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the model gives good agreement for the low-temperature 
second virial coefficients of both isotopes.5,25 

The calculated diffusion coefficients seem to be in 
agreement with experiment, as nearly as it is possible to 
assess the experimental uncertainties. 

Thermal diffusion in He3-He4 shows a distinct dis­
crepancy at higher temperatures, due to the steepness 
of the repulsion term in the (12-6) model. This is not 
surprising, since it has been known for some time l a 

that the high-temperature viscosity clearly indicates 
that an r~12 repulsion is too "hard." 

We conclude, therefore, that there is no justification 
for trying to improve the agreement between calculation 
and experiment at low temperatures by adjustment of 
the (12-6) potential parameters. However, it is known 

25 W. E. Keller, Phys. Rev. 97, 1 (1955); 98, 1571 (1955). 

L INTRODUCTION 

AT temperatures just below 1°K, the absorption of 
ordinary sound in liquid helium goes through a 

maximum. The behavior of the absorption on the high-

* This work was supported in part by the U. S. Army Signal 
Corps, the U. S. Air Force Office of Scientific Research, and the 
U. S. Office of Naval Research; additional support was received 
from the National Science Foundation. Concluding phases of the 
work were performed at the Jet Propulsion Laboratory, California 
Institute of Technology, supported by the National Aeronautics 
and Space Administration under Contract No. NAS 7-100. Some 
of the results described in the paper form the basis of a Ph.D. 
thesis submitted by W. A. Jeffers, Jr., to the Department of 
Physics, MIT, 1962. A preliminary account of the research has 
been given at a meeting of the American Physical Society [W. A. 
Jeffers, Jr., and W. M. Whitney, Bull. Am. Phys. Soc. 7, 472 
(1962)]. 

f Present address: Battelle Memorial Institute, Columbus, Ohio. 
J Present address: Jet Propulsion Laboratory, California Insti­

tute of Technology, Pasadena, California. 

that the (12-6) model is not as good at high tempera­
tures, and it is then of interest to ask how the model 
should be altered to obtain agreement at high tempera­
tures without spoiling the agreement at low tempera­
tures. Although use of the (exp-6). or (exp-6-8) models 
will "sof ten" the repulsion and thereby improve matters 
at high temperatures, as well as improve the agreement 
for ar, it has previously been shown, 1 (b ) , e at least for 
the (exp-6) model, that the low-temperature agreement 
is then worse. The reason is that these particular three-
parameter models are insufficiently flexible; that is, that 
the repulsive and attractive parts cannot be varied inde­
pendently. I t is not clear how to alter the usual models 
in other ways to achieve this without at the same time 
introducing more adjustable parameters and allowing 
the whole procedure to degenerate into physically 
meaningless curve fitting. 

temperature side of the peak has been quite well de­
fined experimentally.1 Chase2 has made careful meas­
urements of the (amplitude) attenuation coefficient a at 
the frequencies 2, 6, and 12 Mc/sec at temperatures 
above 0.85 °K, and has established a close corre­
spondence between his results and a microscopic theory 
of the absorption developed by Khalatnikov.3 The 
pressure dependence of the attenuation has been ex­
amined by Newell and Wilks.4 Although it is not feasible 
to make a detailed quantitative comparison with the 

1 For accounts of previous studies of sound propagation in 
liquid helium, see the review article by J. Wilks, Z. Physik. Chem. 
16, 372 (1958); and K. R. Atkins, Liquid Helium (Cambridge 
University Press, Cambridge, England, 1959), Chap. 5. 

2 C. E. Chase, Proc. Roy. Soc. (London) A220, 116 (1953). 
3 1 . M. Khalatnikov, Zh. Eksperim. i Teor. Fiz. 20, 243 (1950). 
4 J. A. Newell and J. Wilks, Phil. Mag. 1, 588 (1956). 
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From measurements of the temperature dependence of the amplitude of ultrasonic pulses propagated over 
a fixed path in liquid helium, the attenuation coefficient has been determined at the six frequencies 1.00, 
2.02, 3.91, 6.08, 10.2, and 11.7 Mc/sec, at temperatures extending down to 0.2°K. Below 0.6°K, the observed 
variation of the absorption coefficient a (cm"1) with frequency / (Mc/sec) and temperature T (°K) can be 
represented by the empirical equation a = 0.11 f3/2 T3. This behavior differs from that predicted by several 
existing theories that are based upon the three-phonon or four-phonon interaction between longitudinal 
acoustic quanta and thermal phonons. Over the temperature interval 0.6-0.8°K, the measured attenuation 
is somewhat greater than would be expected from an extrapolation of the results below 0.6°K into this 
temperature region. A comparison of the data with some calculations by Khalatnikov suggests that the 
additional absorption arises from thermal conduction in the normal fluid. An equation that is analogous to 
the classical Kirchhoff expression adequately accounts for this contribution to the total absorption, even at 
temperatures for which the lifetime of the thermal phonons exceeds the period of the sound wave. 
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theory, Dransfeld, Newell, and Wilks5 (DNW) have 
shown that these results are qualitatively in accord with 
it. Measurements of the absorption of sound in dilute 
solutions of 3He in 4He6 - 8 can also be accounted for by 
making appropriate modifications9 in Khalatnikov's 
original model. I t therefore seems likely that the princi­
pal microscopic mechanisms contributing to the absorp­
tion in this temperature region have been correctly 
identified, and that it is primarily analytical compli­
cations that stand in the way of a complete quantitative 
description of the experimental results. 

For the temperature region below the peak, however, 
there is much less experimental information available, 
and moreover there is as yet no general agreement about 
the ideas that must be invoked to explain the existing 
data. 

The first study of ultrasonic propagation in liquid 
helium at temperatures below 0.8°K was that of Chase 
and Herlin.10 Their measurements, which were con­
ducted at the frequency 12.1 Mc/sec and at vapor 
pressure, showed that the absorption does in fact pass 
through a maximum, and falls asymptotically to zero 
as the temperature approaches 0°K. Over the temper­
ature range 0.3-0.8°K, the measured values of a were 
found to be proportional to T2-s; near 0.3°K a change in 
the power law occurred, and from this point down to 
0.15°K, the lowest temperature reached, the descent 
was more rapid. 

Subsequent measurements of a in pure 4He at vapor 
pressure have been reported by Newell and Wilks4 at 
14.4 Mc/sec, by Whitney11 at 11.8 Mc/sec, by DNW 
at 6.0 Mc/sec, and by Harding and Wilks8 at 14.0 
Mc/sec. From the results of Whitney, which extend 
down to 0.2°K, it is found that ace T2-9 over the range 
0.4-0.8°K, with a change in power law occurring near 
0.4°K. The Oxford results do not go below 0.4°K. No 
temperature dependence is stated for them, but from 
tabulated or plotted values of a it can be ascertained 
that they are compatible with the power law Tn, with 
n^2.S for all three sets of measurements. The values 
of a below the peak at 6.0 and 14.4 Mc/sec were stated 
to be roughly consistent with a linear frequency 
dependence. 

The absorption coefficient has also been measured in 
pure 4He below1°K as a function of pressure by Newell 
and Wilks4 at 14.4 Mc/sec, and by Whitney11 at 11.8 
Mc/sec. The decrease in a with increasing pressure is 
greater than can be accounted for by making allowances 

5 K. Dransfeld, J. A. Newell, and J. Wilks, Proc. Roy. Soc. 
(London) A243, 500 (1958). 

6 E. W. Guptill, A. M. R. van Iersel, and R. David, Physica 24, 
1018 (1958). 

7 G. O. Harding and J. Wilks, Phil. Mag. 3, 1469 (1958). 
8 G. O. Harding and J; Wilks, Proc. Roy. Soc. (London) A268, 

424 (1962). 
9 1 . M. Khalatnikov, Zh. Eksperim. i Teor. Fiz. 23, 265 (1952); 

A. F. Andreev, ibid. 40, 1705 (1961) [English transl.: Soviet 
Phys.—JETP 13, 1201 (1961)]. 

10 C. E. Chase and M. A. Herlin, Phys. Rev. 97, 1447 (1955). 
11 W. M. Whitney, Phys. Rev. 105, 38 (1957). 

for increased density and sound velocity in the classical 
phenomenological equations for sound absorption. I t 
was reported by Whitney that a oc T2-8 at 8.0 a tm; the 
temperature variation of the values tabulated by D N W 
for the absorption at 8.4 atm is compatible with the 
same exponent. From both sets of measurements there 
is indication that the temperature dependence is con­
siderably more rapid than Tz at higher pressures. No 
systematic study of the frequency dependence of the 
absorption in liquid helium under increased pressure 
has been carried out in any temperature region. 

