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The propagation characteristics of high-energy excitations in He II are studied as a function of pressure,
temperature, and frequency by means of a superconducting Sn fluorescent generator and a Sn tunnel detector
and time-of-flight techniques. At saturated vapor pressure and low temperatures (T =~ 0.1 K) and with the
detector energy gap possessing its full value ( ~ 14 K), a single well-defined pulse is observed to arrive at a
time corresponding to that expected for the first echo (three traverses of the cell) of a low-energy phonon.
This “echo pulse” disappears as the pressure is raised to 10 = 2 bar and one observes a driven roton second
sound at higher pressures. The echo pulse is interpreted as arising from a collinear interaction near the
detector of a low-energy phonon with “fast” rotons (group velocity approximately equals the sound velocity
¢o) by means of a three-particle interaction (phonon + roton —roton) first suggested by Pitaevskii. The data
indicate that this Pitaevskii process turns off at high pressures and only the four-particle process
(phonon + roton — phonon + roton) remains. With increasing magnetic field on the detector, ballistic phonons
are observed as expected. The scattering of these ballistic phonons and a cloud of rotons are probed by means
of a novel double-pulse technique and provides strong evidence for the existence of this collinear three-particle
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interaction at low pressures.

I. INTRODUCTION

The details of the shape of the excitation spec-
trum in He II and the implications for scattering
processes have been the subject of much experi-
mental and theoretical study.! The question as to
whether the phonon portion of the excitation spec-
trum curves upward thus allowing three-phonon
scattering processes® has been resolved only re-
cently.® Studies of the roton-roton interaction
possibly leading to a two-roton bound state have
been the subject of intensive experimental* and
theoretical® investigation. The subject of phonon-
roton scattering has been investigated using vari-
ous techniques, for example, the heat-pulse tech-
nique® and neutron scattering,” but as yet a clear
picture of the scattering processes and the pres-
sure dependences of these scattering processes
has not emerged. In particular, several years
ago Pitaevskii® pointed out that if the group vel-
ocity (v, =dw/dk) of the rotons reaches the sound
velocity ¢,, the rotons can emit a phonon in a col-
linear process in analogy to the Cherenkov effect.
This then implied that the roton lifetime should
become substantially shorter for this three-par-
ticle process. At saturated vapor pressure (SVP),
neutron scattering results suggested that there
was indeed a region in ¢ where dw/dk =c,, thus
allowing this process. Attempts to measure roton
linewidths by neutron scattering” in this region of
q in an effort to observe the turn on of this
Pitaevskii scattering process were, however,
unsuccessful. In addition, the pressure profound-
ly influences the shape of the excitation spectrum
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(both the phonon and roton branches) and the pres-
sure dependence of this process is also unclear.
High-pressure, neutron scattering data' suggest
that the v, = ¢, criterion is no longer met and this
scattering process must therefore turn off at
some intermediate pressure value.

In this paper, we describe a series of experi-
ments to investigate the propagation of rotons and
the roton-phonon interaction, including this Pitaev-
skii process. The experiments are pulsed time-
of-flight measurements of phonons and rotons in-
jected into the He II using a Sn flourscent gener-
ator® and detected after propagating a macroscop-
ic distance by means of a Sn tunnel detector. An
earlier preliminary report of one aspect of this
work in very high magnetic fields, where the de-
tectors behave as heat-pulse detectors, has al-
ready been published. There it was reported that
at high pressures and intermediate temperatures
a new propagating mode, roton second sound,'®
was observed. Here we extend these measure-
ments to low values of the magnetic field (where
the detector behaves as a quantum detector) and
over various pressures and temperatures.

The plan of the paper is as follows. InSec. IIwe de-
scribe briefly the experimental arrangement and
then the results of a series of experiments as a func-
tion of pressure, temperature, applied magnetic
field, andinjector power. All of these variables have
a strong influence on the phonon and roton numbers
launched and detected in these experiments. In
Sec. III we present a model, incorporating the
earlier ideas of Pitaevskii and subsequent investi-
gators'! to describe our data. In this section we
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will show that the three-particle process is con-
sistent with these results and that at intermediate
pressures, as the neutron scattering results
imply, the process turns off. In Sec. IV we de-
scribe a series of scattering experiments to test
this model and to determine quantitatively the
pressure region over which this criterion of v,
=c¢, is satisfied. Finally, we present some nu-
merical estimates of the scattering rates deter-
mined in these experiments and we draw some
conclusions.

II. EXPERIMENTAL DESCRIPTION AND RESULTS

The experiments reported in this paper were
performed in a dilution refrigerator using pulsed
time-of -flight techniques, the details of which
have been reported previously.® For phonon and
roton generators and detectors, a thin-film Sn
fluorescor and Sn-I-Sn tunnel junction, respec-
tively, were used. The details of these quasi-
monochromatic devices have been described in
detail elsewhere® and we emphasize here simply
that the tunnel-junction detectors respond only to

excitations whose energies 7w are = 2A the energy
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gap of the superconductor. Excitations with en-
ergies less than 2A are not detected. The energy
gap of Sn at low temperatures and zero applied
magnetic field is 24 =1.20 meV =13.95 K. The Sn
films were ~600 A thick and hence the energy gap
A(H) could be tuned down from its maximum val-
ue by the application of a magnetic field parallel
to the films. Care was taken to ensure the paral-
lelicity of the applied field and the I-V character-
istics of the tunnel junction were used as an opera-
tional measure of the amount of flux penetrating
the films due to a transverse component of the
field.

