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We have measured the pressure dependence of a single phonon sheet and the interaction of two such sheets,
in pure liquid 4He, from 0 to 21 bar and show it is dominated by three phonon processes �3pp�. Pressure
affects the 3pp scattering by changing the shape of the dispersion curve. The scattering varies from very strong
at P=0 to zero at P=19 bar. The 3pp is small angle scattering at P=0 and, as pressure is increased, the angles
decrease further and eventually become zero. We find that the signal from a single phonon sheet increases
considerably with pressure to a maximum at P=7.5 bar and then decreases to a minimum at �15 bar, and
becomes independent of pressure at �19 bar. We discuss this behavior in terms of the creation of high-energy
phonons and the expansion of the phonon sheet. The signal from the collision of two sheets, at 8.8° to each
other, depends on the pressure dependences of the energy density in the individual sheets and of the 3pp. This
gives direct evidence that the interaction between two phonon sheets is caused by 3pp scattering. Theory
relevant to this experiment is given in the paper following this one, see Adamenko et al., Phys. Rev. B 72,
054507 �2005�.
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I. INTRODUCTION

Liquid 4He is a strongly interacting system of bosons that
undergoes Bose-Einstein condensation at 2.17 K.1 At abso-
lute zero temperature it is thought that all the atoms are in a
state that has a spectrum of momenta with about 0.1 prob-
ability for the zero momentum state. At higher temperatures
there are excitations in the form of phonons and rotons. For
T�0.6 K there is a negligible number of rotons, and for T
�0.08 K the thermal phonon population is so small that in-
jected phonons are not scattered by them. Liquid 4He is a
superfluid at T�2.17 K and can be described by the two-
fluid model in which the momentum density of the normal
fraction is indentified with the momentum density of the ex-
citations, in the reference frame where the superfluid velocity
is zero.2 This defines the normal density �n, as the momen-
tum density is �n�vn−vs�, and then the superfluid density is
defined as �s=�−�n. Excitations are created if the superfluid
velocity is above the critical velocity �in the absence of vor-
ticity� and then superfluidity ceases.

The thermal population of phonons is in equilibrium due
to interactions between the excitations. For phonons at low
temperatures, this is predominantly through three phonon
processes �3pp�. This scattering does not conserve the pho-
non number and is allowed because the dispersion curve for
phonons has an initial upward curvature,3 the so-called
anomalous dispersion. The properties of the excitations are
fundamental to an understanding of liquid helium. They have
been studied extensively when the phonons comprise an iso-
tropic system, but it is only recently that anisotropic phonon
systems have been created and analyzed. It turns out that
anisotropy has a profound effect on the behavior of the
phonons, and in this paper we report our investigation of the
effects of pressure on anisotropic phonon systems.

Low-energy phonons with energy � /k�1 K can be cre-
ated in liquid helium by a thin film heater and can form
strongly interacting and anisotropic systems. These have
many interesting properties such as creating another phonon

system of much higher-energy phonons with � /k��c /k
=10 K,4 forming phonon sheets5 and creating hot lines when
two sheets collide.6 These phenomena can be understood in
terms of the phonon scattering processes. There is good evi-
dence that the low-energy phonons, l-phonons, scatter by
three phonon processes �3pp�.7 Scattering by 3pp is fast, in-
volves small angles, and allows spontaneous decay.8–11 The
high-energy phonons, h-phonons, at energies ���c, are cre-
ated by four phonon processes �4pp�.4 Spontaneous decay
processes for h-phonons are not allowed. The collision and
interaction between two phonon sheets is also assumed to
involve 3pp and it is important to get direct evidence for this.
This paper is concerned with controlling the 3pp scattering
with pressure, P, so we can test these assumptions.

Phonon scattering by 3pp and the existence of the critical
energy �c arises from the shape of the dispersion curve
��p , P�. At P=0, a plot of phonon energy versus momentum
bends upward for small momentum and then bends down for
larger momentum. If we write

� = c�P�p�1 + ��p,P�� , �1�

then ��p , P� is positive for 0� p� pc�P�, and negative for
p� pc�P�, where pc�P� is the momentum at �c�P�
=c�P�pc�P�. When ��p , P��0, 3pp scattering is allowed, as
energy and momentum can be conserved. We use values of �
obtained from neutron scattering measurements of the dis-
persion curve.12 We find, for example, when p� �0.83pc
�the numerical factor depends on the exact shape of ��p , P�
and is given here for P=0�, one phonon can decay into two
phonons and vice versa. Momentum is conserved by the two
product phonons having a nonzero angle between their mo-
mentum vectors, as the sum of the moduli of their momenta
is more than the momentum of the initial phonon.

