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The angular distributions of high-energy phonons, that are created by a short pulse of low-energy phonons
propagating in superfluid 4He, are measured for different heater sizes and heater powers. We find that the
intrinsic full width at half height of the high-energy phonons is proportional to the reciprocal of the width of
the heater that creates the low-energy phonons. This is similar to the behavior shown by the low-energy
phonons where the width of the phonon sheet is inversely proportional to the heater width. We discuss the
correspondence between the formation of the phonon sheet by the low-energy phonons and the creation of
high-energy phonons, and conclude that the phonon sheet is caused by the creation of high-energy phonons
within a few millimeters of the heater. We also show that the total energy in the high-energy phonons increases
linearly with heater power, once a threshold power is reached. This indicates that the initial low-energy
phonons increase in number but not energy, as the heater power is increased.
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I. INTRODUCTION

That high-energy phonons can be copiously created from
low-energy phonons is one of the amazing properties of pho-
non pulses propagating in superfluid 4He.1–4 A phonon pulse
is an example, indeed an extreme example, of an anisotropic
phonon system and, over the last decade, we have shown that
anisotropic phonon systems have very different behavior to
the usual isotropic ones, see Ref. 5, and references therein. In
this paper, we investigate how the creation of high-energy
phonons depends on the size of the heater that creates the
pulse of low-energy phonons and we shall relate the creation
of high-energy phonons to the formation of a mesa-shaped
angular distribution of the low-energy phonons.6,7 High-
energy phonons, or h-phonons, have an energy of 10 K and
just above, at the saturated vapor pressure at T�1 K. Low-
energy phonons, or l-phonons, have energies �2 K depend-
ing on the energy density in the l-phonon system. These two
groups of phonons are indicated in Fig. 1�a�, and in Fig. 1�b�
we show the l-phonons separated in time from the h-phonons
by dispersion.

An anisotropic system is one in which there is a relative
velocity between the normal fluid and the superfluid. Such
systems have been created in such classic flow experiments
as Allen and Misener,8 Kapitza,9 and Craig and Pellam.10 In
those systems, the normal fluid is stationary and the super-
fluid moves with a low velocity relative to the Landau criti-
cal velocity. In this paper, the pulse of low-energy phonons is
a strongly interacting phonon system, and these phonons
constitute the normal fluid that moves through the superfluid
at a high relative velocity. These low-energy phonons are in
a quasiequilibrium by which we mean an equilibrium that
slowly changes on the time scale of the experiment.11

The pulse of low-energy phonons, or equivalently a small
volume of normal fluid, moves through the superfluid with a
velocity almost exactly equal to the sound velocity.12 This is
the maximum velocity that a normal fluid of only phonons
can have,13–16 and it is much higher than the usual critical
velocity for a normal fluid with rotons, i.e., the Landau criti-

cal velocity. The superfluid is very nearly stationary with
respect to the experimental cell. The normal fluid can be
described by two variables, a thermodynamic temperature
and a velocity, instead of only one variable, temperature, for
the isotropic system. This velocity is the relative velocity
between the normal fluid and the superfluid, which to a very
good approximation is the velocity of the phonon pulse rela-
tive to the experimental cell. The phonon number density is
low and so the density of the normal fluid �n is very small
relative to the total density � so �n��s��, where �s is the
density of the superfluid and �n+�s=�. Correspondingly, the
quasiequilibrium temperature T of the phonons is very low
compared to the Lambda temperature where �n=�. Typically,
T�0.04 K and the relative velocity is 0.98 c, where c is the
velocity of sound in liquid helium.

The distribution of the momenta of the low-energy
phonons in the pulse is strongly anisotropic. In momentum
space, there is approximately an occupied cone of momen-
tum states with the cone axis in the direction of the velocity
of the pulse. The cone angle is given by the temperature and
relative velocity. It is narrow, typically less than 10°. We can
imagine this cone cut from an isotropic momentum distribu-
tion characterized by a temperature Tp. This intuitive picture
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FIG. 1. �a� shows the dispersion curve for phonons and rotons in
4He at the saturated vapor pressure at T�1 K. The positions of the
low �l� and high �h� energy phonons are indicated. �b� shows a
typical phonon signal as a function of time from the start of the
heater pulse, at �=0. The first peak is from the l-phonons and the
broader second peak is due to h-phonons as indicated.
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of an anisotropic phonon distribution is called the Bose-cone
approximation. Tp is typically �1 K. The relation between
the Bose-cone approximation and the exact quasiequilibrium
is given in Refs. 17 and 18. We note that Tp�T.