The tunnel junctions typically had a normal-
state resistance of 1072 @, and typical I-V traces,
including traces taken in various fields up to the
critical field of the film at 0.1 K, are shown in
Fig. 1. From this series of curves, we observe
the following points. First, the junctions used
are of quite high quality, with a leakage current
due to other transport processes down by several
orders of magnitude from the tunneling current
[Fig. 1(a)]. This high quality is necessary as
otherwise the sensitivity of the junctions to ex-
cited quasiparticles at reduced temperatures
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FIG. 1. I-Vcharacteristics for a thin-film (~600 A) Sn-I-Sn detector junction at 0.1 K. At low fields (30 G) the
leakage rate due to other conduction mechanisms is 1074 of the tunneling current. At higher fields, A(H) broadens
but low-voltage currents are still low until the highest fields.
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(' < T,) diminishes as other transport mechan-
isms dominate. This high quality (and film uni-
formity) was achieved in part by depositing the
films onto glass substrates held at 77 K. Also
notable in Fig. 1 is the fact that, as H is in-
creased, the energy gap broadens substantial-

ly and the sharp square-root singularity which
describes the gap edge of a BCS superconductor
no longer exists. This is not a crucial factor in
the conclusions drawn in this experiment but it is
evident that the energy gap A(H) becomes some-
what less well defined at higher fields. Whether
one defines the energy gap as the point of maxi-
mum slope in the 7-V characteristic or the point
in voltage where current begins to flow is a some-
what moot point as the sensitivity or the response
of the junction is changing throughout this energy
range. Our choice is to define A(H ) as the point
in voltage where appreciable current flows on the
scale of Fig. 1. At any rate, for the conclusions
drawn in this paper, this is not a crucial point.
Finally, it is also evident from Fig. 1 that the
amount of flux trapped in the films owing to a
transverse field component is small. This is
evidenced by the fact that for intermediate field
values, there is no apparent enhancement of the
current at very low voltages and only the reduc-
tion of the gap A(H) is measured.

Fortunately, for these experiments we have as
a guide the excitation spectra E (k) as measured
by inelastic neutron scattering,' and these are
shown at SVP and a pressure of 25.2 bar in Fig.
2. Also shown on this curve is the value 24, of
the full gap of superconducting Sn to show the en-
ergy threshold for detection. The generated spec-
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FIG. 2. E(k) relation for He II at SVP and 25.3 bar.
These curves were measured by inelastic neutron scat-
tering and these data are taken from Ref. 1. The full
energy gap 24, of Sn has a value of 14 K.

trum, of course, will have a peak in its distribu-
tion at 24, but will also have excitations at lower
energies. It is seen from Fig. 2 that 24 is close
to the maximum of the phonon branch and inter-
sects the positive branch of the roton part of the
excitation spectrum. As 24, is lowered with field,
it will of course intersect the excitation spectrum
at several points.

The experimental results which originally sti-
mulated this investigation are shown in Fig. 3.
Here we show photographs of pulsed time-of-
flight measurements of signal as a function of
time detected at the detector 2.34 mm from the
generator at SVP and 24 bar, and taken at a
temperature 77=0.25 K. These two pressures
correspond approximately to the pressures where
the E(k) have been measured (Fig. 2). The arrows
labeled 75 and 3X 75 are the points in time where
phonons propagating at the sound velocity arrive
at the detector (original signal and echo). Pho-
nons (and rotons) with a lower group velocity ¢,
will, of course, arrive later than this. There are
several interesting and puzzling aspects of this
data worth noting\. First, as expected from Fig.
2, we do not detect any signal arriving at 75 as
our detectors are not sensitive to phonons of that
velocity. Figure 2 suggests, however, that in the
roton branch v,(24,) = ¢, and since we detect no
signal at 73 we must conclude that either these
excitations are short-lived, or our generators
or detectors do not couple to them. We will see
shortly that the former is the case.

1 1
Tg 3xTg
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Tg 3xTg 3xTg  83.5uSec
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FIG. 3. Tunnel-junction detector signal as a function
of time on two time scales and for two pressures. The
time of expected arrival for low-frequency phonons is
labeled 75, the echo time 3 x75. At low pressures,
signal arrives at 3 x 75 while at higher pressures, the
signal arrives later.
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Another interesting aspect of these data is that
we do indeed detect some arriving excitation, but
at a substantially lower velocity. There is, also,
a qualitative and quantitative difference between
the signal detected at SVP and that at 24 bar. At
24 bar, we see the peak of the signal arriving
83.5 usec after the original pulse and this is the
mode that we previously identified'® as a collec-
tive mode in the roton gas (roton second sound).
Our detector is merely detecting the upper en-
ergy components (Fw>24,) of this collective
mode. The temperature and power (variation of
the number of rotons) dependences qualitatively
bear this out. At SVP, however, the situation is
quite different. The leading edge of the detected
pulse arrives, to within our accuracy, precisely
at 3X 75, the time expected for the first echo of
the low-frequency phonons generated (but not de-
tected at 75). At 24 bar, no signal at 3X 7y is
detected. In addition the line shapes of the two
signals are qualitatively different. The signal at
24 bar has the derivativelike shape (negative over-
shoot) reminiscent of second sound® in other sys-
tems. At SVP, however, the pulse shape is very
similar to that obtained for ballistic phonons'® in
earlier measurements. In addition, the leading-
edge position (at 3X 75) does not change with vary-
ing power or energy dissipation in the generator,
while the velocity of the signal at 24 bar is strong-
ly power dependent.