Experiments by Harding and Wilks8 with dilute 
solutions of 3He in 4He have shown that, on the low-
temperature side of the peak as well as above, the 
absorption is substantially reduced by the impurity 
atoms. Below 0.9°K, the temperature dependence of a 
in a solution containing 0.32% 3He can be characterized 
by the exponent n~2.6. The results at two higher con­
centrations (1.6 and 5.2% 3He) appear not to be com­
patible with a simple power-law representation. Nothing 
at all is known about the frequency dependence of the 
absorption in 3He-4He mixtures in the low-temperature 
region. 

Calculations by Arkhipov12 and by Chase13 have 
demonstrated that Khalatnikov's theory of the sound 
absorption is not adequate to describe the observed 
behavior of the attenuation coefficient in the temperature 
region below the peak. The predicted values fall off very 
rapidly with decreasing temperature, and below 0.6°K 
are more than one order of magnitude smaller than the 
measured ones. Alternative theories of the absorption 
have been put forward by DNW, Kawasaki,14 Drans­
feld,15 Woodruff,16 Kawasaki and Mori,17 and Khalat­
nikov.18 This work will be referred to later in the paper. 
Although several different points of departure are 
represented in these investigations, all but one are based 
upon the three-phonon scattering process, and lead to 
the prediction that the absorption coefficient will be 
proportional to ooTA at temperatures below 0.5°K (oo is 
the angular frequency of the sound wave). Khalatnikov, 
who considers the four-phonon process, obtains a oc ^T6. 
The experiments referred to above indicate that the 
temperature dependence is more likely Ts than T4; 
however, it is shown by DNW (see Fig. 11 of their 
paper) that the original experimental points of Chase 
and Herlin in the temperature interval 0.15-0.5 °K are 
also reasonably consistent with TA behavior. Unfor­
tunately, it is in this temperature region that the ex­
perimental scatter, when the results are plotted 

12 R. G. Arkhipov, Dokl. Akad. Nauk SSSR 98, 747 (1954). 
13 C. E. Chase, Am. J. Phys. 24, 136 (1956). 
14 K. Kawasaki, Progr. Theoret. Phvs. (Kyoto) 26, 793, 795 

(1961). 
15 K. Dransfeld, Phys. Rev. 127, 17 (1962). 
16 T. O. Woodruff, Phys. Rev. 127, 682 (1962). 
17 K. Kawasaki and H. Mori, Progr. Theoret. Phys. (Kyoto) 

28,784 (1962). 
1 8 1 . M. Khalatnikov, Zh. Eksperim. i Teor. Fiz. 44, 769 (1963) 

[English transl.: Soviet Phys.—JETP 17, 519 (1963)]. 
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logarithmically, is greatest; from the same data, support 
can also be claimed for a T6 dependence below 0.3°K.18 

From the brief description of previous experimental 
work given above, it is quite clear that our knowledge 
of the behavior of the absorption coefficient, in par­
ticular with respect to its frequency and temperature 
dependence, is by no means definitive for the tempera­
ture region below the attenuation maximum. The exist­
ing data at vapor pressure represent essentially only 
three different frequencies: 6, 12, and 14 Mc/sec, and 
only two of these are significantly different. Further­
more, only the results at 12 Mc/sec extend below 0.4°K; 
because of the scatter of the data in this region, the 
temperature dependence is uncertain, and the change 
in power law may in fact reflect a systematic error.11 

In this paper we present the results of measurements 
of the absorption coefficient in liquid helium at vapor 
pressure at six frequencies in the range 1 to 12 Mc/sec, 
and at temperatures from approximately 0.2 to above 
1°K. In interpreting these results, we attempt specifi­
cally to ascertain the frequency and temperature de­
pendence of the attenuation on the low-temperature side 
of the maximum. I t will be shown that, below 0.6°K, 
the data are consistent with the relationship accooz/2T*. 
The apparent change in power law reported in earlier 
measurements is attributed to the manner in which 
signal-amplitude measurements were converted to at­
tenuation values. I t is concluded that none of the 
theories of the absorption so far proposed gives an 
adequate description of the observed behavior in this 
temperature region. 

I t is also shown that a small contribution to the 
total absorption in the neighborhood of the attenuation 
peak, but at slightly lower temperatures, can be identi­
fied with the mechanism of thermal conduction in the 
normal fluid, described by Khalatnikov's phenomen-
ological coefficient of thermal conductivity K.19,20 

II. EXPERIMENTAL METHOD 

Cryostat 

Our experimental techniques, both cryogenic and 
electronic, are similar to those used by Chase and 
Herlin10 and others in previous investigations. The de­
magnetization cryostat consists of two coaxial cylindri­
cal brass cans, the outer one immersed in liquid helium, 
the inner one holding the ultrasonic chamber and the 
paramagnetic salt (iron ammonium alum) used for 
cooling and for thermometry. The space between the 
two cans is evacuated. The contents of the inner can 
are placed in thermal contact with, and isolated from, 
the liquid-helium bath by means of an Ashmead conical 
valve,10'21 which also supports the inner can within the 
outer one. The valve consists of two closely fitting, thin-

1 9 1 . M. Khalatnikov, Zh. Eksperim. i Teor. Fiz. 23, 8 (1952). 
2 0 1 . M. Khalatnikov, Zh. Eksperim. i Teor. Fiz. 23, 21 (1952). 
21 D. V. Osborne, Phil. Mag. 1, 301 (1956). 

walled, truncated stainless-steel cones, the inner of 
which can be raised or lowered from outside the Dewar 
system by means of a long thin-walled tube. When the 
cones are separated, the liquid helium filling the space 
between them carries the heat of magnetization away 
from the paramagnetic salt in a few seconds. To isolate 
the inner can, the upper cone is seated firmly in the 
lower one. After demagnetization, the inner can warms 
up from the lowest temperature reached, approximately 
0.2°K, to 0.9°K in periods of time ranging from a few 
minutes (if the valve is not properly closed) to one-half 
hour or more. 

The cones in our apparatus are 0.020 in. thick, and 
have been carefully lapped together to produce a snug 
fit. In time, the fit deteriorates, and relapping is re­
quired. The top and bottom of the hollow inner cone 
are soft-soldered in place; air trapped inside freezes out 
when the apparatus is cooled. All other permanent joints 
have been brazed in a hydrogen furnace to ensure 
nonporous, vacuum-tight seals and to minimize oxi­
dation and thermal distortion of the parts during 
assembly. 

Coaxial electrical connections to the chamber from 
the bath are made through two thin-walled, stainless-
steel tubes, each with glass-to-metal seals soldered into 
its two ends. 

Thermometry 

Temperatures below approximately 1.4°K are meas­
ured with an ac mutual-inductance thermometer,22 using 
a Hartshorn mutual-inductance bridge operated at 
33 cps. Temperature changes of 0 . 1 % can be resolved 
with the bridge, but errors in the absolute temperatures 
are an order of magnitude larger. Below 0.4°K, there 
are uncertainties which arise in the process of making 
corrections for departures from the Curie-Weiss law.22,23 

The data on which such corrections are based are usually 
obtained in experiments carried out with spherical or 
spheroidal salt pills, whose internal magnetization is 
uniform in a uniform external magnetic field. The in­
ternal magnetization will not be uniform within our 
cylindrical samples, but we nevertheless treat them as 
if they were ellipsoids, estimating their Weiss tempera­
tures from their shape and density. Since, at our lowest 
temperatures, the correction for departures from the 
Curie-Weiss law amounts to less than 15% of the 
absolute temperature for a sphere of iron-ammonium 
alum,24 our corrected temperatures in this region are 
probably in error by no more than a few percent. An 
additional error, which is more important at the higher 
temperatures, is introduced by a slow drift in the fre-

22 D. de Klerk, in Handbuch der Physik, edited by S. Fliigge 
(Springer-Verlag, Berlin, 1956), Vol. 15, p. 38 ff. 

23 G. K. White, Experimental Techniques in Low-Temperature 
Physics (Oxford University Press, London, England, 1959), 
Chap. VIII. 