The low-energy phonons in the pulse strongly interact by
the three-phonon process �3pp� scattering.17,19 In this scatter-
ing, phonon number is not conserved as one phonon goes to
two phonons and vice versa, and energy and momentum are
conserved. The 3pp scattering rate is very high on the scale
of the inverse time for phonon propagation in the experi-
ment. There is also a much slower scattering by the four-
phonon process, 4pp.20,21 This process does conserve phonon
number as two phonons scatter to give two new phonons,
again, with energy and momentum conserved. It is the 4pp
scattering which creates the high-energy phonons while the
3pp scattering maintains the quasiequilibrium between the
low-energy phonons. The creation of high-energy phonons
causes a relatively rapid loss of energy from the low-energy
phonon system. The high-energy phonons are lost from the
low-energy pulse because they have a lower group velocity
than the low-energy phonons. As the high-energy phonons
escape more readily from a pulse of small spatial extent
along the propagation direction, a short pulse is necessary for
a large conversion of the initial energy into high-energy
phonons. In a long pulse, the high-energy phonons do not
readily escape and so they form a suprathermal density
within the low-energy phonon pulse.22

For many years, it was thought that 3pp could not happen
in liquid 4He, see, for example, Ref. 23. This idea followed
from the erroneous belief that the dispersion curve for
phonons was slightly below linear. That is, �=cq�1−aq2�,
where a is a positive coefficient. However, the phonon at-
tenuation in liquid 4He, at zero pressure, could only be ex-
plained if 3pp were possible.24,25 This was confirmed experi-
mentally by showing that a beam of phonons spread out in
angle due to 3pp decays, at zero pressure but not at high
pressures.26 So actually a is a negative coefficient and the
dispersion is described as anomalous at low pressure. The
anomalous dispersion ceases at high momenta; at zero pres-
sure, it is anomalous in the range 0�q�qc, where qc
=0.55 Å.27,28 The corresponding energy is 	qc /kB=10 K.
As pressure is increased, qc decreases and goes to zero at a
pressure of 19 bar.26–28

The angular distribution of the l-phonons showed a sur-
prising shape at zero pressure.6 At small angles to the normal
to the heater, the energy flux in the l-phonons was indepen-
dent of angle. This means that the l-phonons form a propa-
gating phonon sheet in the liquid helium in which the aerial
energy density of the l-phonons is uniform and outside of
this sheet, the energy density falls away, i.e., when the angle
reached a certain small value, the energy flux decreased rap-
idly with increasing angle. So in a plot of energy flux versus
angle, the curve showed a mesa shape, i.e., a flat top with
steeply falling sides. The top of the mesa is the phonon sheet.
Recently it was shown that the angular width of the mesa
top, or equivalently the phonon sheet, was related to the size
of the heater; the angular width of the mesa was inversely
proportional to the heater width.7

In the first paper on the mesa,6 it was proposed that the
mesa shape was related to the creation of high-energy

phonons: Immediately after the heater pulse, the low-energy
phonons have an angular distribution of energy which is
highest along the direction normal to the heater and de-
creases as the angle to the normal increased. As the h-phonon
creation rate is a strong function of energy density,29 broadly
speaking, above a certain energy density 
h, there is increas-
ing h-phonon creation and below it, little h-phonon creation.
So h-phonons are created in directions near to the heater
normal. When h-phonons are created, the energy density of
the l-phonons decreases and so h-phonons will continue to be
created until the l-phonon energy density 
h is reached. We
identify the mesa top with the lateral extent of the l-phonon
system which has reached an energy density 
h. The steep
sides of the mesa are due to phonons that are outside of the
strongly interacting core of the l-phonons and so have de-
cayed in phonon energy. Their lower-energy density and the
lower sensitivity of the detector to lower-energy phonons,30

means that the signal drops rapidly with increasing angle.
In the second mesa paper,7 these ideas were developed.