Since we ascribe the signal at 24 bar to roton
second sound, it seems natural to make the same
assignment at SVP. There are, however, contra-
dictions associated with this assignment. The
velocity is incorrect, for example, and the ar-
rival time at exactly 3 X 75 suggests that the pho-
nons play some role. The velocity is also not
correct for ballistic rotons, as is evidenced by
Fig. 2, and an alternate explanation must be found.
It is also worth noting at this stage that as a func-
tion of pressure the signal that arrives at 3X 74
at SVP continuously evolves into the roton second
sound at 24 bar so that any explanation of the sig-
nal at SVP must include, in addition to the pho-
nons, the rotons in the system.

It is also interesting to note that at the full en-
ergy gap 24, we do not detect any highly dispersed
phonons (v, << c,). This is not too surprising since
we are near the maximum of the phonon branch,
where the group velocity is near zero. In addition,
the density of roton states is considerably higher
than those for phonons and, finally, at these short
wavelengths the scattering of a high-energy pho-
non with a thermal one (via a four-phonon process)
may become sufficiently strong. The calculated
value of the mean free path depends on the disper-
sion parameters assumed.'’? Qur data indicate

that the mean free path must be less than 1 mm
for phonons in the energy range 11-14 K at 7=0.1
K.

To study the signal at 3 X 75 relative to the pho-
non signal, a series of measurements with differ-
ent fields and hence different sensitivity ranges
(see Fig. 1) was performed at a pressure of 2
bar. Some representative curves taken from this
series are shown in Fig. 4. Several points are
worth noting. As the field is increased, a signal
corresponding to ballistic phonons is observed to
increase relative to that arriving at 3x 75. This
result is expected as the energy threshold of the
detector sensitivity is reduced and the lower-en-
ergy phonons which do propagate these distances®
are observed. There is an added complication
here since at these low pressures the phonons,
because of upward dispersion, are susceptible
to decay via the three-phonon process, but the
qualitative observation of the increase of this sig-
nal with increasing H relative to the one at 3x 74
is still consistent. Finally, just below the criti-
cal field the observed signal is not dissimilar to
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2 3AR
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FIG. 4. Detector signal as a function of time for var-
ious applied magnetic fields. Pressure is 2 bar. As
A(H) decreases, the phonon signal at 75 increases rela-
tive to the signal at 3x 75.
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that observed in the heat-pulse measurements,'®
which are broad band in nature. A very strong
ballistic-phonon signal and a very weak echo (ar-
riving at 3X 75) are observed. Although it is not
evident on these photographs, as we tune the gap
down in energy, we see some dispersion in the
arriving ballistic phonons, which we estimate to
have an energy of ~10 to 11 K. With increasing
field (decreasing A) this pulse speeds up. The
arrival time of the pulse at 3Xx 75, on the other
hand, does not change. Only the strength of this
signal relative to the phonon pulse changes.
Another variable available to investigate these
phenomena is that of power or energy dissipated
in the pulse. By increasing the power dissipated
in the generator, the instantaneous temperature
is increased and the ratio of rotons/phonons gen-

erated will increase. What exactly is the tempera-

ture of the pulse is a subtle question which will be
deferred to a later section. Qualitatively though,
increasing the roton/phonon ratio must have a
strong influence on signals we ascribe to either
roton second sound or to a phonon roton interac-
tion. Some representative data for 1 and 24 bar
at various powers and a field H=400 G are illus-
trated in Figs. 5(a)-5(h). The data are presented
in terms of energy dissipation per mm? and the
pulse width was 0.25 usec. In Figs. 5(a)-5(d),
we see that at relatively low energies the signal
is almost exclusively due to ballistic propagating
phonons. With increasing energy, what appears
tobe the echo, arrivingat3 X 75, grows instrength
relative to this phonon pulse. These data suggest
that this “echo” signal is indeed dependent upon
the excited roton density, which is increasing
here relative to the phonon density. The arrival
time of this signal (at 3X 75) is not power depen-
dent and to within our accuracy is coincident with
the arrival of the first echo of the phonon pulse.

At 24 bar, another complication arises. As is
shown in Figs. 5(e)-5(h), at low energies the re-
sults are not dissimilar to those at 1 bar. How-
ever, as we increase the energy dissipated we
find, in addition to the signal we ascribed to ro-
ton second sound increasing in velocity with in-
creasing energy, another signal, at times inter-
mediate to the phonons and rotons. This signal
apparently grows from the echo position and does
retard in time with increasing power. This is not
observed when H=0 but increases with decreas-
ing A(H).

Finally, as a function of energy at even higher
energies, we do finally observe at SVP the roton
second sound. This is illustrated in Fig. 6, where
we show a series of traces at H=0 and SVP of the
signal obtained for even higher energies. At 3.4
ergs/mm?® we observe the pulse arriving at 3Xx 7,
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but with increasing energy, a second peak speed-
ing up with increasing energy rises until it dom-
inates and the 3 X 75 signal becomes very weak.