24 D. de Klerk, Handbuch der Physik, edited by S. Fliigge 
(Springer-Verlag, Berlin, 1956), p. 99. 
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quency of the 33-cps signal supplied to the bridge. Since 
the bridge balance is somewhat frequency-sensitive, 
there is a small shift in one of the calibration constants 
for the mutual-inductance thermometer during the time 
required for the inner can and its contents to warm up 
after a demagnetization. Resulting errors in the absolute 
temperature T at a given time are proportional to T2, 
and can amount to as much as 0.05 °K above 1°K, if no 
allowance is made for the drift. 

I t was found that the mutual inductance required for 
balance was shifted by a small constant amount when 
the upper cone was moved up or down between the 
limits of its vertical range, a distance of approximately 
one-half inch. A small correction for this effect was 
applied in calculating temperatures from the bridge 
settings. 

Ultrasonic Measurements 

Sound pulses 15-50 ^sec in duration are produced in 
the liquid helium by exciting an x -cut crystal, 1 cm in 
diameter, at its resonant frequency or at an odd multiple 
thereof. The crystal holders are patterned after those 
of Chase and Herlin.10 Two crystals are employed, one 
as transmitter and one as receiver. With a single crystal 
and reflector, there is danger that the tail of the trans­
mitted pulse will interfere coherently with the first 
returning echo to produce a spurious change in ampli­
tude of the echo. Such an effect apparently was re­
sponsible11 for the double maximum observed by Chase 
and Herlin at the top of the principal attenuation peak. 
Even when two separate crystals are used, the electrical 
oscillations that accompany prolonged ringing of the 
transmitting crystal, after the exciting pulse has 
stopped, can interfere with the signal at the receiving 
crystal as the result of direct electrical pickup. I t was 
found necessary to back up both crystals with conical 
brass end-pieces in order to damp out these oscillations. 

The signal obtained from the receiving crystal is 
amplified and displayed on an oscilloscope screen. Pulse-
amplitude measurements are made with the aid of a 
second pulse of the same frequency and duration as the 
first, obtained from a gated signal generator with a 
calibrated variable output. The comparison pulse is 
injected into the amplifier shortly before or after the 
arrival of the ultrasonic pulse, and its amplitude is 
adjusted until the two pulses appear to have the same 
height on the oscilloscope screen. By this method pulse 
amplitudes can be measured to within 1 or 2%. 

The frequency of the carrier-wave component of the 
pulses exciting the transmitting crystal is determined 
by counting zero crossings on the calibrated sweep of an 
oscilloscope, or by switching the pulsed oscillator to cw 
operation and measuring its frequency with a wave-
meter or a frequency counter. Values quoted for the 
frequencies are considered to be accurate to ± 1 % . 

I t is the variation of pulse height with temperature 
that is measured directly in the experiment and not the 

attenuation, since the distance d over which the sound 
pulses are propagated remains constant during a given 
run. However, if the attenuation a0 is known at some 
reference temperature T0, the attenuation a at any other 
temperature T can be calculated from a knowledge of 
the signal amplitudes at the two temperatures: 

a=ao+d-lln(So/S). (1) 

The attenuation measurements of Chase2 above 0.85 °K, 
which were carried out in an apparatus with a variable 
path, can be used to convert measurements of relative 
signal amplitude to values of the attenuation at lower 
temperatures. I t was by this procedure that Chase and 
Herlin established originally that the attenuation at 12 
Mc/sec falls to zero as absolute zero is approached. 
Alternatively, therefore, we can set a 0 = 0 and use the 
pulse height observed at the lowest temperature reached 
as the reference amplitude, or determine the amplitude 
So at T—0 by extrapolation. For reasons given in the 
following section, extrapolation is used in the adjust­
ment of the data presented in this paper. 

The values substituted for d in Eq. (1) are the room-
temperature crystal spacings reduced by 0.4%25 to 
correct for the thermal contraction of brass down to 
liquid-helium temperatures. The numbers to be quoted 
are considered accurate to within ± 0 . 5 % or less. 

III. RESULTS 

By exciting a single pair of quartz crystals resonant 
at 2.02 Mc/sec on their first, third, and fifth harmonic, 
it was possible to carry out measurements at the three 
frequencies 2.02, 6.08, and 10.2 Mc/sec without opening 
the inner can. (Loading of the crystals by the brass 
holders produced a small displacement of the optimum 
operating frequency from the true harmonic.) The 
crystal spacing was 1.90 cm. Warm-up times to 0.9°K 
were 20 to 40 min for the demagnetizations at 2 and 
6 Mc/sec, 10 to 15 min for those at 10 Mc/sec. The 
amplitude of the transmitted pulse was changed from 
one demagnetization to the next to ensure that the final 
results were characteristic of small-amplitude sound 
waves. 

The method by which signal-amplitude measurements 
are converted to attenuation values is illustrated with 
data from two demagnetizations at the frequency 2.02 
Mc/sec, results from which are shown in Fig. 1. Also 
shown are smoothed values given by Chase26 for the 
attenuation at 2.0 Mc/sec. The data from our two runs 
are in good agreement with each other, but they lie 
nearly 0.015 cm"1 above a curve drawn through Chase's 
points. Since a reduction of our values by this amount 
would make the attenuation negative below 0.35°K, the 
disagreement must arise in part from systematic errors 
in the temperature scales used in the two experiments. 

25 R. J. Corruccini and J. j . Gniewek, Natl. Bur. Std. (U. S.), 
Monograph 29 (1961). 
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FIG. 1. Attenuation versus temperature at 2.02 Mc/sec. At­
tenuation values have been assigned by extrapolating the signal-
amplitude measurements to r = 0°K, assuming t h a t a ^ r 3 . Signal 
amplitudes for the points indicated by X were approximately half 
those for the points indicated by + . The results of Chase are 
taken from Ref. 26. 

The measurements coincide if we reduce our tempera­
ture values by 2 to 3%; however, the proper correction 
is unknown, and consequently the magnitude of any 
additional adjustment that must be made in our attenu­
ation values to bring them into coincidence with those 
of Chase cannot be determined. 

The numerical values plotted in Fig. 1 have been 
obtained by extrapolating our measurements to T= 0°K, 
rather than by fitting the results above the attenuation 
peak to Chase's values. The method is based upon two 
assumptions: (1) The amplitudes of the sound pulses 
are sufficiently small, so that none of the absorption at 
low temperatures arises from finite amplitude effects; 
(2) below some upper limiting temperature Tmax, the 
true attenuation follows a simple power law, 

a=ATn, (2) 

where the coefficient A depends only upon frequency. 
The exponent n is a constant, not necessarily an integer. 
The signal amplitude will obey the equation 

\nS(T) = \nSo-AdTn. (3) 

For a given exponent n, the constants A and So are 
calculated by the method of least squares, using signal 
amplitudes Si(Ti) from a given run for which 7\-< Tmax 

= 0.5°K. It is then determined for what value of n the 
total squared deviation or residual Rn will be minimum, 
where 

Rn-Jli LAnTf-d-1 lnGWS t)]2 (4) 

(The subscript n is used to indicate that A and So are 
not varied independently.) For the two runs in question, 
n=3.1 and 3.2; however, Rn is a slowly varying function 
of n, and we do not consider the difference between these 
numbers and n=3 to be significant. In adjusting the 
data plotted in Fig. 1, we have therefore used the value 
Soh corresponding to ^ = 3.0. The coefficient A% has an 
average value 0.34 for the two runs. 

Figure 2 is a log-log plot of attenuation versus temper­
ature for both demagnetizations at 2.02 Mc/sec, the 
dashed line representing the empirical equation a =0.34 
T3. Note that the region over which the equation and the 
experimental points are in agreement is larger than that 
for which the least-squares fit was carried out, extending 
up to approximately 0.65 °K. 