The central idea is that the 3pp interaction rate between the
l-phonons depends on their energy density, and this is ini-
tially determined by the angle of emission from the heater.
The angular dependence of the emission from the heater is
obtained from measurements at a pressure of 24 bar and 50
mK,31 where the injected phonons do not scatter or decay. At
this pressure, the angular distribution, at distances large com-
pared with the dimensions of the heater, varies as cos���
which means that each point on the heater radiates isotropi-
cally into the liquid helium. As the angle to the heater normal
increases from zero, the energy density decreases because
the extent of the pulse increases in the direction of propaga-
tion of the pulse. This length varies as h sin���+ctp, where h
is the width of the heater and tp is the pulse length. Unless
the angle � is very small, h sin����ctp and the energy den-
sity is � cos��� /h sin���. Now at zero pressure, if the energy
density is high enough, the l-phonons are in a quasiequilib-
rium with a balance between phonon scattering that increases
and decreases the phonon energies. In the other extreme, if
the density is very low in an elemental volume, the phonons
in that volume only decay in energy by 3pp. At intermediate
densities, which occur at intermediate angles, the phonon
scattering that decreases phonon energy, dominates scatter-
ing that increases phonon energy so that there is a continual
decrease in phonon energies as the pulse propagates. This
decreases the signal, due to the energy sensitivity of the de-
tector, even though the energy flux remains nearly constant
�see Fig. 4 in Ref. 7�. Only in the regions of high-energy
density are h-phonons created, that is at small angles to the
heater normal.

This model7 showed that the full angular width of the
mesa, 2�A, is given by

tan��A� =
ctp

0.4fh
, �1�

where f �1. Note that �A is only weakly dependent on heater
power; the only dependence is through the factor f . We see
that the width of the mesa should be inversely proportional
to the width of the heater. This dependence was found
experimentally.7
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The model also couples the formation of the mesa in the
l-phonon angular distribution with the creation of h-phonons.
So it predicts that the angular width of the angular distribu-
tion of h-phonons should depend on the heater width, in a
similar or related way to the mesa dependence on heater
width.

There is another model for the later development of the
mesa that does not involve any h-phonons32 and so applies
after the period of intense h-phonon creation. The model
only involves the behavior of a cool low-energy phonon
beam where there are no h-phonons, which is after the pulse
has propagated a few millimeters from the heater. So this
model does not apply to the behavior of the h-phonons. The
initial state for the model is envisioned as a slab of helium
occupied by low-energy phonons and bounded by a phonon
vacuum. In this model, the mesa width is increased by a
second-sound wave in the l-phonon system.

In this paper, we report measurements of the angular dis-
tribution of h-phonons from different sized heaters and at
different heater powers. We shall see that the full width at
half height, FWHH, of the h-phonon angular distribution is
larger for a smaller width heater. We shall argue that this is
strong evidence for the h-phonon creation process causing
the angular distribution of the l-phonons to form a mesa
shape within a few millimeters of the heater.

The paper is organized as follows. The experiment is de-
scribed in Sec. II, and in Sec. III, the results are presented. In
Sec. IV, the results are analyzed and discussed and conclu-
sions are drawn in Sec. V.

II. EXPERIMENTAL METHOD AND APPARATUS

The experimental arrangement is shown in Fig. 2, it is the
same arrangement as used in Ref. 7. A substrate with three

thin-film gold heaters is mounted on the axis of a holder with
radial arms. The holder can be rotated by a stepping motor
which drives through a worm gear. The angle � of the rotor is
measured by timing phonon pulses from the heaters mounted
at the ends of the radial arms, to fixed detectors which are
�20 mm above them. In this way, we obtain an angular
accuracy of �0.3°. The main detector is mounted on the end
of a vertical bar which is directly above the heater. This bar
can move vertically and is driven by a second stepping motor
through a cotton thread connection. The cross section of the
bar is square, and the bar moves through a square sectioned
guide channel so that its end is laterally positioned. The dis-
tance between the central 11 mm2 heater and the bolom-
eter is found from the time of flight of low-energy phonons.