The shape of the dispersion curve varies with pressure.
The low-frequency sound velocity c�P� increases with pres-
sure, due to the bulk modulus increasing faster than the den-
sity. Also ��p , P�, and hence �c�P�, changes dramatically
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with pressure.13 Indeed, by P=19 bar, ��p ,19 bar��0 for
all p and �c�19 bar�=0.14,15 So, for P�19 bar 3pp are not
allowed.

Increasing the pressure gives a way of slowly turning off
3pp. We can investigate the behavior of single phonon sheets
and collisions between sheets as the 3pp interactions, be-
tween low-energy phonons, are changed from very strong at
P=0, to zero at P=19 bar. We shall find, as we have previ-
ously assumed,4,16 that 3pp scattering is central to the behav-
ior of low-energy phonons. This is seen most clearly in the
collisions between two phonon sheets.6 When 3pp scattering
is impossible, there is no interaction between two phonon
sheets and they just pass through each other. The results
show that single sheets have a large pressure dependence and
new ideas are needed to explain them.

In this paper we describe the experiment in Sec. II, and
give the results and discussion for single sheets in Sec. III
and for colliding sheets in Sec. IV. We draw conclusions in
Sec. V.

II. THE EXPERIMENTAL ARRANGEMENT

We fabricated accurately positioned heaters by evaporat-
ing gold film heaters onto a cylindrical glass lens and then
defining the individual heaters by thin lines scratched
through the gold film; see the inset in Fig. 1. The lens had a
radius of curvature of 12.96 mm and the line of the heaters
was perpendicular to the cylindrical axis. The heaters were
1 mm�1 mm and the angle between the normals of adjacent
heaters was 4.4°. The symmetry axis was equidistant be-
tween heaters 6 and 7. Current pulses of 100 ns duration
were applied to a heater, or a pair of heaters, from a pulse
generator �LeCroy 9210� creating pulse powers in the range
3 to 25 mW.

The bolometer detector was at the center of curvature of
the lens, and in the plane of the arc of heaters. This means
that the center of the phonon beam from all heaters, hits the
center of the bolometer at all pressures. This is important

because the lateral width of these beams are expected to
change with pressure, and if the bolometer were not at the
center of curvature, then it would detect phonons that are not
in the center of the beam and so would give a misleading
variation with pressure.

The bolometer was a zinc film, 1 mm�1 mm, cut into a
serpentine track with resistance at room temperature
�300 �. At low temperatures this was held at �50 �, on
the superconducting transition edge, by a feedback circuit.17

The superconducting transition temperature was lowered to
�350 mK with a constant external magnetic field. The
change in feedback current to the bolometer was propor-
tional to the power absorbed. The signal was amplified by a
broadband, dc to 1 MHz, amplifier �EG&G 5113� and then
recorded with a Tektronix DSA 601A. Many repetitions were
averaged to improve the signal to noise ratio. The responsiv-
ity of the detection system is 1.3�107 V W−1.

The experimental cell was cooled by a dilution refrigera-
tor to �50 mK. The cell was filled with isotopically pure
4He.18 The pressure is measured with a Druck pressure gauge
and absolute pressures are quoted.

III. A SINGLE PHONON SHEET

A. Results for a single sheet

For the pressure measurements we used the three most
central heaters, H6, H7, and H8. They all gave similar re-
sults. Typical bolometer signals, at various pressures, are
shown in Fig. 1, for a heater pulse of 100 ns duration and
12.5 mW power. The signals at low pressures show two dis-
tinct contributions, the narrow l-phonon peak that arrives
first and the broader h-phonon peak that arrives later. It is
clear that as the pressure is increased, the signal arrives ear-
lier due to the velocity increasing with pressure. The separa-
tion between l- and h-phonon peaks reduces with pressure
due to the deviation, ��p , P�, from a linear dispersion curve,
decreasing. Also, we see that the l-phonon peak height varies
with pressure. This is shown in Fig. 2 for four heater powers,
all with 100 ns pulse length.