The extrapolation procedure just described has been 
applied to more than thirty demagnetizations at six 
different frequencies. In twenty of these, the exponent 
n for which Rn is minimum lies in the range 2.6 to 3.4. 
For this reason we have chosen as the reference ampli­
tude So for each of our runs the value derived from a 
least-squares fit of the measured signal amplitudes to 
Eq. (3), with ^=3.0. This method of converting signal 
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senting the results of Dransfeld, Newell, and Wilks is derived 
from Fig. 4 of Ref. 5. 

amplitudes to attenuation values in no way changes the 
general shape of an attenuation-versus-temperature 
curve such as that presented in Fig. 1, but it necessarily 
affects conclusions about the temperature dependence 
of the attenuation at temperatures well below the peak. 
This point will be discussed at greater length in the 
next section. 

Results of two demagnetizations at 6.08 Mc/sec, 
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carried out on the same day as the 2-Mc/sec runs just 
described, are shown in Fig. 3. The agreement between 
our values and those given by Chase26 for 6.0 Mc/sec is 
excellent. The dashed line is derived from the measure­
ments of DNW at 6.0 Mc/sec. Their results agree with 
those reported here in the temperature region 0.5 to 
0.7°K, and with those of Chase above 1.2°K (which are 
not shown in Fig. 3), but in the vicinity of the attenu­
ation peak they lie considerably lower than either 
Chase's values or ours. We have encountered similar 

1.00 
0.90 

0 . 8 0 

0.70 

0 .60 

O.SO 

0 .40 

0.30 

0 .20 

0.10 

0.09 

0.08 

0.07 

0.06 

0,03 

0 .04 

0.03 

0 .02 

~ 

— 

~ 
~ 

-

1 1 
FREQUENCY = 10.2 MC/SEC 

• y 

•/ 

*/ •• 
// 

/'/ 

/ 

_J 1 

1 1 

A 
A' 

#«P 

STRAIGHT L INE! 

a = 3 .45 7"3 

1 1 

~~1 

/•* 
• • 

! 

-

-
-
_ 

-

-

-

J 

-j 
i 

-j 
A 
A 

-1 

0.3 0.4 

TEMPERATURE ( °K) 

FIG. 5. Attenuation versus temperature at 10.2 Mc/sec. 

flattening of the attenuation peak in our own experi­
ments when there was excessive interference between 
the received pulse and either the tail of the transmitted 
pulse, lengthened by prolonged ringing of the input 
crystal, or a cw signal leaking through from the pulsed 
oscillator as a result of inadequate gating. 

In Fig. 4, the results at 6.08 Mc/sec are compared 
with the empirical equation a= 1.5 T3. The coefficient 
is an average derived from five demagnetizations, the 
two described above and three others carried out on 
another day. 

Demagnetizations at 10.2 Mc/sec were performed on 
two separate days. Between 0.7 and 1.1 °K the ampli­
tude of the received signal was so small that we could 
not measure it, so we have no results in the immediate 

FIG. 4. Logarithmic plot of the points shown in Fig. 3. (The 
symbols O and + correspond, respectively to the symbols • and 
X of Fig. 3). 

26 C. E. Chase, Ph.D. thesis, Cambridge University, 1954 
(unpublished). 
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vicinity of the absorption peak. Attenuation values 
derived from four demagnetizations are shown in Fig. 5. 

From 12 such runs, an average value 3.45 is obtained 
for the coefficient A 3. Above 0.5°K the points lie below 
the straight line which represents the Tz law. This de­
parture is attributable to the fact that, for each of the 
four runs plotted, the best fit to Eq. (3) occurs for n 
somewhat less than 3. If the values shown are increased 
by a few percent, they fall more nearly on a single 
straight line with a smaller slope. 

Signal-amplitude measurements were made at the 
frequencies 3.91 and 11.7 Mc/sec by exciting a second 
pair of crystals at their fundamental and third-harmonic 
frequencies. The crystal spacing was 5.05 cm. Attenu­
ation values derived from two demagnetizations at 
11.7 Mc/sec are shown in Fig. 6, together with smoothed 
values of the results of Chase and Herlin10 (/=12.1 
Mc/sec, d=1.96 cm), and Whitney11 ( /= 11.8 Mc/sec, 
d =1.48 cm). Although there appear to be systematic 
differences between individual runs, taken together the 
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FIG. 6. Attenuation versus temperature at 11.73 Mc/sec. 
Results of earlier experiments at approximately 12 Mc/sec are 
shown for comparison. 

FIG. 7. Attenuation versus temperature at 3.91 Mc/sec. The solid 
line is derived from the measurements of Chase at 12.1 Mc/sec 
(Ref. 26) by assuming thataccco2 above 1.1 °K. 

points are consistent with the straight line representing 
the empirical equation a=4.5 T3. 

The points shown in Fig. 7 for the frequency 3.91 
Mc/sec were obtained under a variety of experimental 
conditions. The pluses are derived from signal-
amplitude measurements made using the first trans­
mitted pulse, as in the runs described above. The 
enclosed dots represent measurements of the amplitude 
of the first echo at the receiving crystal, a pulse that 
has been reflected twice, once by each crystal, for which 
the effective path length is therefore 15.15 cm. The 
warmup times for these and five similar runs were 
quite short, averaging seven minutes from the lowest 
temperatures reached to 0.5°K. (At the conclusion of 
this experiment the cones were relapped.) Nevertheless 
these results agree very well with the third set of points 
plotted in Fig. 7, shown as dots, for which the warmup 
time was 14 min to 0.6°K (18 min to 0.9°K). The 
crystal spacing for this demagnetization was 1.98 cm. 
For all of the runs at 3.91 Mc/sec, the average value of 
,43is0.78. 

The data at 3.91 Mc/ sec and 1.98 cm presented above, 
as well as those to be discussed next, were taken during 
the course of measurements of the velocity of sound 
near 1°K and below.27 In Fig. 8, the points shown as 

27 W. M. Whitney and C. E. Chase, Phys. Rev. Letters 9, 243 
(1962). 
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pluses represent the results of one of several runs 
carried out at 1.00 Mc/sec with a crystal spacing of 
5.05 cm and warmup times of approximately | h to 
0.9°K. For a second series of measurements, results from 
which are shown as solid circles, the crystal separation 
was lengthened to 9.96 cm to increase the accuracy of 
the attenuation values. The results of the two experi­
ments are in reasonable accord. In the figure, points 
below 0.4°K have been suppressed because of their 
scatter, and the extrapolation calculation was applied 
only to those points in the temperature range 0.4 to 
0.6°K. The dashed line in Fig. 8 represents the equation 
a =0.13 T3. The points shown as triangles are Chase's 
values at 12.1 Mc/sec,26 corrected to 1.00 Mc/sec by 
making use of the fact that a <* f2 above approximately 
1.1°K. 

IV. ANALYSIS AND DISCUSSION 

1. Low-Temperature Region 

Temperature Dependence 

An analysis of our results to determine the tempera­
ture dependence of the attenuation on the low-tempera­
ture side of the peak is complicated by the fact that we 
have made assumptions about this behavior in order to 
convert signal-amplitude measurements to attenuation 
values. The hypothesis that the attenuation obeys a 
simple power law at sufficiently low temperatures is 
compatible with the theoretical results referred to in the 
introduction, according to which the attenuation ought 
to approach zero as TA (or, according to Khalatnikov,18 

as T6). The course followed by our data at all frequencies 
is, in fact, consistent with a power law up to tempera­
tures just short of the peak. More complex behavior 
could well be masked by the scatter of data, particularly 
at the lower frequencies. Because of such scatter, the 
precision with which it can be established that the best 
value of the exponent n is, say, 3.0 instead of 4.0, is 
limited. To provide an illustration, we have recalculated 
attenuation values for the 2.02 Mc/sec data with ^ = 4 
in Eq. (3), and have replotted them in Fig. 9. Agreement 
between the points and the line a=0.68r4 is reasonably 
good, although it would clearly be better if the line 
had a slope smaller than 4. 

