3. Block diagram of acoustic measurements by the phase 
method. 

passage of the pulse, its individual spectral components 
attenuate in different manners, and as a result the wave­
form of the pulse becomes distorted. Then the effective 
carrier frequency, corresponding to the maximum of 
the spectrum, shifts from the initial carrier frequency. 
Estimates in accordance with [loJ show that at an oscilla­
tion frequency of 30 kHz the change of the frequency 
spectrum amounts to 2-4% depending on the tempera­
ture. The ensuing change of sound velocity does not ex­
ceed the measurement errors and therefore does not 
influence the results. However, at lower frequencies, 
the change of the spectrum becomes already appreciable 
and limits by the same token the region of applicability 
of the pulsed method. Therefore the measurements at 
very low frequencies were performed by a phase 
method, using continuous oscillations. A sinusoidal 
voltage of prescribed frequency was fed from the gen­
erator G3/33 simultaneously to the sound radiator and, 
through a phase shifter, to the electronic phase meter 
F2-1 (Fig. 3). The received signal was amplified and 
also fed to the phase meter, which registered the phase 
difference cp between the signal passing through the 
liquid and the reference signal. The sound propagation 
time was defined as T = cp /2m, where f is the oscillation 
frequency. This method was used to measure as a func­
tion of the temperature. at a fixed frequency. The ampli­
tude of the signal in the phase method was registered 
with the aid of a measuring amplifier U2-6. 

Cryostat. The sound propagation was investigated in 
the temperature interval 0.5-2.0°K. Temperatures 
below 1.4°K were obtained by pumping off the vapor 
over liquid He3 with a carbon adsorption pump: the tem­
perature was determined from the vapor tension of the 
He3 with allowance for the thermal molecular correc­
tion. The construction of the low-temperature cell was 
perfectly analogous to that used earlier in the measure­
ment of the velocity of fourth sound. 

Error sources and estimate of errors. We have 
already mentioned the error introduced in acoustic 
measurements by non-monochromaticity of the pulse. 
To avoid this error at very low frequencies, we used 
the phase method. In the frequency range 30-70kHz, 
on the other hand, the measurements were performed 
simultaneously by the pulsed and phase methods, and the 
results obtained by both methods agreed within the limits 
of experimental accuracy. 

Another source of errors was connected with the fact 
that when a capacitive pickup is used as the sound 
radiator, oscillations are excited not only at the applied 
frequency f, but also at the harmonic 2f. Since the pickup 
is polarized by a constant voltage u0 and an alternating 
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voltage u~ is additionally applied to it, the contribution 
of the double frequency is proportional to u~, whereas 
the contribution of the fundamental frequency f is pro­
portional to u0u_. However, recognizing that Uo >> u~, 
we can neglect the influence of the doubled frequency 
compared with the frequency f. 

Special attention was paid to the absence of one more 
possible error connected with the presence of acoustic 
waves of large amplitude. For this reason, the meas­
urements were performed at signal amplitudes which 
did not influence the values of the velocity and absorp­
tion of the sound. 

The main error in the measurement of the time T 

depended on the accuracy with which the start of the 
transmitted pulse was determined. The associated error 
in the determination of the sound velocity by the pulse 
method increased with increasing temperature and with 
decreasing frequency, and amounted to 0.3-1.5%. The 
relative measurements of the velocity by the phase 
method were more accurate, and the maximum error 
did not exceed 0.3% in this case. 

3. DISPERSION OF THE VELOCITY OF SOUND 

Measurements of the sound velocity in He II were 
performed at different degrees of damping of the normal 
component, making it possible to trace the continuous 
transition from first to fourth sound. All the experi­
ments were performed with the same filter, and there­
fore the parameter that changed the degree of damping 
of the normal component was the frequency of the sound. 
The measurements were made at 17 .5, 26.0, 35.8, 44.5, 
71.0, 80.5, 90, 110, and 125kHz. 

