PHYSICAL REVIEW B 68, 134508 (2003

Angular distribution of a pulse of low-energy phonons in liquid “He
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We have made time-resolved measurements of the angular distribution of low-energy pHeptomson$
that are created by a heater in liquid helium, at several powers and pulse lengths, in order to investigate the
temporal and spatial development of suigbhonon pulses. The angular distributions show a mesa shape with
a flat top in the direction normal to the heater. The width of the flat top increases with power and pulse length.
We argue that the flat top is due to the creation of high-energy phahgstsonon$. These are created until the
temperature of the central region of thg@honon sheet reaches 0.7 K, when the creatiorh-phionons
essentially stops. Outside the flat top, the angular distribution is due to the lateral spreadind-phohen
sheet. A model for this is described in the preceding pHper Adamenko, K. E. Nemchenko, V.A. Slipko, and
A.F.G. Wyatt, preceding paper, Phys. Rev6B, 134507(2003] which gives a framework for considering
these measurements.
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. INTRODUCTION EY4. As the production rate di-phonons strongly decreases
) with decreasing temperature, geometric expansion results in
It has became apparent, in the past few years, that ghe h-phonons only being created near the heater. This is
propagating pulse of phonons injected into liqdide is an  contrary to observatiGrwhich means that thephonon ex-
extremely anisotropic phonon systém.This is because the pansion is not geometric.
phonon-phonon interactions are extremely angular |n order to investigate this-phonon propagation further
dependent.” The interaction between low-energy phononsye have made new measurements of the angular distribution
(I-phonong is predominantly through the three-phonon pro-of |-phonons at several powers and pulse lengths. In parallel,
cess(3pp),°*° which involves angles between phonons of 5 theoretical model of thel-phonon pulse has been
~8° for phonons at a temperaturel K.° This means that developed® We describe the experiment in Sec. Il, present

if phonons are created in a narrow range of angles then th@e results in Sec. Il, and discuss them in Sec. IV. In Sec. V,
interactions between them do not tend to broaden the angulgfe give our conclusions.

range very quickly. Indeed, a measurement of the angular
width of those low-energy phonons, after a distance of 15.6
mm, has found a distribution with half-width at half- Il. THE EXPERIMENT
maximum (hwhm)= 10.5° ? Besides the rapid 3pp scattering
there is a much slower 4pp interactin® The primary ef-

fect of this is to scattef-phonons to energieg,>10 K

where they are relatively very stable. These high energ
phonons(h-phonon$ cannot spontaneously decay, in con-
trast to the ones wittE,<10 K. So if the liquid helium

temperature is low enough, tihephonons can propagate in a
ballistic pulse through the helium. These phonons have been

The experiment in essence is simply a thin-film heéter
that can rotate about an axis that lies in its plane and through
its center. A distance from it, in this case 16.7 mm, is a
Yolometer B, which detects the phonon pulses. This is
shown schematically in Fig. 1. We actually had three bolom-
eters positioned so we could check that the normal to the

detected*'~3 and their production analyzéd. One of the L
striking characteristics of thie-phonon pulse is that it has an |B4
even narrower cone angle than thghonons. The hwhm can B3 B5
be as small as 3.5%. yT T Ty
It is interesting to consider howlgphonon pulse develops X'% ] ﬁéz y
spatially as it propagates. The injected pulse dimensions art . ‘9/
governed by the heater &1 mn?) and the pulse length H”‘
(typically t,=50 ns) so thd-phonons are in thin sheetf, 'ﬂx

thick, typically 102 mm. After 17 mm, an angular half-
width of 10.5° is equivalent to a lateral half-width of 3.1

mm. The possibility that thé-phonons simply expand geo- g, 1. Schematic drawings of the experimental arrangement.
metrically at the measured cone angle has been analjted. The heateH1 is rotated by a stepping motor through a set of pulley
turns out that this expansion leads to rapid cooling of theyheels, not shown. The center bolomeBdr is used for all the data
I-phonons. This happens because the energy density of thethe figures except Fig. 2. The separation of the heafeand the
[-phonons is proportional to the area of the phonon sheet, agnter bolometeB4 is 16.7 mm. The heateid2 andH3 on the
there is essentially no time dispersion in the direction ofarms and the fixed bolometeBs andB2 are used to measure the
propagation, and the pulse temperatlirés proportional to  rotation angles.
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1200 - - - - perpendicular to the plane of the films. The bolometer was
held at a constant temperature by a fast electronic
o 1000 | 1 circuit}’~**The cell is filled with isotopically puréHe (Ref.
© 20) and is cooled by a helium dilution refrigerator. The data
2 800 are taken at temperatures60 mK where it is temperature
x independent. The data are recorded with a Tektronix
g 600} DSAGO01A signal averager.
S
S 400t}
5 Ill. RESULTS
< 200 To check the alignment of the heater normal and the cen-
. ter bolometer, the peak of thiephonon signals from the