Our most satisfactory runs for an assessment of the 
temperature dependence are those at 6, 10, and 12 
Mc/sec, for which the resolution was good and the 
scatter, for a given run, correspondingly small. The 
minima exhibited by the residuals Rn are quite sharp, 
and the results are consistent from one set of data to the 
next. Out of 16 individual demagnetizations at these 
three frequencies, the value of n for which Rn is mini­
mum lies in the range 2.8 to 3.2 for 11, and for no run 
is n>3.2. We conclude that, at these frequencies, the 
power law followed by the absorption coefficient is 
more likely T3 than T\ 

Data taken at the three lower frequencies 1, 2, and 4 

O.IO 
0.09 

0.08 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

0.010 

0.009 

0.008 

0.007 

0.006 

0.005 

0.004 

0.003 

-

~ 
-

-

-

— i 1 1 — | — | — | -

FREQUENCY = 1.00 MC/SEC 

+ 
• 
A 

PATH=5.05 CM 
PATH = 9 . 9 6 CM 
DERIVED FROM RESU 

OF CHASE AT 12.1 
MC/SEC 

+#J 

A r 
+ 
t • • 

i / * 
/ 

+ 

/ 
/ 

i i i i i i 

i 1 — i — r 

>> *\ 

' /i 
* / * 

LTS / £ 

i : 

_ j — , , , | i 

-
-
-

_ 

— 

•+ 

• 

STRAIGHT 
LINE: 
a = O . I 3 T 3 

1 .. 1 1 L_ 

• 

+# 

+ 
+ • • • 
+ 
• 

m • 
• 1 

S 1 ~] 

1 
+ J 

• • 
* "l 
A 

+ 

+ 
A 

_J M M 
0.5 0.6 0.7 0.8 0.9 1.0 

TEMPERATURE (°K) 

FIG. 8. Attenuation versus temperature at 1.00 Mc/sec. Points 
below 0.4°K have been suppressed because of their scatter. The 
points shown as triangles represent results of Chase at 12.1 Mc/sec 
(Ref. 26) reduced to 1.0 Mc/sec by assuming that aocco2. 

Mc/sec exhibit considerable scatter within the tempera­
ture region over which the least-squares fit is carried 
out. The residual Rn is a slowly varying function of n. 
Its minimum is poorly defined, and any estimate of the 
best value of n is subject to large uncertainty. For the 
data at these frequencies, the exponent n is more likely 
to lie inside the range 3-4 than outside. Measurements 
with greater resolution than those presented here would 
be required to back up a stronger statement; however, 
in part 2 of this section it will be shown that there is 
additional evidence that supports a Tz power-law 
behavior. 

Uncertainty in the determination of the tempera­
ture dependence will also accompany attempts to calcu­
late attenuation values by matching signal-amplitude 
measurements with Chase's values above the peak. The 
nature of the ambiguity is illustrated in Fig. 10. A 
log-log plot of the quantity a0=0.34 T\ representing 
the general course of the 2-Mc/sec results, yields a 
straight line. If the values of a0 are displaced upward 
and downward by the small amount 0.003 cm-1, equal 
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points of Fig. 1 and 2 were derived, but attenuation values have 
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roughly to our resolution in measuring changes in at­
tenuation, the results yield curves that deviate from the 
straight line at lower temperatures. Points scattered 
randomly about one of these curves could well appear to 
obey one power law at higher temperatures, another one 
below. I t was an effect similar to that exhibited by the 
lowest of the three curves in Fig. 10 that was noted in 
earlier experiments,10'11 in which the matching technique 
was used. I t now seems likely that the apparent change 
in power law seen below 0.4°K was spurious, since it 
can be eliminated by adjusting the reported values of 
attenuation by amounts that are smaller than the 
probable errors introduced by fitting the results to 
Chase's values. In view of the fact that our extrapolation 
procedure eliminates such a change by hypothesis, we 
cannot cite our results as evidence that it is not a real 
effect. We can state, however, that if there is a change 
in the power-law behavior at temperatures much below 
0.4°K, where the total attenuation is comparable with 
the estimated experimental errors, its presence cannot 
be established by either of the two earlier experiments 
referred to, or by the present one. 

Frequency Dependence 

At temperatures sufficiently far below the peak, the 
attenuation displays the same, or nearly the same, 

temperature dependence at each of the six frequencies 
for which we have results. The frequency dependence in 
this temperature region can thus be derived from the 
coefficient A 3, values of which (indicated by plusses) 
are plotted logarithmically against frequency in Fig. 11. 
Apparently a simple power law describes the frequency 
behavior over the range 1 to 12 Mc/sec; the dotted 
line drawn through the points has a slope of f. The open 
circles represent values of A 4, derived from our signal-
amplitude measurements by assuming that the attenu­
ation follows a T4 power law instead of T3. The upper 
dotted line passing through these points also has slope 
§. The fact that both A 3 and A± exhibit the same fre­
quency dependence is not surprising, because a change 
in exponent in Eq. (3) from ^ = 3 . 0 to ^ = 4 . 0 leads to 
differences between the resulting values of attenuation 
that are quite small, amounting at most to a few percent 
of the peak values. The conclusion that a^u>zn on the 
low-temperature side of the peak is thus largely inde­
pendent of the decision that the temperature dependence 
is more nearly T3 than T4. From the characteristics of 
the lower line in Fig. 11, we obtain a = 0.11 /3 /2r3 , where 
a is in cm - 1 and / is the frequency in megacycles per 
second. 

Smoothed values of the attenuation at 0.4°K derived 
from our measurements (using A 3) are plotted against 
frequency in Fig. 12 in order to compare them with the 
results of previous experiments at vapor pressure. The 
straight line that best fits these points has slope 1.5 ± 0 . 1 . 
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Discussion 

A theory developed by Khalatnikov3 successfully 
accounts for the absorption on the high-temperature 
side of the peak. The underlying point of view is similar 
in certain respects to that which leads to the Stokes 
and Kirchhoff equations for the absorption of sound in 
ordinary fluids,28 and, in fact, Khalatnikov's expression 
for the attenuation coefficient [see Eq. (10) below] has 
the same form as the classical ones in the low-frequency 
limit. I t is assumed that the passage of a sound wave 
produces small departures from equilibrium in the local 
pressure and temperature. Collisions among the ele­
mentary excitations of the liquid, the phonons and 
rotons, enable the system to relax toward its new equi­
librium state. Since the macroscopic changes that follow 
from these collisions are irreversible, some of the me­
chanical energy carried by the sound wave is converted 
locally into heat, and the wave is attenuated. 

The validity of the above description rests upon the 
condition that the number of elementary collisions 
during one cycle of the sound wave be large, so that a 
macroscopic state approximating an equilibrium state 
can be established; i.e., the average time interval r 
between collisions must be small in comparison with the 

period of the sound wave, o>r<<Cl. Calculations per­
formed by Landau and Khalatnikov29 and by Khalat­
nikov,3'20 together with experimental values of the 
phonon mean-free-path derived from thermal conduc­
tivity measurements,30 indicate that the collision times 
r are comparable, in the vicinity of the attenuation peak, 
with the periods of the ultrasonic waves that have been 
used in previous experiments, and that they increase 
rapidly with decreasing temperature. Consequently, 
sound propagation on the low-temperature side of the 
peak will be characterized by the condition a>r^>l, and 
a classical description, i.e., one concerned with the 
dynamical behavior of macroscopic states of the system, 
may be inappropriate. 

Several authors have developed explanations of the 
absorption on the low-temperature side of the peak in 
which emphasis is placed not upon the changes induced 
by the sound wave in the thermodynamic state of the 
system, but rather upon the direct interaction between 
the wave and the elementary excitations. Their work 
reflects an approach originated by Landau and Rumer31 

in a calculation of the absorption of sound in solids. 
According to them, the condition OOT^>1 makes it pos­
sible to treat the sound wave as a beam of low-energy 
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28 J . J . Markham, R. T. Beyer, and R. B. Lindsay, Rev. Mod. 
Phys. 23, 353 (1951). 