Three thin-film gold heaters were evaporated onto a pol-
ished sapphire substrate 7.5 mm diameter and 0.4 mm thick.
The heater dimensions were 0.251 mm2, 11 mm2, and
0.51 mm2. The rotation axis passed through the center of
the 11 mm2 heater. The long directions of the other two
heaters were parallel to the rotation axis. As phonons propa-
gate ballistically in sapphire, the opposite side of the sap-
phire disk was deliberately roughened so that it would dif-
fusely reflect the phonons injected into the substrate and so
distribute them over all angles. This means that very few of
these phonons go into the liquid helium near the heater. In
earlier experiments with glass substrates, there had been a
low level but long tail to the detected phonon signal which
came from phonons diffusing out of the glass substrate. With
a sapphire substrate, there is a well-defined single phonon
pulse injected into the liquid helium and no thermal tail in
the detected signal.

The detector was a zinc film, �100 nm thick, evaporated
onto a very thin matching layer of silver on a polished sap-
phire substrate 10 mm diameter and 1 mm thick. The zinc
film was scratched into a serpentine track over an area of 1
1 mm2. A superconducting solenoid gave a magnetic field
that held the zinc near its superconducting transition bound-
ary. The bolometer was in a bridge with electronic feedback
that maintained it at a constant resistance and, hence, tem-
perature of �0.35 K.33–35 Recent experiments have shown
that the sensitive area of the bolometer is actually only
�0.1 mm �0.1 mm.36 It is most likely that the sensitive
region is a single superconducting-normal boundary across
the track width of �0.1 mm.

The apparatus was sealed in a brass cell that was filled
with ultrapure liquid 4He �Ref. 37� and could be pressurized
up to 24 bar. The pressure was measured with a Budenberg
Standard Test Gauge to an accuracy of 0.02 bar. The cell was
mounted on a dilution refrigerator which maintained the tem-
perature of the cell at �50 mK during measurements.

The heater was pulsed by a Le Croy 9210 pulse generator
at various powers in the range 3–25 mW, with a repetition
rate of 45 Hz. The signal was amplified with an EG and G
5113 preamplifier, and captured and averaged in a Tectronix
DSA 601A to increase the signal-to-noise ratio. The bolom-
eter signal as a function of time shows two sets of phonons,
a typical signal is shown in the inset of Fig. 1�b�; the low-
energy phonons travel at the velocity of sound and have little
dispersion and the high-energy phonons, which arrive later,
have a relatively large dispersion. The h-phonons start at the

FIG. 2. Diagram of the apparatus. The arrow H1 points to the
substrate for the three heaters of different widths. The central heater
is the 11 mm2 heater which is opposite the main bolometer B1.
H2 and B2 are the heater and bolometer for the measurements of
the angle. The heater substrates are mounted on a rotor driven by a
superconducting stepping motor. The separation of the central heat-
ers and the main bolometer is controlled by a second stepping
motor.
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beginning of the l-phonons so there is some overlap between
the two signals. The h-phonon signal has to be extrapolated
by hand to its start under the l-phonon signal. This involves
�5% of the h-phonon signal and so creates an uncertainty of
�1% in the final time-integrated signal. In what follows, the
term h-phonon signal will mean the total h-phonon signal
integrated over time. It gives a measure of the h-phonons
with the least uncertainty.

III. EXPERIMENTAL RESULTS

In Figs. 3–6, we show the angular distribution of the
h-phonon signal from two heaters at two heater-bolometer
distances for different heater powers. We shall refer to the
11 mm2 and 0.251 mm2 heaters heater as the 1 mm
and 0.25 mm heaters, respectively, and the heater-bolometer
distances as 12.3 and 8.2 mm. Figures 3–6 are, respectively,

for the heater and distance combinations, 1, 12.3; 1, 8.2;
0.25, 12.3; and 0.25, 8.2. We see immediately that the angu-
lar distributions are narrow and similar for the same heater
but differ considerably between heaters. The narrower distri-
butions come from the wider heater. We also see that there is
only a very small signal for the 3.125 mW heater pulses from
the 1 mm heater whereas there is a relatively large signal
from this power with the 0.25 mm heater. Clearly the heater
power per unit area of heater is the important factor in cre-
ating h-phonons, and we will see later that there is a thresh-
old heater power density for creating h-phonons.