In Fig. 2 the peak l-phonon signal, S, divided by the
heater power, WH, is plotted against pressure. The integral of

FIG. 1. Phonon signals as functions of time, for a single phonon
sheet, are shown at different pressures. The traces have been offset
vertically, but otherwise have the same scale. The inset top left
shows the schematic arrangement of the heaters Hi on the glass
lens, and the bolometer B. The inset top right shows, schematically,
the phonon sheets and the hot line.

FIG. 2. The peak height of the low-energy phonon signal di-
vided by the heater power, for a single phonon sheet, is shown as a
function of pressure, for different heater powers. The heater pulse
length is 100 ns.
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the l-phonon signal shows the same general behavior as the
peak height. A number of features are apparent. We see that
the l-phonon signal rises with increasing pressure to P
�7.5 bar, then it decreases, reaching a minimum at �15 bar.
Thereafter, it rises a little and saturates within the random
error on the data. This pattern is shown for all heater powers,
but for the lowest heater power, 3.2 mW, the magnitude of
the changes with pressure, are much smaller. At all pressures
the l-phonon signal is approximately proportional to the
heater power for all heater powers, with the exception of the
lowest power in the middle of the pressure range. Finally, we
see in Fig. 2 that S /WH at 21 bar is a little more than twice
its value at 0 bar.

As the h-phonon signal is extended in time, we consider
the integral of the h-phonon signal. However, there is a dif-
ficulty as the h- and l-phonons are not well separated in time
at the higher pressures. So we adopt the following scheme.
The signal at 18.9 bar should be only due to l-phonons, and
this is integrated over the period of 50 �s from the start of
the signal. This long period is chosen so that it will include
most of the h-phonons when they are present at lower pres-
sures. To obtain a value for the integrated l-phonons, at lower
pressures, the integral at 18.9 bar is scaled according to the
l-phonon peak height at each pressure. Also at each pressure,
the total signal is integrated over 50 �s from the start of the
l-phonon signal, and the integrated contribution from the
l-phonons, as calculated above, is subtracted from the total
integral. This difference we take as the integrated h-phonon
signal. Clearly, there is the possibility of a systematic error,
however, we believe the result that there is a general de-
crease in the h-phonons with pressure, is very reliable. In
Fig. 3, we show the integrated h-phonon signal as a function
of pressure for different heater powers. The signal decreases
with pressure for all powers, which indicates that there is a
strong overall decrease in the production of h-phonons as
pressure is increased.

B. Discussion of the effects of pressure

To understand the pressure dependence of the detected
signal, it is necessary to survey the various effects of pres-
sure on the heater, phonon scattering in the helium, and the

bolometer in order to see which has the dominant effect. The
transmission of phonons from the heater to the helium is
efficient and transfers most of the heater pulse energy into
the helium rather than the substrate. Phonon transmission
between solids can be modeled well by classical acoustic
transmission. The reason why heat does not readily go into
the substrate is because the velocity of sound in the gold is
very low compared to the substrate, this gives a critical cone
for transmission and so most of the phonons in the gold are
totally internally reflected at the gold-substrate interface. The
emissivity for gold-sapphire is 0.035 and 0.079 for trans-
verse and longitudinal phonons, respectively.19 These values
are to be compared with that for gold-helium, 0.2 for TH
�3 K.20 The effective emissivity for gold-glass is likely to
be smaller than for gold-sapphire because of the short mean-
free path in glass, which means that phonons are scattered
back into the gold. Most of the energy goes into the liquid
helium via the background channel21–23 and, although there
is no evidence on the pressure dependence of this channel, it
might be expected that a slightly higher fraction of the en-
ergy goes into the liquid helium when the pressure is in-
creased from zero, as the helium becomes better acoustically
matched to the heater. So the effect of pressure on energy
emission from the heater is, at most, small.