Figure 4 shows the temperature dependences of the 
velocity of sound at only four frequencies, 17.5, 35.8, 
71.0, and 125 kHz (the remaining results have been left 
out so as not to clutter up the figure). At one and the 
same temperature, the depth of penetration of the vis­
cous wave increases with decreasing oscillator fre­
quency, and according to formula (3) the sound velocity 
approaches that of fourth sound. Such a transition from 
first to fourth sound with changing frequency is illustra­
ted more clearly in Fig. 5, where data are presented on 
the sound velocity in the transition region at tempera­
tures 1.5, 1.7, and 1.9°K. It is clear from the figures 
that a noticeable dispersion of the velocity of sound in 
He II arises at temperatures above 1.5°K and becomes 
stronger on approaching the A point. However, the 
measurements of the velocity could not be continued up 

ftf(}t!..f tJ.! !,I u 1,7 2.(} T,"K 

FIG. 4. Temperature dependence of the velocity of sound at differ­
ent oscillation frequencies: !-pure first sound, 2-125kHz, 3-71 
kHz, 4-44.5 kHz, 5-17.5 kHz, 6-fourth sound, dashed-calculation 
by formula (3). 

Jl.,m/sec 

FIG. 5. Dispersion of sound ve­
locity at different temperatures: 
l-1.9°K, 2-1.7°K, 3-1.5°K. 
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to the A point, owing to the strong absorption of the 
sound. 

At temperatures below 1.0°K, the sound velocity at 
all the investigated frequencies differs little in practice 
from the velocity of pure fourth sound. In this tempera­
ture region, the hydrodynamic analysis is no longer 
valid rs,aJ, since the mean free path of the elementary 
excitationsl12 J turns out to be much larger than the 
dimensions of the channel, and this indeed ensures the 
conditions for realization of the fourth sound. 

The velocity of fourth sound in He II at low tempera­
tures differs very little from the velocity of first sound; 
thus, at a temperature 0.5 °K this difference amounts to 
only 10-3 %. This circumstance turned out to be very 
convenient for an exact determination of the path 
traversed by the sound wave in the channels of the filter. 
To this end, the measured sound velocity at 0.5°K was 
normalized to the exact value of the velocity of the first 
soundll3 J in He4 at this temperature. 

To compare the experimentally obtained data on the 
sound velocity with the values calculated in accordance 
with formula (3) it is necessary, as was already indica­
ted, to know the average effective dimension dav of the 
channels of the filter. The value of dav was determined 
by normalizing the calculated value of u10 to the experi­
mental value at 1.7°K and f = 34.5 kHz. It turned out 
that dav = 0.92 J.L, and this value was then used to calcu­
late u 0 by means of formula (3) at all frequencies and 
tempe~atures. Such a method of comparing experiment 
with theory makes it possible to evaluate the tempera­
ture dependence of u10 at 44.5 kHz, and also the fre­
quency dependence of the sound. velocity at all the re­
maining frequencies. The calculated values of u10 are 
shown in Figs. 4 and 5 by dashed lines, and agree well 
with the experimental results, as can be seen from the 
figures. 

4. TEMPERATURE DEPENDENCE OF SOUND 
ABSORPTION 

The attenuation of the acoustic oscillations in narrow 
channels filled with helium is due rs,sJ, first, to volume 
dissipation connected with second viscosity and thermal 
conductivity of helium, and second with surface losses 
due to the slippage of the normal component and heat 
transfer through the wall. The main contribution to the 
absorption of sound is made in this case by the losses 
on the walls, due to the slipping of the normal compon­
ents rsJ. 

The sound absorption coefficient connected with this 
mechanism is best expressed, followingrsJ , in terms of 
the dimensionless parameters a and b, which take into 
account the degree of deceleration of the normal com­
ponent: 

(6) 
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FIG. 6. Temperature dependence of the difference of the sound ab­
sorption coefficients at the running temperature and at T = 1.0°K. 1-
71kHz, 2-35.8 kHz. Dashed-calculation by means of formula (4). 

FIG. 7. Absorption of sound at the wavelength as a function of the 
oscillation frequency: l-1.9°K, 2-1. 7°K, 3-1.5°K. Dashed-calcula­
tion in accordance with formula ( 4 ). 