29 L. D. Landau and I. M. Khalatnikov, Zh. Eksperim. i Teor. 
Fiz. 19, 637, 709 (1949). 

30 R. W. Whitworth, Proc. Roy. Soc. (London) A246,390 (1958). 
31 L. Landau and G. Rumer, Z. Phys. Sowjetunion 11, 18 (1937). 
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acoustic quanta, and to interpret absorption as a re­
duction in the flux of these quanta. Their calculations 
are based upon the so-called three-phonon scattering 
process, in which a sound quantum p interacts with a 
thermal phonon pi and is absorbed, yielding a single 
thermal phonon p2. In liquid helium below 0.6°K, the 
dominant thermal excitations are phonons, and at­
tempts have been made to explain sound absorption in 
this temperature region in terms of the three-phonon 
interaction. In a recent paper by Khalatnikov,18 the 
four-phonon process is considered. The principal re­
sults of these investigations will be summarized below, 
and shown to be incompatible with our measurements. 

(a) Three-phonon process. The absorption arising from 
the three-phonon interaction in liquid helium has been 
considered by Dransfeld,15 Kawasaki,14 Woodruff,16 and 
Kawasaki and Mori.17 A study of certain character­
istics of the three-phonon process with applications to 
liquid helium has been made by Simons.32 Although the 
starting points in these investigations appear to be quite 
different, the final results are very nearly the same. The 
central idea in Dransfeld's calculation is that certain 
thermal phonons, namely, those traveling along with the 
wave, will have a long time to interact with it and absorb 
energy from it because of the condition W7C2>1. Kawasaki 
evaluates the matrix element associated with the tran­
sition p+pi—> P2, using wave functions of the form 
introduced by Feynman33 for the low-lying states of 
liquid helium. In a later paper, Kawasaki and Mori 
calculate the absorption using a fluctuation-dissipation 
theory, the fluctuations being those induced by the 
three-phonon interaction. Woodruff's theory represents 
a modification of a calculation of the absorption of sound 
in insulators by Woodruff and Ehrenreich,34 which is 
stated to be valid, strictly speaking, only under the 
condition o ) r< l . I t is considered that the small density 
changes accompanying a sound wave modulate the 
energies of the thermal phonons. The total energy im­
parted to the assembly of phonons is redistributed by 
three-phonon collisions. Woodruff determines the modi­
fied phonon-distribution function by solving a Boltz-
mann equation, and from this calculates the absorption 
of sound. 

I t can be argued that a three-phonon interaction is 
not allowed in a liquid. According to the usual de­
scription of such an event by collision theory, the energy 
and momentum of the interacting quanta must be 
conserved in the process. Landau and Rumer show that 
the necessary conditions cannot be met if the velocities 
of the three participating phonons are the same. The 
implication of this requirement for most substances is 
that at least one of the phonons must be transversely 
polarized. I t is, in fact, the absorption of transverse 

32 S. Simons, Proc. Phys. Soc. (London) 82, 401 (1963). 
33 R. P. Feynman, Phys. Rev. 94, 262 (1952). 
34 T. 0 . Woodruff and H. Ehrenreich, Phys. Rev. 123, 1553 

(1961). 
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sound waves that they determine in their calculation. 
Three-phonon scattering in liquid helium would involve 
longitudinally polarized quanta only. For such an inter­
action to take place with simultaneous fulfillment of the 
conservation laws, it is necessary that the velocity of a 
thermal phonon exceed that of a sound quantum.35 

According to Landau and Khalatnikov,29 the dispersion 
law for thermal phonons in liquid helium has the form 

e(p) = pc(l-ypp>), (5) 

where e{p) is the energy of a phonon with momentum p; 
c is the low-frequency sound velocity; and Y P ^ 2 . 8 X 1037 

(sec/g cm)2. The phonon velocity thus decreases with 
increasing wave number, and consequently a three-
phonon interaction cannot take place with strict con­
servation of both energy and momentum. I t was for 
this reason that such processes were ruled out by 
Landau and Khalatnikov29 in their calculation of the 
shear viscosity, and by Khalatnikov3 in his treatment 
of the second viscosity. 

According to Kawasaki, energy need not be strictly 
conserved in a three-phonon scattering event; it is 
necessary only that the amount 8e by which energy is 
not conserved be less than the average uncertainty in 
the energy of the thermal phonons, i.e., 8e<h/r, where 
r is the phonon lifetime. This idea and its ramifications 
have also been explored by Simons.32 From the disper­
sion relation, Eq. (5), and the assumption paY=kT/c, 
Kawasaki obtains 8e=3yphu(kT/c)2. Following Drans­
feld36 we write the inequality in the form 

<*T<{6/T)\ 0=(c/k)(3y)-™. (6) 

For the value of yp given following Eq. (5) and for 
£=2.38X104 cm/sec,27 we find that 0~19°K. 

Absorption by the three-phonon process in liquid 
helium can also be justified from Dransfeld's point of 
view.37 According to the original presentation,15 in which 
dispersion was ignored, thermal phonons traveling 
parallel with the wave will be able to keep up with it. 
If there is dispersion, they will fall behind. The results 
of the analysis will, however, remain unchanged pro­
vided that the distance by which the phonons trail the 
wave, after a time r has elapsed, is small in comparison 
with the wavelength: (c—vg)T<c/(a, where vg = de/dp is 
the phonon group velocity. This inequality leads di­
rectly to Eq. (6) when vg is evaluated from the dis­
persion relation (5). Thus Dransfeld's criterion for the 
occurrence of the three-phonon interaction and that of 
Kawasaki are equivalent. 

The ideas outlined above receive support from re­
cent experiments by Ciccarello and Dransfeld,38 who 

3 5 1 . Pomeranchuk, Phys. Rev. 60, 820 (1941). 
36 K. Dransfeld, Z. Physik 179, 525 (1964). 
37 R. Nava, R. Azrt, I. Ciccarello, and K. Dransfeld, Phys. 

Rev. 134, A581 (1964). 
3 8 1 . S. Ciccarello and K. Dransfeld, Phvs. Rev. 134, A1517 

(1964). 
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find that the absorption of longitudinal waves in MgO 
and ruby at 0.5 and 3 Gc/sec can be ascribed to the 
collinear three-phonon process. I t can be demonstrated 
using measured values of the phonon mean free path30 

that the inequality (6) is satisfied in liquid helium at 
all temperatures above 0.25 °K if the frequency is less 
than 15 Mc/sec. Nevertheless, the qualitative predic­
tions concerning the temperature and frequency de­
pendence of the attenuation arising from the three-
phonon process are not in agreement with our 
experimental results. 

The various three-phonon theories lead to the follow­
ing expression for the absorption coefficient: 

a=(Tr/2)A*o>U/pc\ (7) 

where p is the density of the liquid and U is the phonon 
energy density, 

U=(4nr*/lS)kT(kT/hc)*. (8) 

The dimensionless constant A in Eq. (7) expresses 
the strength of the interaction between the sound wave 
and the thermal phonons; its exact value reflects as­
sumptions made in the development of the theories. 
According to Dransfeld, A = yg= (p/c)dc/dp. Kawasaki 
obtains A = yg+1. The theory of Kawasaki and Mori 
yields Aad= 2yg+7/3 and Aia=yg+2; which of the two 
values applies at temperatures below 0.4°K depends 
upon whether the sound propagation in this temperature 
region has an adiabatic or an isothermal character. 
Woodruff finds that A2= (yg+l)2+ (4/37r)F2, where F2 

= Im(yn/v$), vn and vs being the velocities of the normal 
and superfluid components of liquid helium. The value 
of F2, which is not provided by the treatment, is adjusted 
to give best agreement with the experimental results. 
With F2=0, the results of Kawasaki and Woodruff are 
the same. 

Combination of Eqs. (7) and (8) gives a = Co)TA
y as 

compared with the observed behavior a^ooz/zTz. Ac­
cording to the theory developed by Kawasaki and Mori, 
the temperature dependence of the attenuation grad­
ually departs from T4 behavior as the temperature in­
creases above 0.4°K, and the frequency dependence 
changes from co to w2. Above 0.7 °K their theory is in­
complete because the phonon-roton interaction has been 
ignored. Up to approximately 0.7°K, attenuation values 
calculated from their equations are in good agreement 
with earlier experimental results at 12 Mc/sec10,11; 
however, since a linear frequency dependence is pre­
dicted for much of this region, the correspondence will 
be less satisfactory at other frequencies. Furthermore, 
the frequency and temperature dependences are coupled 
in such a way that the temperature range over which the 
T4 variation persists will increase as the frequency 
increases. In contrast, our results at the frequencies 6, 
10, and 12 Mc/sec give much clearer indication of Ts 

behavior than do the results at the three lower fre­
quencies. Moreover, the results of prior measurements 

of the absorption coefficient cited in the introduction, 
most of which were carried out at frequencies above 
10 Mc/sec, provide further evidence that the tempera­
ture power law at higher frequencies is more likely to 
be T3 than T4. 