In Fig. 7, the full widths at half height, FWHH, of the
angular distributions shown in Figs. 3–6, are shown as a
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FIG. 3. The angular distribution of the time-integrated h-phonon
signal for the 1 mm1 mm heater, at a heater-bolometer separa-
tion of 12.3 mm, for heater powers 3.125 mW �circles�, 6.25 mW
�squares�, 12.5 mW �diamonds�, and 25 mW �triangles�. The heater
pulse is 100 ns and the pressure 0 bar.
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FIG. 4. The angular distribution of the time-integrated h-phonon
signal for the 1 mm1 mm heater, at a heater-bolometer separa-
tion of 8.2 mm, for heater powers 3.125 mW �circles�, 6.25 mW
�squares�, 12.5 mW �diamonds�, and 25 mW �triangles�. The heater
pulse is 100 ns and the pressure 0 bar.
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FIG. 5. The angular distribution of the time-integrated h-phonon
signal for the 0.25 mm1 mm heater, at a heater-bolometer sepa-
ration of 12.3 mm, for heater powers 3.125 mW �circles�, 6.25 mW
�squares�, 12.5 mW �diamonds�, and 25 mW �triangles�. The heater
pulse is 100 ns and the pressure 0 bar. Note that the angular distri-
bution is much wider than for the 1 mm1 mm heater shown in
Fig. 3.
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FIG. 6. The angular distribution of the time-integrated h-phonon
signal for the 0.25 mm1 mm heater, at a heater-bolometer sepa-
ration of 8.2 mm, for heater powers 3.125 mW �circles�, 6.25 mW
�squares�, 12.5 mW �diamonds�, and 25 mW �triangles�. The heater
pulse is 100 ns and the pressure 0 bar. Note that the angular distri-
bution is much wider than for the 1 mm1 mm heater shown in
Fig. 4.
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function of heater power. Also is plotted the results for the
heater 0.5 mm wide at a distance of 12.3 mm. It is clear from
Fig. 7 that the FWHH increases as the width of the heater
decreases, and that it increases with heater power, with a
larger increase for the narrower heaters. It appears that the
FWHH for the 0.25 mm heater decreases a little with dis-
tance between 8.2 and 12.3 mm, at the higher powers, this is
probably due to experimental uncertainty.

In Fig. 8, we plot the maximum of the h-phonon angular
distribution, i.e., at �=0, as a function of heater power. For
most of the power range, the maximum signal for the 0.25

mm heater is not as high as for the 1 mm heater, this is to be
expected as if the angular distribution is wider then the
height must be lower as the integrated energy must be similar
from the two heaters, for the same heater power. However, at
the lowest powers the situation is reversed. This is due to the
very weak h-phonon creation when the heater power density
is low. It can be seen that there is a soft threshold power
density of �4 mW mm−2.

IV. ANALYSIS AND DISCUSSION OF THE RESULTS

The h-phonons are mostly created near the heater in the
dense pulse of interacting h-phonons created by a short
heater pulse. Once they are created they fall behind the
l-phonon pulse and thereafter propagate ballistically to the
detector. Near the heater, the l-phonon pulse has the lateral
dimensions of the heater so the source of h-phonons has a
similar spatial extent. The h-phonon creation rate, at a point
in space, depends on the local values of the anisotropy pa-
rameters of temperature and velocity. If we suppose that at
each point of the source creates h-phonons in a cone with a
cone angle �, then the lateral extent of the h-phonon beam at
a distance d�d�h� is 2d�+h, where h is the width of the
heater. The corresponding angular width of the h-phonon
beam is 2�+h /d. We call the angle 2� the intrinsic angular
width of the h-phonons which depends on the values of the
anisotropy parameters. It is obtained by subtracting h /d from
the measured angular width. The correction is most signifi-
cant for the data from the 1 mm heater because 2� is small-
est, as well as h /d being largest for a heater of this size.

The intrinsic angular width of the h-phonon distribution in
real space is also the angular distribution of h-phonon mo-
menta in momentum space because the h-phonons propagate
ballistically. There is no such connection between the angles
in the real and momentum spaces for the l-phonons when
they are strongly interacting. In momentum space, the angle
of the cone of states occupied by the l-phonons, increases
with heater power.6 As the three-phonon interaction involves
small angles between the phonons, only a fraction of the
phonons in the cone interact directly with each other, as dis-
cussed in Ref. 7. In real space, the angular distribution of the
l-phonons is governed by several factors, including the width
of the heater, as discussed in Ref. 7.