It appears from these data that the signal at 3X 74
attenuates as the roton second-sound amplitude
increases. This will be explained in Sec. III as
the scattering of phonons as they pass through
the cloud of rotons in the roton second sound.

The other variable that one has control of in
this experiment is temperature. As was shown
earlier'® at high pressures increasing tempera-
ture increases the roton density and roton second
sound becomes better defined. Finally, the roton-
phonon scattering rate increases to the point

(b)

(c) (d)

24 BAR 24 BAR
0.34erg o.66erg
mm? ‘mm?

(h)

FIG. 5. (a)—(d): Detector signal for various generator
energy dissipations. Pressure is 1 bar and the applied
magnetic field is 400 G. (e)—(h): Detector signal for
various generator energy dissipations. Pressure is 24
bar and the applied magnetic field is 400 G.
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FIG. 6. Detector signal at SVP and low magnetic
fields for higher-energy dissipations. At the highest
energies, the signal at 3x 75 is suppressed and the
driven roton second-sound signal dominates.

where the phonon mean free path becomes suffi-
ciently short and the phonons join the second-
sound pulse, resulting in second sound in the
entire gas of excitations. This is illustrated in
Fig. 7, where we show, for H=300 G and 15 bar,
the temperature dependence of the signal. At
0.12 K we observe the ballistic phonons as well
as the roton signal and the intermediate signal of
Fig. 5. Raising the temperature, we see, as ex-
pected, a sharper, more well-defined roton sec-
ond sound separate from the ballistic phonons ar-
arriving at 75. At an even high temperature (0.75
K) the phonons scatter with the rotons and by 1 K
complete second sound in the entire gas of excita-
tions propagates.

Because of the confusing wealth of data pre-
sented in this section, it is perhaps useful to re-
view the salient features. In particular it is im-
portant to recognize the central results that any
model describing these data must explain. First,
and most important, at SVP with no applied mag-
netic field, the detected signal arrives at exactly
3X 75 while no signal is observed at 7. This is
contrasted with the data at 24 bar, where the sig-
nal velocity is power dependent and arrives sub-
stantially later (see Fig. 3). In addition the sig-
nal strength increases with energy dissipated
more rapidly than the phonon signal with H ap-
plied, suggesting a roton nature for the signal.
As 2A decreases the ratio of phonon signal to
“3x Tp signal” increases (Fig. 4). Finally, at
high pressures and intermediate fields, in addi-
tion to the roton second-sound pulse, an addition-
al signal is observed intermediate to the ballistic
phonons and the roton pulse. These pulses, which
we generally refer to as “roton” pulses, become
better defined roton second sound at higher tem-
peratures.

V 0
51.2usec 859usec

153u5€eC |58/JI.SeC

FIG. 7. Temperature dependence of the received
signal at 15 bar and 300 G. Note that at higher temper-
atures, the signal ascribed to roton second sound
sharpens and becomes well defined. At even larger
temperatures (>0.75 K) the phonon-roton scattering
becomes important and ballistic phonons are no longer
observed. The propagating mode is complete second
sound,

III. MODEL FOR EXPERIMENTAL RESULTS

We have previously shown!® that at high pres-
sures (24 bar), in addition to ballistic-phonon
propagation at intermediate temperatures, roton
second sound is observed. From earlier heat-
pulse measurements, a second signal similar to
that shown in Fig. 7 for 15 bar has been identi-
fied as an interacting roton collective mode. From
Khalatnikov and Chernikova,'? we know that the
roton-roton scattering rate can be given approxi-
mately by

2
L L ()

where P, is momentum at the roton minimum,
and p is the roton effective mass; the roton po-
tential interaction is of the form V 6(») and N,

is the roton number density. | V,f is found to be
of the order of 4x107"® ergem™. A simple esti-
mate of the sensitivity of the detector junctions
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suggests that once the rotons are excited either
thermally or by the generator in sufficient num-
bers for detection (~10*®/cm?) their lifetime is
short enough to cause roton-roton scattering in
the pulse width. This implies that detection of
ballistic rotons is not likely using this technique.
It should be emphasized, however, that unlike
previous heat-pulse® measurements, where small
excursions from ambient temperature were sought,
in this case, large energy dissipations imply large
temperature excursions and the concept of inter-
actions with thermal excitations is not valid. The
pulse we label as roton second sound is in fact
a driven mode whose velocity is strongly depen-
dent upon power and temperature, as was shown
previously.’® As the pulse propagates through the
cooler liquid, the roton density dilutes and the
pulse broadens. This dilution and broadening is
the reason that echos of this driven mode are not
observed. Also, with increasing ambient tempera-
ture the pulse narrows (see Fig. 7) owing to the
fact that for the same energy dissipation, the dif-
ference between the pulse and ambient tempera-
tures decreases (because the specific heat is non-
linear in 7') and the mode becomes better defined.
The question of the density of injected rotons
and phonons is a subtle one. It has been shown
previously, in the case of heat pulses in solids,®
that the “effective temperature” of the pulse can
be related to the power dissipated in the heater
via the relation

p Th
—=7p j C,(T)dT, (2)
A T,

where P/A is the power per unit area dissipated,
7 is the average velocity of the excitations created,
p is the density of the medium, C, is the specific
heat, and T, and T, are the ambient and heater
temperatures, respectively. This relation is
derived using a blackbody assumption, i.e., ther-
mal equilibrium inside the pulse while it is on.
Within the framework of these assumptions, we
can estimate 7', and hence the phonon and roton
density launched. There is a problem associated
with the choice of the parameter 7 in this expres-
sion as the velocities of the various components
are quite different, and in fact temperature de-
pendent as measured previously.® We then slight-
ly modify (2) to