The transmission of phonons from a beam into the bolom-
eter has a low probability. Typically, the probability is around
10−3 for phonons with energy � /k�1 K.24,26 The transmis-
sion is both by the acoustic channel and the background
channel. For a rough bolometer surface the background
channel is more important as the incident phonons are ap-
proximately in one direction and have a range of local inci-
dent angles on the rough surface. To estimate the pressure
dependence of the transmission we first consider the acoustic
channel. The transmission probability t is t�4zhzz / �zh+zz�2

as only phonons nearly normal to the interface can propagate
from the liquid helium to the zinc, where zi=�ici and �i and
ci are the density and sound velocity, and subscripts h and z
refer to the helium and the zinc film of the bolometer, re-
spectively. For modest pressure changes, zz is unchanged, but
zh increases by �27% for 0� P�7 bar and �60% for 0
� P�20 bar. There is no information on the pressure depen-
dence of the background channel, but if we assume that it is,
at most, the same as the acoustic channel, then as zz	zh, t
�4zh /zz, and the responsivity of the bolometer only changes
by �27% up to 7 bar. As the measured increase in the
l-phonon signal between 0 and 7 bar, is a factor between 2
and 3, depending on pulse power, see Fig. 2, we rule out the
bolometer being responsible for this large change, unless the
l-phonon energies change with pressure.

For the higher-energy h-phonons going into the bolom-
eter, the situation is more subtle because the h-phonon en-
ergy, ��c, changes with pressure. The main transmission
channel for these phonons is via the background channel that
is strongly dependent on the energy of the phonons. At P
=0 bar, the transmission probability increases linearly with
the phonon energy �, to 5�10−3 for � /k=5 K and then re-
mains constant.23 When the energy of the h-phonons de-
creases below � /k=5 K, due to �c decreasing with increasing
pressure, the response of the bolometer decreases for the
same energy flux. At 10 bar �c /k=5 K, so the decrease in the

FIG. 3. The integrated high-energy phonon signal, for a single
phonon sheet, is shown as a function of pressure for different heater
powers. The heater pulse length is 100 ns.
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h-phonon signal with pressure for P� �10 bar, due to the
decrease in bolometer responsivity with decreasing phonon
energy, is more than the decrease in the energy flux of the
h-phonons. As the signal is decreasing rapidly in this range,
see Fig. 3, the change in responsivity makes only a small
effect, so again the bolometer is not responsible for the large
observed change with pressure.

Phonon scattering in liquid helium depends strongly on
pressure. The thermalization of the l-phonons in the phonon
sheet is very rapid, as any one phonon is interacting with a
population of other phonons. The interaction rate is then
much higher than the spontaneous decay rate. Calculations
have shown that the relaxation time for a dilute distribution
of phonons, with a spectrum corresponding to 2 K, in liquid
helium at T=0 and P=0, relaxes to a near-equilibrium one in
10−10 s.10,11 The relaxation rate drops to zero by 19 bar. Also,
the maximum 3pp half-energy angle decreases with pressure,
from �11° at P=0 �Ref. 16� to 0 at 19 bar, as the upward
dispersion reduces and the scattering becomes more collin-
ear. The 4pp scattering rate for ���c changes because �c�P�
decreases and because the dispersion curve becomes more
linear around �c. There are no theoretical calculations of 4pp
rates as a function of pressure, at present. It is, however,
clear that the 4pp scattering rates do not vanish at any pres-
sure. This means that at some pressure, P�19 bar, the 3pp
rate is equal to the 4pp creation rate and then, at higher
pressures, the creation rate of h-phonons is limited by the
3pp rate.

At P=0, the phonons emitted by the heater into the liquid
helium form a phonon sheet of strongly interacting
l-phonons that occupy a small solid angle in momentum
space.5 The sheet temperature T and the occupied solid angle
��l� we believe are initially determined by the heater pulse
power and, subsequently, ��l� remains constant but T de-
creases due to h-phonon creation and any lateral expansion
of the sheet as it propagates. Lateral expansion has been
predicted theoretically.25 We suppose that the behavior at P
=0 persists at P�0, with only quantitative changes to ��l�

and T, and continues up to a pressure where the 3pp scatter-
ing angles are too small to create a strongly interacting sys-
tem of phonons. We argue below that this pressure is �7 bar.

In conclusion of this section, we believe that the behavior
of the l-phonon signal with pressure, for 0� P�19 bar, is
determined by the change in the shape of the dispersion
curve with pressure and the effect that this has on the 3pp
scattering angles and rates, and the consequential effect that
this has on the formation and behavior of the sheet. The
creation rate of h-phonons is important, and the responsivity
of the bolometer has only a small effect on the pressure
dependence of the l-phonon signal.