Formula (4) has been introduced under the assumption 
that the hydrodynamic case d » l is realized (l- char­
acteristic mean free path of the elementary excitations). 
Therefore, the region of applicability of formula (4) is 
limited, on the one hand, by low temperatures, where a 
kinetic analysis is necessary, and on the other hand by 
temperatures that are not too close to the 'A point. 

In the present investigation we made only relative 
measurements of the absorption of sound, by determin­
ing the amplitude of the signal, making it possible to 
establish the temperature dependence of the absorption 
coefficient a and to compare it with calculation in ac­
cordance with formula (4). It turned out that with de­
creasing temperature, the amplitude of the sound signal 
first decreases noticeably, and then, starting with 
~ L0°K, a certain saturation is reached. The tempera­
ture dependence of the absorption of sound was investi­
gated at different frequencies, and its character re­
mained practically unchanged with changing frequency. 
Typical curves for the frequencies 35.8 and 71kHz are 
shown in Fig. 6, where the ordinates represent the 
difference between the values of a at a certain running 
temperature and a temperature L0°K, and the dashed 
lines show the values of aT- a1,o, calculated by means 
of formula (4). The good agreement between the experi­
mental data and the calculated ones show that in the 
investigated temperature region, when account is taken 
of the different dissipation mechanisms, it is sufficient 
to consider only the losses connected with the slippage 
of the normal component. 

Let us call attention to the fact that at L 0 o K the 
value of the absorption coefficient given by formula (4) 
is so small, at all the investigated oscillation frequen­
cies, that it does not exceed the errors in the measure­
ment of a. It could therefore be assumed that aT- a1.o 
"" aT, and the values of the absorption coefficient given 
in Fig. 6, practically coincide with the absolute values 
of a for the indicated temperatures. 

As to the temperatures below L0°K, a calculation of 
the absorption of sound in this region must be carried 
out with allowance for the interaction of the phonons and 
rotons with each other and with the walls. Such an analy-

sis was carried out l 14 J for He II in the region of rela­
tively low sound frequencies, such that WT « 1 
(T-characteristic path time of the elementary excita­
tions). In this case the absorption is due to two factors: 
first, the condition of the elementary excitations with the 
walls and the transfer of momentum to them, and sec­
ond, by the fact that when the sound wave propagates 
the temperature of the gas of the excitations differ from 
the temperature of the wall and the resultant heat flux 
decreases the energy of the wave. Unfortunately, the 
results of the calculation of the absorption performed 
in l 14 J are not very suitable for a comparison with the 
experimental data of the present work, inasmuch as in 
the calculation of the wall they were assumed to be per­
fectly smooth and strictly parallel, which greatly over­
estimates the value of the absorption coefficient. 

The elementary data on the absorption of sound are 
connected with the observed dispersion of sound. In this 
case, as in the investigation of the velocity (Fig. 3), the 
most interesting region is that of high temperatures 
(above 1.5°K), where the dispersion is maximal. Figure 
7 shows the values of the absorption coefficient at the 
sound wavelength a'A = 1m k/Re k (k-value of the wave 
vector of the first sound) as a function of the fre­
quency. As expected, the sound absorption due to the 
slipping of the normal component increases with in­
creasing sound frequency and reaches a maximum when 
the condition 6 ~ 1 is satisfied; with further increase of 
the frequency, the absorption decreases. With decreas­
ing temperature, the maximum shifts towards higher 
frequencies, and the value of the maximum itself de­
creases gradually, thus indicating a weaker dispersion 
of the sound. As seen from the figure, the frequency 
dependence of the absorption agrees well with the theory. 

Thus, the performed experiments have made it possi­
ble to investigate in sufficient detail the features of the 
propagation of sound in narrow channels filled with 
He IT. The transition from first to fourth sound proceeds 
via some intermediate region, in which a noticeable dis­
persion of the sound takes place; this dispersion is con­
nected with the partial damping of the normal compon­
ent. The dispersion is accompanied, as shown in the 
paper, by an increase of the sound absorption. 

The authors are grateful to I. N. Adamenko for useful 
discussions and to N. G. Biryukov for help in preparing 
the filter. 
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