P ~T

a0 " B(T)C,(T)dT . 3)
A

We then choose our previously estimated values
of 7(7) and calculate the final heater temperatures
of a function of dissipated power. Those estimates

for SVP and 24 bar are shown in Fig. 8, where we
again emphasize that a blackbody or equilibrium
approximation inside the pulse is assumed. 7T, is
assumed to be 0.1 K for these calculations, and
C, was numerically determined from measured

E (k) relations® and agree to within a few percent
with measured values. This curve illustrates
clearly the profound difference in roton density
for the same power dissipations at SVP and 24
bar. For example, for a power of 2 W/cm?, the
roton density at 24 bar and SVP is, respectively,
1x10' and 1.4x10'/cm3. At 30 W/ecm?, the roton
densities are 2x10*° and 1x10'°/cm?®. It was esti-
mated earlier that the junction sensitivity was
such that 10'® rotons/cm® should be detected,
while here we are suggesting that the number
density at the generator is ~10'°. This difference
is due to two reasons. First, there is a geometric
spatial dilution of approximately one order of
magnitude in transit across the He II. In addition,
because there is a broadening of the pulse in time
by about two orders of magnitude, the arriving
roton signal does indeed have a density ~10'/cm?.
It is evident, then, that in this power range there
are considerably more rotons launched at 24 bars
then at SVP, particularly at low powers, and con-
sequently the roton signal is observed under high-
er pressures at lower powers.

These model calculations suggest that for the
powers dissipated in this experiment, the instanta-
neous heater temperature is somewhere in the
vicinity of 0.8 to 1.0 K. This number appears
somewhat high and so the assumptions made to
derive Fig. 8 should be reviewed. First, it was
assumed that the source was blackbody in nature
and the pulse was in thermal equilibrium while on.
This seems justified in view of the values obtained
for the effective temperature as the individual ex-
citations are short lived at these temperatures. It

0 1 Ll I Lol L Lol ool
1073 1072 107! 100 10! 102
P/A (watt / cm?)

FIG. 8. Calculated values for the generator tempera-
ture at two pressure as a function of power dissipation.
These curves were calculated from Eq. (3), where the
sharp rises reflect the velocity profiles U (T).
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was also assumed that the specific heat in the en-
tire system was dominated by the He. The gener-
ators were evaporated on fused-glass substrates
whose specific heat is negligible compared with
He II at these temperatures. We do not expect
the estimates in Fig. 8 of the generator tempera-
tures to be in gross error because of the assump-
tions made on the average velocity since it is seen
that a change in 7(T) of even a factor of 2 will
change T, by < 10% and so these estimates are
probably reliable within this uncertainty.

In view of this discussion, from the estimates
of roton density and 1/7,, from Eq. (1), it is safe
to assume that any rotons launched in these ex-
periments will be interacting strongly and the ex-
planation of the signal observed in Fig. 3 at 24
bar as a driven roton collective mode seems
valid. In thermal equilibrium (small temperature
excursions from 7',) this would be roton second
sound. We emphasize that Eq. (1) can be strongly
modified for rotons with momentum away from
P,. Also, this problem of roton-roton scattering
has been more extensively treated in connection
with estimates of the two-roton binding energy®
but the value for 1/7,, is not severely altered.

At low pressures, the situation is somewhat
different. The results of Fig. 3 indicate that the
signal arrives at a time which is exactly 3 X 75,
i.e., the arrival time for the first echo of the
ballistic phonon pulse. As indicated earlier, the
evidence suggests that this signal must be related
to both the arrival of phonons and rotons. To ex-
plain this result, we invoke a scattering process
first suggested by Pitaevskii.® From inelastic
neutron scattering data' (Fig. 2) at SVP it appears
that there is a region of the roton branch where
the group velocity of the rotons reaches the sound
velocity. At and above this threshold point F (k,),
rotons can spontaneously decay into a phonon and
a roton, i.e.,

roton — phonon + roton. (4)

Energy and momentum can be conserved in this
collinear process and the decay rate was calcu-
lated by Jackle and Kehr!! to be

1 nkd\k =k
T,  24mp : ()

T

For any realistic parameters we choose from the

excitation spectrum (k,=2.13 A-!, [k -k =0.15 A1),

we find that rotons are extremely short-lived in
this region of & space and decay via this process.
The inverse process, the elevation of a roton via
the absorption of a low-energy phonon,

phonon + roton— roton, (6)

was also calculated by Jackle and Kehr and the

absorption rate of a phonon of wave vector ¢ was
determined to be

1 4
O YRV (1)

T phonon 8 Wy

We propose, then, the following model for the
signal observed at 3X 75 at SVP. When the pulse

is launched, both phonons and rotons are created;
the numbers of each can be determined from Fig.
8 and specific-heat considerations. Because of
their higher velocity, the phonons escape the in-
teracting roton cloud and propagate ballistically

to the detector. The phonons are not detected be-
cause their energies hw<24A,, as described ear-
lier. The phonons are then reflected, pass through
through the roton cloud, are reflected by the gen-
erator, and propagate back toward the detector.
Approaching the detector, the phonons again over-
take the roton cloud and the collinear process (6)
can occur at a rate given by Eq. (7). This pro-
cess elevates a roton of energy E (k) =~ E (k,) +Cq.
If E (k) +cqq>24, it is detected.