C. Discussion of a single sheet

We now describe the processes that we believe are the
explanation of the pressure dependence of the l-phonon sig-
nal. The most surprising features of the results in Fig. 2 are
the large increase up to 7 bar and the subsequent decrease to
the minimum at P�15 bar.

We start with the injection of phonons into the helium by
the heater. The heater temperature can be estimated from the

measured boundary resistances21 and varies between �1.7
and �2.6 K for heater powers between 3.2 and 25 mW. The
spectrum of phonons transmitted into the helium will be at
lower energies than those in the heater, because the main
transmission channel is the background channel where pho-
non energy is not conserved. Phonon energies are approxi-
mately halved on transmission, as one phonon in the heater
creates approximately two phonons in the helium.27

The phonons are emitted into a wide angular range be-
cause the dominant background channel emits a wide angu-
lar distribution. Also, the surface of the heater film is likely
to be rough on the nm scale. This angular distribution could
be measured at 20 bar, where the phonons travel ballistically
to the detector, but this has not yet been done, however, we
know that it must be done with short pulses, as long pulses
behave differently.28

At zero pressure the emitted phonons form a sheet of
strongly interacting phonons. This occurs on a much shorter
time scale than the propagation time. The angular distribu-
tion of these phonons has been measured after a propagation
path of 16.7 mm5 and has a mesa shape. The flat top of the
angular distribution indicates a constant energy density over
an area greater than the area of the heater, 1 mm2. The sides
of the mesa indicate that the energy density decreases with
angle. In real space, the sheet is planar in the center, over an
area equal to that of the heater, and then is gently curved,
with the radius of curvature equal to the distance from the
heater.

The shape of the mesa is mainly due to the creation of
h-phonons within the sheet.4 These. phonons leave the sheet
because their group velocity is lower than that of the sheet.
This causes the energy, and hence the energy density of the
sheet, to decrease. The creation rate of h-phonons depends
strongly on the temperature of the phonon sheet and drops to
a low value at �0.7 K at P=0.16 So, after a distance of
�17 mm, all parts of the sheet that had a temperature higher
than �0.7 K have cooled to approximately this temperature.
This region of constant temperature forms the top of the
mesa.5 The sides of the mesa are at a lower temperature.

The energy density in the sheet, E�l�, is proportional to
��l�T4, so it not only depends on temperature but is also
proportional to the solid angle ��l� of the occupied cone of
states in momentum space. This effect of ��l� can clearly be
seen in the energy density of sheets created with different
heater powers, after they have all cooled to the same tem-
perature of �0.7 K.5 The fact that the measured energy den-
sity, in the center of the sheet at distances far from the heater,
was found to increase with the heater power shows that this
was mainly due to different values of ��l�, as the sheets were
all at nearly the same temperature. This indicates that ��l� is
formed in the initial creation of the sheet and remains at the
initial value thereafter, and the value of ��l� increases with
the heater power. The mechanism for the formation of the
initial phonon sheet and ��l� is, as yet, unknown.

The behavior described above is for P=0. We believe that
the behavior in the range 0–7 bar is similar to that at 0 bar.
The fact that the sheet energy density increases with pressure
in this pressure range, indicates that the creation of
h-phonons and any lateral expansion diminish with pressure.
This is supported by Fig. 3, which shows that the h-phonon
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signal decreases with pressure. This also implies that the
h-phonon creation rate decreases with pressure.

In Fig. 4 we show the ratio of the l-phonon signals at 6
and 0 bar, and also at 3 and 0 bar, as functions of heater
power, WH. We see that the ratio extrapolates to unity at zero
power then rises with power and saturates at the highest
powers. The extrapolation to unity as Wh→0 indicates that
there is no change in the h-phonon creation rate, or expan-
sion, with pressure as WH→0, at pressures �7 bar. This
implies that there is no h-phonon creation or expansion as
WH→0. We expect there to be no h-phonon creation at the
lowest powers because then the l-phonon temperature is low
and the creation rate of energy in the h-phonons falls off as
�exp�−13/T�K.29 The saturation of the ratio at the highest
powers indicates that h-phonon creation and expansion be-
come independent of power, at high powers, but at values
that depend on pressure.