.30 _2'0 _1'0 (') 1'0 20 three bolometers was measured as a function of angle, see
Fig. 2. The angular separation of the peaks corresponds to
the offset positions of the bolometers. We see that the central

FIG. 2. The peaks of the high-energy phonon signals, from the20lometer gave a larger signal than the other two. This size
three bolometer8;, B,, andBs vs heater angle are shown. The difference is due to the bolometers being offsetbg° in
symmetrical distribution of the three plots shows that the normal tdhe direction perpendicular to the rotation plane. The dispo-
the heater sweeps through the center bolom@ger sition and size of the peaks in Fig. 2 indicate that the central

bolometer lies in the rotation plane of the heater normal.
heater swept in an arc that passes through the central bolom- The phonon pulses are measured at various heater powers
eterB,. This is an important detail as otherwise some struc-and pulse lengths. The detected signals show both the |- and
ture of the pulse, along the normal direction, could beh-phonons, however, in this paper we mainly restrict our
missed. discussion to thé-phonons so we can consider them in the

The heater is rotated by a stepping motor through a set dight of the preceding papéf. In Fig. 3 we show time-
pulley drives to gear down the angular step size. The motointegrated-phonon signals from the central bolomeBgrfor
has a step size of 18° and the corresponding heater platform heater pulse length of 50 ns as a function of angle for
step is 1°. The angle of the heater is measured with separaseveral powers. The significant feature of this data is the
heaters on extended arms which send phonon pulses to fixetear mesa shape of the angular distribution. We see that the
bolometers. The distance between these heaters and boloangular width of the flat top increases with pulse power, but
eters is found by time of flight and so the rotation angle carslower than linearly. Due to the finite size of the bolometer,
be calculated. The angular resolution is 0.2° with a possiblgvhose full width subtends an angle 3.4° at the heater, the
systematic uncertainty of about 2°. However, we can use thactual full widths of the flat tops are broader than the mea-
h-phonon distribution, which is much more sharply peakedsured ones, by this amount. With this correction, the area of
than thel-phonons(compare Figs. 2 and)3to determine the the flat top increases approximately as the square root of the
zero-angle position. heater power.

The bolometers are superconducting zinc films, scratched We believe that the mesa shape is due to the creation of
into a serpentine track covering 1 rAniThe zinc transition h-phonons in the hot central region of thghonon sheet.
temperature is lowered with a steady magnetic field appliedhe creation oh-phonons takes energy from th@honons
in this region and so reduces their contribution to the signal.
The creation ofh-phonons continues to extract energy until
the I-phonon temperature drops t©0.7 K where the cre-
ation rate is very low. So we see that the flat top is due to the
central region of the sheet having the same temperature of
~0.7 K, and is a result of the initial hot central region of the
I-phonon sheet, which is predicted in the preceding pHper.
However, it is not the same flat top shown there as the cal-
culated shape ignordsphonon creation. If the flat top of the
mesa is at 0.7 K then the sides of the mesa must be at tem-
perature<0.7 K because the bolometer responds to the en-
ergy density in the sheet. This lower temperature is due to
the in-plane expansion of thiephonon sheet. These outer
regions have never been as hot as the central region of the
sheet, and they have produced a smaller number of
h-phonons and at distances nearer to the heater.

FIG. 3. The low-energy phonon signal, integrated over time, vs  The picture, outlined above, suggests that the sum of the
heater angle for a range of heater powers is shown. The flat top ¢¥nergies in thé- and h-phonons would not have the mesa-
the distributions is clearly apparent and increases with power. Thehaped angular dependence, but would show a simple
pulse length is 50 ns and the lines are guides for the eye. rounded peak without any truncation. However we do not
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FIG. 4. The sum of the low- and high-energy phonon signalsdivided by the pulse length, vs heater angle for several pulse lengths
scaled to account for the bolometer responsivitiese text and is shown. The heater power is 6.3 mW. The lines are guides for the
integrated over time, are shown against heater angle for severgye. It can be seen that the flat top increases with pulse length but
powers. The pulse length is 50 ns and the lines are guides for thgaturates at long pulse lengths.
eye. Compared with Fig. 3, these curves have a narrow and rounded
peak which is consistent with the truncation of the low-energy pho-arrive within theh-phonon pulse and, in general, will have a
non angular distribution being due to the loss of high-energybroader angular distribution. Their contribution is under rep-
phonons. resented because of the reduced responsivity of the bolom-

eter to these low-energy phonons. The measured energy will
expect this total energy to exactly reproduce thghonon therefore appear smaller at small angles wherétheonons
behavior, when ndi-phonons are created, for two reasons.are created. This will cause the angular distribution to appear
First, removing energy from thephonon sheet affects the wider at higher powers as the signal is depressed in the cen-
subsequent lateral expansion. Second, lghonons once tral regions.
created are only weakly interacting and so only expand due In Fig. 5 we show the angular dependence at different
to their ballistic propagation directions which have a smallpulse lengths for a constant heater power of 6.25 mW. We
angular range. plot the integrated-phonon signal divided by the pulse