This model qualitatively describes the results
observed. First, the coincidence of a roton cloud
with a phonon cloud in the region of the detector
is necessary for the elevation of the excitation to
E>2A,. The lifetime of a roton in that state, as
estimated from (5), is very short and so the scat-
tering process must occur in the vicinity of the
detector. The model also explains why signal is
observed at 3X 75 at SVP and not at 24 bar. From
Fig. 2 it is evident that at 24 bar this three-par-
ticle process is not allowed since v, is always
<c¢,. Thus only the driven roton second-sound
mode is detected. At higher powers at SVP (see
Fig. 6) both this 3X 75 signal from the up conver-
sion of low-energy phonons by high-energy rotons
and the roton second sound are detected as a larg-
er density of rotons is generated. Finally, at
even higher roton density, the four-particle pro-
cess

phonon + roton = phonon + roton (8)

takes over and phonons passing through the roton
cloud are scattered out of the beam after the first
reflection from the detector, and hence the signal
at the highest powers at 3 X 75 attenuates (Fig. 6).
In Sec. IV we will describe experiments to verify
this three- and four-component scattering model.
In addition we will present estimates of the vari-
ous scattering rates and at what pressure this
Pitaevskii process cuts off.

This qualitative model can also describe the
data when the detector energy gap is tuned with
magnetic field (Fig. 4). The detector sensitivity
is increased for the lower-energy phonons with
increasing field and so a pulse representing the
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transit time for the phonons at 75 increases in
intensity. Finally, of course, as the detector be-
comes broad band in its response [Fig. 4(f)], the
pulse shape becomes very similar to that previous-
ly studied in heat-pulse measurements. At high-
er pressures with intermediate values of A, in
addition to the roton pulse, a signal intermediate
to the phonons and rotons is also detected which
we interpret as the arrival of an echo pulse scat-
tered by the four-particle process. We interpret
this as a four-particle process because of the dif-
fusive nature of this pulse (its leading edge is
close to 3X 75 but the peak is considerably de-
layed) and its power dependence is characteristic
of a noncollinear scattering process. Also, the
fact that this “diffuse echo” disappears with in-
creasing temperature is consistent with this in-
terpretation. Again, estimates of this phonon
+roton- phonon + roton scattering process will

be made in Sec. IV. In summary of this section,
we have presented a tentative model based on
roton-roton scattering and roton-phonon scatter-
ing, which we argue qualitatively describes the
data of Sec. II. At high pressures, we show that
the generated roton density is higher than at low
pressures for the same power or energy dissipa-
tion and the signal detected is a driven roton sec-
ond sound. To explain how this roton mode con-
tinuously evolves into a signal arriving at 3X 74
at low pressures, we have invoked a rather re-
strictive three-particle scattering process first
suggested by Pitaevskii and implied by inelastic
neutron scattering data. In Sec. IV we will de-
scribe some experiments to verify this model
and some numerical estimates of the strengths of
the various scattering processes.

IV. TEST OF MODEL

We have proposed that at SVP the signal arriving
at 3x 75 [Fig. 3(a)] is a result of the coincident ar-
rival of phonons and rotons and the Pitaevskii
three-particle process. This process must turn
off as a function of pressure and so a measure
of the amplitude of the signal at 3X 75 as a func-
tion of pressure would indicate when this occurs.
We have measured the amplitude of the signal at
3 times the arrival time of the peak of the ballis-
tic-phonon signal. A plot of this is shown in Fig.
9. At lower pressures we see a monotonically in-
creasing signal which probably reflects the in-
creasing roton density with increasing pressure
for the same power or energy dissipation. In the
vicinity of 6 bar, we see a sharp drop in the sig-
nal strength until at 10-12 bar it has completely
disappeared at 3X 75. There is, of course, still
signal observed at later times which we ascribe

to the driven roton mode. Upon careful inspec-
tion of the line shape in this intermediate region
between 6 and 12 bar, it is evident that the arriv-
ing signal has two components, the phonon-roton
pulse at 3X 75 and the slower roton second-sound
signal. These data are a measure of the pressure
range over which the region in phase space where
v, =C, decreases to zero. It is not at all evident
from neutron scattering results that this “pinch
off” occurs in this pressure range but these data
clearly indicate a scattering threshold at ~6 bar
and enhance the plausibility of the model proposed
in Sec. III.