In Fig. 9, we show the intrinsic FWHH of the h-phonons
at 12.3 mm, as a function of the reciprocal of the heater
width. We see that for each heater power, the data points lie
on reasonably straight lines and there is only a weak depen-
dence on heater power, although it is larger than the very
weak dependence on power of the mesa width �cf. Fig. 10 in
Ref. 7�. This dependence on the reciprocal of the heater
width is the same as that of the l-phonons whose behavior is
described by Eq. �1�, i.e., the mesa width is inversely pro-
portional to the width of the heater. We take this similarity
between l- and h-phonons as strong evidence that the mesa
formation in the angular distribution of the l-phonons is di-
rectly caused by the creation of h-phonons within a few mil-
limeters of the heater. The connection between the two be-
haviors is due to energy loss from the l-phonon system when
h-phonons are created, and this loss ceasing when the energy
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density in the l-phonons reaches the critical value 
h over the
area of the mesa top. We note that increasing the l-phonon
energy density in real space by increasing the power to a
heater of a given width, has a different effect to increasing
the power density by narrowing the width of the heater. This
is because the width of the heater determines the energy
distribution of the l-phonons in real space, as discussed in
Ref. 7, and this consequently has an effect on the creation of
h-phonons

To obtain the total energy in the h-phonons, we must in-
tegrate the angular emission in three dimensions. As all the
h-phonons have much the same energy, 10 K, then the bo-
lometer sensitivity can be taken as constant. To obtain the
total energy from the signal as a function of angle S���, then
one must integrate 2�S���sin��� over �. However, doing this
with noisy data leads to values of the integrals with large
uncertainties. This is because the sin��� function gives more
weight to the signals at large �, and these data have the
largest fractional uncertainty. The signals at �→0 have the
least uncertainty so it is best to estimate the total energy with
these data. As the angular distributions are at small angles to
the normal, we adopt the following method: the area of the
shell of h-phonons at distance d is ��d�1/2 /2�2, where �1/2
�FWHH, and we multiply this by the maximum signal
S��=0� to obtain an estimate of the total energy in the
h-phonons. The result of this procedure is shown in Fig. 10,
where �d�1/2 /2�2S��=0� is plotted against heater power, for
the 1 mm at 12.3 mm. Within the large uncertainties, the total
energy is the same at 8.2 mm which we would expect as the
h-phonons are stable once they leave the l-phonon pulse. We
can only make the integral for the 11 mm2 heater because
its angular distribution is reasonably axially symmetric so all
the information is in S���. This is not the case for the
rectangular-shaped heaters.

Figure 10 shows that the total energy in the h-phonons
increases linearly with heater power after a threshold power
of 4 mW. It is not a trivial result that the total energy in the
h-phonons increases linearly with heater power. It shows that
the heater pulse just increases the initial number of interact-
ing l-phonons in the helium as power is increased, and does
not increase the l-phonon energies, i.e., in the Bose-cone
model nomenclature, this means that the temperature Tp is
constant but the cone angle increases as the heater power
increases. This follows from the fact that if Tp were in-
creased then a larger fraction of the l-phonons would go to
h-phonons and so the number of h-phonons would increase
faster than linearly with heater power. This can be seen with
the following argument. Suppose that on increasing the
heater power, Tp increased but the cone angle �c remained
constant. The energy Ql in the l-phonon system can be writ-
ten as Ql=c�cT

4, where c is a constant. The energy that goes
to the h-phonons Qh is given by Qh=Ql,i−Ql,f, where Ql,i
and Ql,f are the initial and final energies of the l-phonons,
respectively, with corresponding cone angles and tempera-
tures Tp,i , �c,i and Tp,f , �c,f, respectively. Then Qh can be
expressed as a fraction of the initial energy Ql,i by

Qh

Ql,i
= �1 −

�c,fTp,f
4

�c,iTp,i
4 � . �2�

Now the supposition is that �c,i=�c,f. As the final tempera-
ture Tp,f is a constant, as it is the temperature at which the
h-phonons cease to be created, then we see from Eq. �2� that
as Tp,i increases then Qh /Ql,i increases. As this is contrary to
what is seen experimentally then we must conclude that the
supposition is incorrect and that Tp,i does not increase with
heater power but the cone angle in momentum space does
increase. This confirms the earlier suggestion.6