At P�7.5 bar the signal rapidly decreases with pressure
and we enter a new regime. We suggest that this is because
the sheet area starts to expand from its value at 7.5 bar. We
speculate that this is because the formation mechanism for
��l� starts to break down at this pressure. We believe this
happens because the 3pp interactions become nearly collin-
ear, which creates a pseudoballistic regime, with phonons
propagating in approximately straight lines, but nevertheless,
interacting strongly. As a consequence, the phonon sheet
broadens as pressure increases and it tends to the angular
distribution of the phonons emitted by the heater. This angu-
lar distribution would be attained completely at 19 bar,
where there are no interactions.

IV. COLLIDING PHONON SHEETS

The importance of 3pp scattering can be established by
colliding phonon sheets. Two phonon sheets can be created
by simultaneously pulsing two heaters. We used H6 and H8,
which have an angular separation of 8.8°. When two phonon
sheets collide, a hot line is created and the l- and h-phonon
signals increase.6 The l-phonon signal is maximized at each
pressure by slightly delaying one of the heater pulses with

respect to the other. This ensures that the hot line is fully
incident on the bolometer. The maximum delay was �1 �s.
The fact that the response of the hot line to pressure is simi-
lar to that of a single sheet gives confidence that the single
sheets were also symmetrically disposed about the bolom-
eter.

The pressure dependence of these signals is shown in Fig.
5. The l-phonon signal shows a similar behavior to that of a
single sheet. With increasing pressure, the signal rises to a
peak at �7.5 bar and then falls, to below its value at P=0, at
�15 bar. This is a greater fall than for a single sheet. At
higher pressures, it rises a little to a constant value that is just
equal to the sum of the two signals from the separate sheets
at 19 bar.

This behavior of the l-phonons from the colliding sheets
is determined by the energy density of the sheets, E�l�, when
the sheets are near the bolometer, and the strength of the 3pp
scattering rate, both of which change with pressure. The 3pp
rate can become so low that the sheets do not interact, even
though the energy density in the sheets is not zero. The size
of the l-phonon signal from the hot line is determined by the
rate of energy being fed into the hot line by the sheets. This
rate is proportional to E�l� tan�
 /2�, where 
 is the angle
between the sheets. The angle between the phonons in the
sheets must be around the 3pp scattering angle for there to be
a strong interaction between the phonons in the two sheets.
This means that the angle between the sheets must not be
much more than the 3pp scattering angle. We kept 
 constant
at 8.8°, where the sheets are strongly interacting, and varied
the pressure.

For 0� P�7 bar, the l-phonon signal from the hot line
follows the energy density in the single sheet, E�l�. This be-
havior is exemplified by comparing heater powers 3.2 mW
and 6.3 mW; the weaker response to pressure at 3.2 mW can
be seen in both the single sheet and the colliding sheets. For
7� P�15 bar, the hot line decreases with E�l�, as can be
seen in Figs. 2 and 5, and the hot line signal falls faster than
the signal from a single sheet. This is because the falloff in
the 3pp scattering rate also contributes to the rapid decrease

FIG. 4. The ratio of the peak low-energy phonon signals at 6
and 0 bar, and the ratio for 3 and 0 bar, for a single phonon sheet,
are shown as functions of the heater power. The heater pulse length
is 100 ns. Note that the curves extrapolate to 1 at zero power and
saturate at higher powers.

FIG. 5. The peak height of the low-energy phonon signal di-
vided by the heater power, for two simultaneous phonon sheets, is
shown as a function of pressure, for different heater powers. The
heater pulse length is 100 ns. The arrows indicate the sum of the
signals from two separate sheets at 21 bar. As these are the same as
the signal from the corresponding two simultaneous phonon sheets,
at 21 bar, we see that the two sheets do not interact at this pressure.
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in the hot line signal between 10 and 15 bar: The l-phonon
signal from the hot line alone is essentially zero by 19 bar,
even though E�l� is still large. For P� �19 bar, the two
sheets do not interact, but just pass through each other so that
the signal from two simultaneous pulses is equal to the sum
of the signals from separate pulses, as shown in Fig. 5 and
more clearly in Fig. 6.

In Fig. 6, we show the ratio of the l-phonons in the hot
line to the sum of the l-phonons in the separate sheets, as a
function of pressure for the four heater powers. We see that
the ratio is constant at �3.8 for 0� P�7 bar and then it
decreases to unity at �19 bar, where there is no interaction
between the sheets. The behavior is independent of heater
power and does not show the strong variation with pressure
that is shown by both the single sheet and the hot line. The
behavior in Fig. 6 confirms that the 3pp scattering causes the
interaction between the sheets.