A more direct collinear scattering experiment
can be performed as a test of the model. This is
performed in the following way. A pulse is applied
to the generator (the roton pulse) and then ~10
usec later a second pulse (the phonon pulse) is
applied. Phonons from the second pulse must
propagate through the slower roton cloud before
striking the detector. If the detector is magneti-
cally tuned in such a fashion as to sense the arriv-
al of the phonons from the second pulse one can
perform a collinear phonon-roton scattering ex-
periment. By varying the energy dissipated in
the first pulse, the roton density can be varied
and the arriving signal as a function of roton den-
sity determined. In Fig. 10 we show a series of
traces obtained in this double-pulse experiment
for various energies of the first roton pulse P,.
For P,=0 we see at a time 75 after the second
pulse the arrival of the ballistic phonons from
that pulse. At a later time we see the arrival of
the 3X 75 signal. As the number of rotons in the
roton cloud from the first pulse is increased, we
see the attenuation of the ballistic-phonon pulse
and only the later roton signal remains. The
phonons were evidently scattered by the rotons.

600

400

SIGNAL AT ECHO POSITION

200

IS

6 8 10 12 14
PRESSURE (bar)

FIG. 9. Signal strength at the echo position of the peak
in the ballistic-phonon pulse. The drop starting at 6 bar
reflects the turnoff of the Pitaevskii process. See text.
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FIG. 10. Detected signal in the double-pulse experi-
ment for various energy dissipations in the first pulse
P,. At P,;=0 we observe at 7y after the second pulse
the arrival of the ballistic phonons. With increasing
roton density (increasing P,) this signal disappears.

There are, of course, two different scattering
mechanisms possible for this apparent phonon-
roton scattering process. The more traditional
scattering process is that given in Eq. (8), and
Khalatnikov and Chernikova'? have determined a
scattering rate for this process given by

*1__ 17/2 <k?3/2>
- =) r e

br

4 ,1/2
(T ) e (92)
o

where p is the density,
F=2+ L Py/c,P+2(Py/lcy) A +A%, (9b)

and

_( p® \&E P,\[ p bP,\?
a(Es)m ()5 %) e
Here E, is the roton energy gap.

The other scattering process possible is that
given by (6), with a rate given by (7). We can
estimate the importance of these two processes
with recourse to our blackbody approximations.
We can calculate for various temperatures esti-
mated in Fig. 8 and using Eq. (7) and (9) the prob-
ability of scattering a phonon via these two pro-
cesses. We assume thermal equilibrium during
the pulse and estimate the scattering rates 1/7,,
from (9) for the four-particle process and

1/7 jhonon from (7). The results of these estimates
for various temperature pulses as well as esti-
mates of the transmission probability for each
process are given in Table I. Here we choose
E,=10.2 K and k,=2.13 A-'. In this calculation
we have also considered g values reflecting the
temperature of the pulse (the peak in the distri-
bution given by ¢ =2.8kT/7ic,). This is probably

a somewhat low estimate of the g values of the
propagating phonons, but even for this choice of
q we see from Table I that the dominant scatter-
ing mechanism is the Pitaevskii or three-particle
process. It is also interesting to note that the
pulse-temperature range, over which the phonon
transmission through the roton cloud goes to zero,
is in the range of our earlier estimates of Fig. 8
and gives us confidence in our earlier assumptions.
Alternatively, we can consider this measurement
as a verification of the estimates of the phonon-
roton scattering rate. These estimates also ex-
plain the data presented in Fig. 6, where at the
very high energies (or generator temperatures)
the pulse arriving at 3X 75 disappears. This is
due to the four-particle scattering of the phonon
pulse after reflection as it passes through the
roton cloud for the first time. As a result, the
only signal observed at the high excitation levels
is the driven roton pulse similar to that observed
at high pressures.

In addition to varying the roton density in the
double-pulse experiment, the pressure can also
be adjusted. According to our model and the data
of Fig. 9, as a function of pressure this Pitaev-
skii scattering process should pinch off as the
phase space over which v, >c, goes to zero. When
v, becomes less than c,, only the four-particle
process is possible. The results of an experi-
ment to test this phenomenon are shown in Fig.
11, where we show some representative pulses
for various pressures. In each photograph we
show a trace derived from the double-pulse ex-
periment in which the first or roton pulse P, is
either zero or 5.3 erg/mm?. This experiment
was done in an intermediate magnetic field in
which the arrival of ballistic phonons was clear-
ly visible, as is evidenced by the lower trace of
each photograph. It is clear though, that as the
pressure is increased we go from a condition
where the ballistic phonon is not observed (scat-
tered) to where it is diffusive in nature (at 5 bar),
until by 24 bar it is clearly well defined and propa-
gating ballistically. If we plot the ratio of the am-
plitude of the pulse at 75 in this double-pulse ex-
periment to that when P, =0 the results are shown
in Fig. 12. Here we see a rather sharp change in
the signal strength between 8 and 12 bar and we
interpret this as the turning off of the Pitaevskii
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TABLE I. Estimates of 1/7,, and 1/7'phOnUn as well as the transmission probabilities p of
phonons of wave vector ¢ through the roton cloud at SVP.

T pulse (K) 1/TPT (sec") Ppr I/Tphonon (Sec-l) pphonun
0.7 9.8 x10? 0.94 0.28q 0.81
0.8 8.6 x108 0.59 1.64q 0.24
0.9 4.9x107 0.05 7.12q 0.00
1.0 2.0x10° 0.00 22.1q 0.00

process, consistent with our results of Fig. 7.
In fact, inspection of the observed line shapes

of Fig. 11 shows clear evidence for the existence
of a scattering process turning off between 8 and
12 bar.