With the exception of F2y there are no adjustable 
constants in the theoretical expressions for the absorp­
tion coefficient. Despite the fact that they do not cor­
rectly predict the temperature and frequency depend­
ence, it is nevertheless true that these equations yield 
values of the absorption that are of the same order of 
magnitude as those measured over the range of frequen­
cies covered in our experiment. We evaluate Eq. (7), 
substituting Y , = 2.65,3 9 p = 0.145 g/cm3,40 c=2.38X104 

cm/sec,27 and appropriate values for the constants in 
(8). With Kawasaki's value A = yg+1, we obtain 
C = 8 X 1 0 - 8 (sec/cm) (°K)~4. At 1 and 12 Mc/sec, the 
product coC will be, respectively, 0.5 and 6 c m ' ^ K ) " 4 . 
These numbers can be compared with values of A 4 
derived from our data by forcing a fit to a T4 power 
law: From Fig. 11 we ob t a in^ 4 =0 .2 and 9 cm"1 (°K)~4 

at the same two frequencies. For the range of frequencies 
1 to 12 Mc/sec, the calculated and observed absorption 
curves have a point of intersection somewhere in the 
temperature region 0.2 to 0.8°K. 

At temperatures low enough or frequencies high 
enough that Eq. (6) is not valid, the absorption attribut­
able to the three-phonon process in solids is expected to 
become independent of frequency and to vary with 
temperature as Tn, with ^4 . 3 2 > 3 8 Behavior of this type 
is exhibited by the absorption of longitudinal waves in 
quartz in the frequency range 0.5—9 Gc/sec,38 but we 
find no evidence for it in liquid helium over the temper­
ature range covered in our experiment. 

Dransfeld36 has suggested that, in sufficiently small 
containers of liquid helium, collisions of the thermal 
phonons with the walls will prevent their lifetimes from 
increasing indefinitely, thus enabling three-phonon scat­
tering to proceed at all temperatures below a certain 
upper limit. One might then expect that, at tempera­
tures low enough so that Eq. (6) would otherwise be 
violated, the attenuation would show some dependence 
on the crystal spacing d. This effect would not be ob­
served in the present experiment because, as mentioned 
before, the inequality (6) is in fact satisfied for the 
temperature and frequency ranges covered in the meas­
urements. Only at 4 Mc/sec do we have data extending 
reliably below 0.4°K that represent more than a single 
value of d, and they display no systematic differences 
from run to run. The fact that attenuation values de­
rived from all our measurements at different frequencies 
and crystal spacings exhibit the same qualitative be­
havior is evidence that the size of the sound chamber 
had no important bearing on our results. 

(b) Four-phonon process. Khalatnikov18 has calcu-

39 K. R. Atkins and R. A. Stasior, Can. J. Phys. 31, 1156 (1953). 
40 E. C. Kerr and R. D. Taylor, Ann. Phys. 26, 292 (1964). 
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lated the absorption arising from the interaction 
P + p i ~ > p 2 + p 3 at low temperatures. An expression is 
obtained for the lifetime r of the acoustic quanta, 
from which the attenuation coefficient is derived : 
a=i/TCcco>T6/yp. By choosing Y P = 1 . 5 X 1 0 3 5 (sec/g 
cm)2, Khalatnikov obtains approximate numerical 
agreement with the results of Chase and Herlin at 
0.3 °K. However, from an analysis of the dispersion 
curve obtained by Henshaw and Woods41 from in­
elastic neutron-scattering experiments, it can be shown36 

that the energy-versus-momentum relation for the 
phonon part of the spectrum is consistent with Eq. (5), 
with 7P~2.5X10 3 7 (sec/g cm)2. This number agrees 
well with the original estimate of Landau and Khalat­
nikov, y p =2 .8Xl0 3 7 (sec/g cm)2. If yp were in fact 
this large, as seems likely, the absorption arising from 
the four-phonon process would be two orders of magni­
tude too small to account for the measured attenuation 
values, apart from the fact that the predicted tempera­
ture and frequency dependences are different from what 
we observe. 

2. Absorption Near 0.8°K 

The experimental results at four frequencies, 1, 2, 
4, and 6 Mc/sec, extend over the temperature region 
that includes the attenuation peak. When In a is plotted 
against In T, as in Figs. 2, 4, 7, and 8, the data just 
below the peak exhibit a somewhat stronger tempera­
ture dependence than T3. This behavior indicates a 
change in the dominant attenuation mechanism, or 
perhaps the appearance of another mechanism that 
contributes additively to the total absorption. We will 
show that our data are consistent with the second possi­
bility. The additional absorption is quite satisfactorily 
described by an equation derived according to the 
classical or hydrodynamical approach, and can be 
linked directly with the parameter K introduced by 
Khalatnikov19 to characterize the thermal conductivity 
of the normal fluid. 

We will assume that most of the absorption near the 
peak arises from the mechanism that is effective below 
0.5 °K, and that the power-law behavior a oc Tz observed 
in that region persists up to the peak. The character­
istics of the additional absorption are ascertained by 
subtracting the amount A ZTZ from the measured attenu­
ation values: The remainders 8a are plotted against 
temperature in Fig. 13, the points of which represent 
smoothed values obtained by averaging the data over 
temperature intervals varying from 0.1 °K below 0.6 to 
0.02°K near 0.8. 

The qualitative behavior of the four curves is charac­
teristic of a relaxation process. The absorption arising 
from a single relaxation mechanism is described by the 
equation28 

a = S w V ( l + c o V 9 , (9) 
41 D. G. Henshaw and A. D. B. Woods, Phys. Rev. 121, 1266 

(1961). 

TEMPERATURE, °K 

FIG. 13. The additional attenuation 8a plotted against tempera­
ture in the vicinity of 0.8°K. The points shown have been obtained 
by subtracting the quantity A3(f)T

d from the individual attenu­
ation values at a given frequency / , and then averaging the results 
over fixed temperature intervals. The dashed line represents the 
predicted limiting attenuation at infinite frequency arising from 
thermal conductivity, calculated from Eq. (9) and the expression 
for K given by Khalatnikov. 

where the relaxation time r and the coefficient S are 
functions of temperature and pressure but not fre­
quency. According to Eq. (9), the peak attenuation, 
which occurs at a temperature for which cor= 1, would 
be proportional to frequency. Its position would shift 
to lower temperatures at reduced frequency if, as one 
might expect, the relaxation time r increases with de­
creasing temperature. The attenuation would be inde­
pendent of frequency in regions where o)r^>l, and 
proportional to co2 in regions where cor« l . Most of these 
features are evident in Fig. 13, although the steep 
descent of 8a on the high-temperature side of the peak 
must be attributed principally to changes in the domi­
nant absorption mechanism, and no meaningful quali­
tative comparison with Eq. (9) can be made in this 
region. 

Viewed individually, the four sets of data shown in 
Fig. 13 display systematic variations that preclude a 
detailed quantitative comparison with Eq. (9) over an 
extended temperature region. We can nevertheless 
derive useful information from the frequency de­
pendence at temperatures near the maxima, where 
attenuation values are least affected by errors in temper­
ature. In Fig. 14 we plot f2/8a against f ( / = frequency) 
for J T = 0 . 8 ° K , using values of 8a taken from Fig. 13. 
The fact that these points lie nearly on a straight line 
indicates compatibility with the form of Eq. (9). From 
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FIG. 14. The ratio f/8a plotted against/2 for r = 0.8°K. The 
fact that the four points lie nearly on a straight line indicates 
compatibility with the form of Eq. (9). 

the slope and intercept of the line, the parameters S 
and r can be determined. The numbers obtained are 
presented below. 