We now turn our attention to compare the h-phonons to
the l-phonons. In Fig. 11, we plot the ratio of the maximum
signals, i.e., at �=0 as a function of heater power density, for
the 1 mm and 0.25 heaters at the two distances 8.2 mm and
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FIG. 9. The intrinsic FWHH of the angular distribution of the
time-integrated h-phonon signal as a function of the inverse of the
heater width, at a heater-bolometer separation of 12.3 mm, for
heater powers 3.125 mW �circles�, 6.25 mW �squares�, 12.5 mW
�diamonds�, and 25 mW �triangles�. The intrinsic FWHH has the
geometric effect of the width of the heater removed from the angu-
lar distribution, see text. We see that the intrinsic FWHH varies as
the inverse of the width of the heater for a given heater power and
is only a weak function of heater power.
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12.3 mm. The l-phonon signal is integrated over time as is
the h-phonon signal. We see that all four curves show the
same general shape. The ratio rapidly rises from zero and
peaks at around 15 mW mm−2 and then slowly decreases.
The small values of the ratio at low power densities show
that when the l-phonon density is very low, very few
h-phonons are created. However, it is apparent from the fig-
ure that initially the h-phonon creation rate rapidly increases
as it depends strongly on the energy density of the
l-phonons.29 The ratio slowly decreases at high-power densi-
ties probably due to more scattering of the h-phonons within
the denser l-phonon pulse before they leave it. This scatter-
ing within the pulse, by 4pp, reduces the number of
h-phonons within the pulse and consequently the number
that escape the pulse.

From Fig. 11, we see that the ratio is larger at the longer
distances. We suggest that this is due to the lateral expansion
of the l-phonons in real space which causes their energy
density to decrease and consequently the phonon spectrum to
shift to lower energies. As the bolometer sensitivity de-
creases with phonon energy, the signal from the l-phonons
decreases a little, and so the ratio of h- to l-phonons is higher
at the longer distance.

To obtain the ratio of the energy fluxes from the ratio of
the signals, we must take into account the different sensitivi-
ties of the bolometer to the two groups of phonons. The
l-phonons have temperature around 0.7 K. For a Bose-
Einstein distribution, the average phonon energy is 2.7kBT.
So for T=0.7 K, the average phonon energy is 2kB. The
h-phonons have energy 10kB. The bolometer sensitivity rises
linearly with energy to a phonon energy of 5kB and is con-
stant at higher energies. So the bolometer is 5 /2 more
sensitive to the h-phonons than to the l-phonons. The ratio of
the energy fluxes is 2 /5 the ratio of the signals shown in
Fig. 11. This confirms that the energy fluxes in the h-phonons
and the l-phonons are similar at �=0.

In Fig. 12, we plot the ratio of the FWHH of the

h-phonons to the width of the mesa top of the l-phonons,
both in angular units, for the 0.25 mm heater. There is too
much uncertainty in the ratio for the 1 mm heater because of
the small values of FWHH of the h-phonons and the mesa
width, at low powers. We see that the ratio increases slowly
with power. This indicates that the width of the h-phonon
angular distribution increases slightly faster than that of the
l-phonons as power is increased. This is not inconsistent with
the mesa being produced by the creation of h-phonons be-
cause the h-phonons almost stop being created after the pulse
has traveled around 4 mm from the heater. It is around this
distance that the angular width of the h-phonons is similar to
the width of the mesa. From that distance, the h-phonons
travel ballistically and the h-phonon width expands geo-
metrically. Meanwhile, the l-phonons are still strongly inter-
acting and the experiment suggests that they expand a little
more slowly.

In Fig. 13, we plot the ratio of the FWHH of the
h-phonons to the FWHH of the l-phonons. There appears to
be a strong correlation between the FWHH of the h-phonons
and of the l-phonons, with the ratio equal to 0.4 for all the
heater powers used. This low value reflects the fact that the
angular width of the h-phonons is much narrower than that
of the l-phonons. This is consistent with the theory of
h-phonon creation which showed that h-phonons are pro-
duced in the central core of the l-phonons within a few mil-
limeters of the heater.5,29

After the h-phonons have stopped being created, the
l-phonons, propagating near to the heater normal, are cool
but still strongly interacting. Any development of the
l-phonon system which would change the width of the angu-
lar distribution and the width of the mesa, can only be due to
the effects within the l-phonon pulse and does not involve
the h-phonons. Such possibilities of the lateral expansion of
the cool l-phonon pulse are analyzed in Ref. 32 and predict a
widening of the l-phonon mesa width with distance.