We must also estimate the change in the four-
particle scattering rate 1/7,, due to this pressure
variation. From Table I we estimate, at SVP for
a 0.8-K roton pulse, 1/7,,=8.64x10° sec™!, while
from Eq. (9), at 24 bar 1/7,,=4.76x10° sec™*. We
see then, for the same temperature, a change in
the scattering rate by a factor of approximately 2
throughout the pressure range and we interpret
the gradual over-all change in Fig. 12 as reflect-
ing this slow change in the scattering rate due to
this process. The situation is certainly compli-
cated by the fact that the two phonon-roton scatter-
ing processes are comparable at SVP but a pre-
cipitous change in the vicinity of 8-10 bar is not
expected for the four-particle process while such
an effect is indeed expected for the Pitaevskii pro-
cess.

To o b

10 BAR

P, = 53erg

3 Vﬂ\mmz

Tl b

FIG. 11. Pressure dependence of the ballistic-
phonon signal for a given power dissipation in the first
pulse (roton pulse). At SVP, no ballistic phonon at 74
is observed. At 24 bar it is clearly resolved.

Finally, we can interpret the intermediate pulse

observed at high pressures [Figs. 5(a)-5(d)] as a
diffuse echo of the propagating phonons. With in-
creasing energy dissipated this pulse retards in
time becoming more diffusive in nature with in-
creasing roton density. The phonons must pass
through the roton cloud twice before arriving as
an echo and in that way can scatter via the four-
particle process. We recall that this signal is
not observed when the detector threshold is not
reduced by an applied field and hence this excita-
tion is of lower energy.

V. CONCLUSIONS

Using superconducting Sn phonon fluorescent

sources and tunnel-junction detectors, we have
studied the propagation properties of high-fre-
quency excitations in He II at low temperatures.
With the detector sensitive only to excitations
hw>14.0 K, at SVP we find a signal arriving at
a time corresponding to the arrival of the first
echo of phonons traveling at the sound velocity
co,. At higher pressures, the signal retards in
time and the arrival time becomes dependent
upon energy dissipated in the generator. We

101—

08}k
o6l
04} . °

02

SIGNAL WITH ROTONS /SIGNAL WITHOUT ROTONS

| | 1 | I Il It It
[¢] 2 4 6 8 10 12 14 16 18 20 22 24 26

PRESSURE (bar)

FIG. 12. Ratio of ballistic-phonon signal strengths

with and without roton pulse. These points are the ratios
of the signal at 75 after the second pulse taken from the
data of Fig. 11,
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ascribe this behavior to two separate phenomena.
At low pressures, we believe the signal is due to
the simultaneous arrival of the phonon echo and a
roton cloud. Invoking a scattering process sug-
gested first by Pitaevskii we explain why the sig-
nal arrives at 3X 75. With increasing pressure
this scattering turns off in the pressure region
6—12 bar and the signal at 3X 75 disappears. At
higher pressures we interpret the arriving signal
as a driven roton second-sound mode.

Numerical estimates are made of the various
phonon-roton scattering rates and these estimates
are consistent with this interpretation. In parti-
cular, it is found that at SVP for a generator tem-

perature of 0.7 to 0.8 K the dominant scattering
process for phonons is this Pitaevskii three-par-
ticle process. At higher pressures, it is found
that this process turns off, presumably as the
group velocity of the fast-roton region becomes
less than the sound velocity. Precise inelastic
neutron scattering measurements in the pressure
region indicated by this work would be interesting
as the model and experiments predict that v, drops
below ¢, in this range.
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FIG. 10. Detected signal in the double-pulse experi-
ment for various energy dissipations in the first pulse
P,. At P;=0 we observe at 7 after the second pulse
the arrival of the ballistic phonons. With increasing
roton density (increasing P,) this signal disappears.
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FIG. 11. Pressure dependence of the ballistic-
phonon signal for a given power dissipation in the first
pulse (roton pulse). At SVP, no ballistic phonon at 74
is observed, At 24 bar it is clearly resolved.



'
1y 3xTg
9.95 usec 298pseC

r‘B 3.'-r5 3:‘1'5 83‘5,u.sec
6.57useC  197useC

FIG. 3. Tunnel-junction detector signal as a function
of time on two time scales and for two pressures. The
time of expected arrival for low-frequency phonons is
labeled 75, the echo time 3 x75. At low pressures,
signal arrives at 3 x 75 while at higher pressures, the
signal arrives later.
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FIG. 4. Detector signal as a function of time for var-
ious applied magnetic fields. Pressure is 2 bar. As
A(H) decreases, the phonon signal at 7z increases rela-
tive to the signal at 3x 15.
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FIG. 5. (a)—(d): Detector signal for various generator
energy dissipations. Pressure is 1 bar and the applied
magnetic field is 400 G. (e)—(h): Detector signal for
various generator energy dissipations. Pressure is 24
bar and the applied magnetic field is 400 G.
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FIG. 6. Detector signal at SVP and low magnetic
fields for higher-energy dissipations. At the highest
energies, the signal at 3x 75 is suppressed and the
driven roton second-sound signal dominates.
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FIG. 7. Temperature dependence of the received
signal at 15 bar and 300 G. Note that at higher temper-
atures, the signal ascribed to roton second sound
sharpens and becomes well defined. At even larger
temperatures (>0.75 K) the phonon-roton scattering
becomes important and ballistic phonons are no longer
observed, The propagating mode is complete second
sound,