Hydrodynamic equations for liquid helium II , in 
which terms that take account of dissipative processes 
have been incorporated, have been derived by Khalat-
nikov.19 When these equations are solved for sound 
propagation, the following expression is obtained for the 
attenuation coefficient: 

a = (w?/2pC«){f ?+f2+(7c-lWCp} : (10) 

where Cp is the heat capacity per unit mass at constant 
pressure; yc is the ratio of specific heats Cp/Cv; t] is the 
shear viscosity; f 2 is one of three independent coefficients 
of second viscosity associated with dilatation of the 
fluid; and K is a coefficient of thermal conductivity. 

The conduction of heat in liquid helium II is ac­
complished principally by convective counterflow of the 
normal-fluid and superfluid components. According to 
Khalatnikov,19 the diffusion of thermal excitations in 
the normal fluid provides an additional mechanism for 
heat transfer, and it is this process, which is linear in 
the temperature gradient, that is characterized by the 
coefficient K. The behavior of this parameter can be 
traced directly to specific interactions among the 
thermal excitations,20 phonon-roton scattering being the 
most important process, and it is found that K increases 
rapidly with decreasing temperature, approaching a 
variation as 1/T6 at very low temperatures. 

Khalatnikov has shown that the attenuation of 
second sound arises primarily from the thermal con­
ductivity, a prediction that subsequent experiments 
have fully substantiated.42 Above 1°K, the contribution 
of this mechanism to the absorption of ordinary sound 
is quite small in comparison with that of second vis-

42 W. B. Hanson and J. R. Pellam, Phys. Rev. 95, 321 (1954); 
K. R. Atkins and K. H. Hart, Can. J. Phys. 32, 381 (1954); K. N. 
Zinov'eva, Zh. Eksperim. i Teor. Fiz. 31, 31 (1956) [English 
transl.: Soviet Phys.—JETP 4, 36 (1957)]. 

cosity, which is responsible for approximately 90% of 
the observed attenuation, and that of shear viscosity, 
which accounts for most of the remainder. However, on 
the low-temperature side of the peak, where f2 is 
vanishing while K is rapidly increasing, the relative 
contribution of thermal conductivity to the total ab­
sorption ought to be considerably greater.5 

That part of Eq. (10) which contains K as a factor can 
be written in the form 

K={(VC -1)/2C}O>*TK TK=K/pC2Cv (11) 

[The time constants r in Eq. (9) and rK in Eq. (11) char­
acterize macroscopic behavior of the fluid, and are not 
to be confused with the microscopic collision times that 
are related to the mean free paths of the thermal ex­
citations.] Because of the manner in which it was 
derived from the hydrodynamic equations, Eq. (11) is 
valid only at temperatures for which corK<$Cl. For 
ordinary fluids, the generalized Kirchhoff expression for 
the attenuation arising from the thermal conductivity 
K is identical in form with Eq. (9),28 with SK— (yc—l)/2c, 
and rK defined as in (11). To derive a corresponding 
relationship for liquid helium from the two-fluid 
hydrodynamic equations, it is expedient to ignore 
altogether the second-order terms associated with the 
coefficients of first and second viscosity. Making use of 
the approximation (yc—1)<^1, we obtain 

aK=SKa>*TK{ (l-c2
2A2)2+co2r«2}- (12) 

where c2 is the velocity of second sound. The difference 
in form between Eqs. (9) and (12) turns out to be of 
slight numerical significance. At temperatures for which 
co2r/< 1, (c2A)2<Kl, and at temperatures below approxi­
mately 0.7°K, where c2 and c are comparable in magni­
tude, U>2TK*»1. For the numerical work below we may 
therefore set C2/c=0. 

Experimental values of 5 and r derived from Fig. 14 
can now be compared directly with calculated values of 
SK and TK. The expressions given by Khalatnikov yield 
K = 9 . 2 X 1 0 5 ergs/cm sec °K at 0.8°K. The specific heat 
ratio yc is evaluated from the thermodynamic identity 
yc—l=T(PG2/Cp, where @ is the coefficient of thermal 
expansion. I t is estimated that /3=4.4X10~4 (°K)~1 at 
0.8°K. This value is deduced by extrapolating the 
experimental results of Atkins and Edwards,43 using the 
expression given by them for the coefficient of expansion 
of an ideal gas of phonons and rotons. These numbers, 
together with values taken from the literature for the 
remaining parameters, yield SK=SX10~9 sec/cm, 
r K = 5 X l 0 ~ 8 sec, as compared with 6 '=9X10- 9 sec/cm, 
r = 7X 10~8 sec, derived from our data. At 0.775°K, the 
calculated values are SK=9X10~9 sec/cm, r K =9XlO~ 8 

sec, as compared with S= 10X10 - 9 sec/cm, r = 9 X l O ~ 8 

sec. 
We have also computed the ratio aKO0=SK/TK for 

! K. R. Atkins and M. H. Edwards, Phys. Rev. 97,1429 (1955). 
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temperatures below the maximum values of 8a. This 
quantity represents the maximum attenuation in the 
limit COTK^>1, corresponding to high frequencies or long 
relaxation times for which aK becomes independent of 
frequency. A plot of aKO0 against temperature thus repre­
sents a limiting curve toward which the experimental 
curves fo-versus-T should converge at sufficiently low 
temperatures. In Fig. 13, aKO0 is represented as a dotted 
line. It is apparent that this curve is quite consistent 
with the average behavior of the four sets of experi­
mental points below approximately 0.75°K. 

The success with which the properties exhibited by 
8a can be correlated with those expected of aK leads us 
to identify thermal conduction as the mechanism re­
sponsible for the change in the characteristics of the 
total absorption at temperatures just below those of 
the maxima. The good agreement between theory and 
experiment strengthens our earlier conclusion that the 
temperature dependence of the attenuation at temper­
atures below the peak is more nearly Ts than TA. If our 
experimental results had been fitted to the empirical 
equation a=A^T4

1 the values of the differences a—A±T4 

near the peak would be much smaller than the values 
of da presented in Fig. 13, or even negative (see Fig. 9), 
and a correlation like that demonstrated above could 
not be established. 

The possibility that thermal conductivity contributes 
significantly to the attenuation of ordinary sound at low 
temperatures was suggested by DNW, who attempted to 
attribute all of the absorption below the peak to this 
mechanism. It was realized that, at sufficiently low 
temperatures, the law obeyed by the absorption co­
efficient would depart from that predicted by Eq. (11), 
but it was assumed that the departure would arise from 
a relaxation or change in temperature dependence of the 
thermal conductivity itself. As we have shown, it is the 
form of Eq. (11) that requires modification; the temper­
ature variation of K predicted by Khalatnikov is con­
sistent with our results. 

From measurements of the thermal conductivity of 
liquid helium II in narrow tubes, Whitworth30 concludes 
that the phonon mean free path Xmfp lies in the range 
0.01 to 0.035 cm from 0.6 to 0.7°K. The sound wave­
lengths for the frequencies 1 and 6 Mc/sec are 0.024 
and 0.004 cm, respectively. Thus the absorption as­
sociated with thermal conductivity in liquid helium 
II below 1°K is correctly accounted for on the basis of 

a hydrodynamic description of sound propagation, even 
at temperatures for which Amfp/X>l. 

V. CONCLUSION 

From the evidence presented herein, we conclude 
that the principal contribution to the absorption of 
sound in liquid helium below approximately 0.8°K and 
over the frequency range 1-12 Mc/sec obeys the law 
a oc w3/2r3. Small departures from this behavior over the 
temperature region 0.6-0.8°K are attributed to ad­
ditional absorption arising from thermal conduction. 

Although the measured values of the absorption co­
efficient have roughly the magnitude predicted by 
theories based upon the three-phonon interaction, the 
observed dependence upon frequency and temperature 
differs from that expected, a<*uT4. This fact requires 
an explanation, since the conditions under which it is 
believed that the three-phonon process may influence 
the absorption of longitudinal sound waves appear to 
be satisfied over the intervals of temperature and fre­
quency involved in the measurements. 

The conclusion that the attenuation is proportional 
to co3/2 is very little affected by the validity of the extra­
polation procedure followed in determining the temper­
ature variation. We know of no absorption mechanism 
for which such a frequency dependence is predicted. 
Experiments are being carried out at the Jet Propulsion 
Laboratory to look further into this unusual behavior. 
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