V. CONCLUSIONS

We have measured the angular distribution of the
h-phonons created by a pulse of low-energy phonons, for
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three different heater widths, at two distances for a range
of heater powers. The distributions are generally narrow but
the FWHH of the distributions is larger the narrower the
width of the heater. We define a quantity which we call the
intrinsic FWHH of the h-phonon distributions as the mea-
sured FWHH less the extra width due to the geometric effect
of the finite width of the heater, i.e., we subtract the angle
h /d from the measured angular distribution. We find that the
intrinsic FWHH varies inversely with the width of the heater,
see Fig. 9. In a previous paper,7 we reported that the width of
the l-phonon mesa varied as the reciprocal of the heater
width. The fact that both the intrinsic FWHH of the
h-phonons and the l-phonon mesa width have the same de-
pendence on the width of the heater, supports the idea that
the formation of the mesa shape in the angular distribution of
the l-phonons, is due to the creation of h-phonons by the
l-phonons, as was argued in Ref. 7.

We find that there is a clear threshold energy density of
the l-phonons for the creation of h-phonons. It is
4 mW mm−2. The threshold occurs when the creation rate of
h-phonons becomes negligible at low l-phonon energy den-
sities. It is a soft threshold as the h-phonon creation rate is
low but not zero at low l-phonon energy densities. With in-
creasing heater power, both the FWHH of the h-phonons and
their signal increase. For the smallest width heater, the in-
crease in the FWHH is largest and the signal increase small-
est, see Figs. 8 and 9. A very striking result is that the total
energy in the h-phonons, obtained by integrating over time
and angle, is a linear function of heater power. This is shown
in Fig. 10 for the 11 mm2 heater. We argue that this is due
to the number of l-phonons increasing, but not their energy,
with heater power.

We have directly compared the behavior of the l-phonons
and the h-phonons. The ratio of the time-integrated l- and
h-phonon signals at �=0, increases rapidly with heater power
density, at low heater powers, but reaches an approximate
plateau at �15 mW mm−2. This is shown in Fig. 11. Again
the rapid increase shows that the creation rate of the
h-phonons is a fast function of the l-phonon energy density
in the liquid helium. We estimate the energy fluxes in h and
l-phonons at �=0 in the plateau region, taking into account
the different responsivities of the bolometer to the two
groups of phonons with different energy phonons, and find
that the two energy fluxes are about equal. This is a remark-
able result when one remembers that the h-phonons have
been created from the l-phonons; it shows that the h-phonon
creation rate is fast on the scale of the inverse of the propa-
gation time in the experiment.

The ratio of angular widths of the h-phonons to the
angular width of the l-phonons is shown in two ways. The
FWHH of the h-phonons is compared to the width of the
l-phonon mesa in Fig. 12, for the 11 mm2 heater and to
the FWHH of the l-phonons in Fig. 13 for two heaters. The
ratio of the FWHH of the h-phonons and the width of the
l-phonon mesa is around 1 but slowly increases with heater
power. The FWHH of the h-phonons, at a long distance from
the heater, increases a little faster than the mesa width be-
cause the h-phonons are propagating ballistically from their
point of creation while the l-phonons are propagating as a
strongly interacting group, which seems to stop them ex-
panding laterally as fast as the h-phonons, at the higher
heater powers. The ratio of the FWHH of the h- and
l-phonon angular distributions is independent of heater
power and heater width, as can be seen in Fig. 13. At the
present, it is not obvious why this is so.

All these results show how the h and l-phonons are inti-
mately connected and lead to the following picture. The
heater injects phonons into liquid helium in non-phonon-
energy conserving processes, and the resulting l-phonons are
strongly interacting at small angles to the normal to the
heater. The l-phonons create high-energy phonons by 4pp
which are left behind by the l-phonon pulse soon after cre-
ation, and so are left in cold helium which is free of phonons.
The h-phonons are therefore not scattered and they cannot
spontaneously decay so they propagate ballistically to the
bolometer. The l-phonon pulse loses energy in creating the
h-phonons and within a few millimeters of the heater, their
energy density is so low that h-phonon creation is negligible.
This causes the angular distribution of the l-phonons to form
their characteristic mesa shape.
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