V. CONCLUSIONS

We have measured the signal from single phonon sheets
and from two sheets colliding at 8.8° to each other, as a
function of pressure, for four different powers, in order to see
the effect of turning off the three phonon processes. We
found that pressure has a large effect on single sheets, with
the signal rising between 2 and 3 times to a peak at �7.5 bar
and then falling to about twice the value at 0 bar, by 19 bar.
For colliding sheets there is a similar increase to 7.5 bar and
then the signal falls to the sum of the signals from separate
sheets by 19 bar, showing that the sheets have stopped inter-
acting.

These pressure measurements have confirmed our previ-
ous ideas concerning the creation and behavior of phonon
sheets and collisions between sheets, and they have extended
our understanding and raised new questions. The most basic
idea that 3pp scattering between l-phonons is central to their
behavior, has been demonstrated beyond doubt. This is most
clearly seen in Fig. 6, where we see that two phonon sheets
do not collide, but pass through each other at high pressures
when the 3pp is not allowed.

Figure 3 shows the h-phonon creation drops from its
maximum at 0 bar to zero at 12 bar. This decrease in
h-phonon energy means that more energy is left in the
l-phonon system and in the range 0 to 7.5 bar we see the
l-phonon signal increase substantially. There could also be
some lateral expansion of the phonon sheet, but this has not
yet been experimentally established, although it has been
theoretically predicted.25 In Fig. 4 we show that the ratio of
the l-phonons at 6 and 0 bar vary as a function of heater
power. The ratio tends to unity as Wh→0 and saturates at
high powers. We suggested that at very low powers there is
no h-phonon creation or expansion at any pressure �7 bar,
and at high powers the h-phonon creation and expansion
become independent of power, although they can have dif-
ferent values at different pressures.

When P�7.5 bar, we enter a new regime. The signal de-
creases rapidly with pressure, and we have suggested that
this is due to the sheet expanding. We speculated that this
happens because the process, that forms ��l� and T, breaks
down when �3pp becomes too small. Then the interactions
are between nearly collinear phonons, which makes the
propagation pseudoballistic. This causes the angular distribu-
tion to widen with pressure and the angular distributution
reaches that emitted by the heater, at 19 bar, where 3pp
cease.

The results in Fig. 3 show that the high-energy phonon
creation decreases with pressure. There is some uncertainty
in the details of this graph because of the difficulty of sepa-
rating the l and h-phonons at higher pressures; see Fig. 1.
This uncertainty may be resolved in the future, by using a
detector that is only sensitive to the h-phonons.

A direct test of 3pp scattering comes from the interaction
of two sheets at a small angle to each other. The l-phonon
signal, from the hot line that is formed, depends on both the
energy density of the sheets when they are near the bolom-
eter, and the strength of the 3pp scattering. The overall simi-
larity of the graphs for the single sheets and for the colliding
sheets, see Figs. 2 and 5, shows the strong dependence of the
l-phonon signal from the hot line, on the energy density in
the single sheets. This can be best seen in Fig. 6, where the
ratio of the l-phonon signals from the colliding sheets to the
sum of the separate sheets, as a function of pressure, is
shown. This ratio eliminates the peak at �7.5 bar seen in
these quantities individually, see Figs. 2 and 5, showing that
the behavior at this pressure is similar in both of them.

The decrease in the pressure range 7.5� P�15 bar is
much more for the hot line than for the single sheet, as can
be seen in Figs. 2 and 5, and in the ratio shown in Fig. 6.
This is direct evidence of the 3pp becoming weak at high
pressure, which stops the two sheets interacting. At P
�19 bar the the signal from the two sheets is just equal to
the sum of the two sheets separately, which shows that no hot
line is formed.
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FIG. 6. The ratio of the peak height of the low-energy phonon
signal, for two simultaneous phonon sheets, S68, to the sum of peak
heights for separate phonon sheets, S6+S8, is shown as a function of
pressure, for different heater powers to heaters H6 and H8. The
heater pulse length is 100 ns. Note that the ratio goes to unity at
high pressures and the ratios at different powers, behave similarly.
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