The sum ofl- andh-phonon energies cannot be found by length. At§=0, this quantity is nearly independent of pulse
simply integrating the measured signal over time because thength up tot,=300 ns, see Fig. 6. Nevertheless the plateau
responsivity of the bolometer depends on the energy of thin Fig. 5, for 50-ns data, is slightly higher than for other
phonons. The modal energy of thghonons ise~2kgT  pulse lengths. We would expect the integrated signal to be
whereT is their temperature. By the time th@ghonons reach proportional to pulse length if the region at the center of the
the bolometer, their temperature has droppeti+d.7 K, so  |-phonon pulse cools to the same temperature of 0.7 K irre-
€~1.4 K. The h-phonons have energy,>=10 K. Now spective of the pulse length, as then the signal is just propor-
the sensitivity of the bolometer depends on the probability

that a phonon in the helium can transmit into the solid zinc. o 4000 prr
This has been found to be proportional to the energy of the  E 3500 F ]
phonon up to an energy of 5 K and constant there&ftso : : ]
the ratio of the responsivities fe andh-phonons is 1.4-5. g %000 ]

We have integrated tHe andh-phonon signals separately T 2500 b ]
and multiplied theh-phonon integral by 1.4/50.28 before 5 g ]
adding them to thé-phonon integral. The result is shown in o 2000 F E
Fig. 4 as a function of angle. We see that the peak is now g 1500 | ]
rounded and narrow. For heater pulses of 6.3 mW and 50 ns §
the h-phonons are contributing, at the peak, about 2.5 times 5 1000 F E
that of thel-phonons , but at 11° from the peak, the contri- % 500 F
butions are about equal. This is because ltghonons are ? . i . . . . . . ]

confined to narrower cone angles than thghonons.

We also see in Fig. 4 that, as the power is reduced, the
angular dependence tends to a limiting shape. At high pow-
ers, when theh-phonon density is high, we expect the  FiG. 6. The low-energy phonon signal at the angular peak, in-
h-phonons to interact and scatter into low-energy phonons biegrated over time, is shown as a function of pulse length. The
the 4pp proces$; +h,=hz+1,. The low-energy phonons heater power is 6.3 mW. Slightly higher signal for 50 ns in Fig. 5 is
created in this process will rapidly decay by 3pp. They will not visible on this scale.
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@ 8000 . . . . . . the temperature has reached.7 K it will then fall more

5 7000 : T =300ns] slowly due to the in-plane expansion of thehonon sheet.

g : P ] The region of the sheet, outside this central area, is cooler

& 6000t E than the central area at all distances and it cools mainly

& so00f 200 3 through in-plane expansion. This is because at the lower tem-

® : ] perature, thén-phonon production is much reduced. As the

g 4000 | E power in the pulse increases, th@honon pulse is hotter

_§ 3000 | 100 over a wider angular range and sephonons are created

=4 ; ] over a wider angular range. This makes the flat top, in the

é 2000 | 50 1 measured angular distribution, wider.

® 1000 25 E It is apparent in Figs. 2, 3, 4, and 5 that there is an asym-

ki ’ . . . . ] metry in the data abou#=0°. This must be due to the

£ 00 5 10 15 20 25 30 heater as nothing else can break the symmetry. The tempera-
heater power (mW) ture of the 1 mrA gold film heater is determined by the

resistivity, which may be a function of position, and its geo-
FIG. 7. The low-energy phonon signal, integrated over time, ismetrical shape. It appears from the asymmetry that the cur-
shown as a function of power at different pulse lengths. It can beent density, and hence the temperature, is not uniform. The
seen that the low-energy phonons increase relatively more slowlpsymmetry of the phonon distribution is a clear indication
with power at longer pulse lengths. The lines are guides for the eyethat thel-phonons in the sheet are strongly interacting when
their momenta are in a cone of anglg,, at each point, but
tional to the thickness of thiephonon sheet. The mesa shapebetween points in the plane of the sheet, the coupling is
is again apparent and the width of the flat top increases withelatively weak. This means that the temperature of the
pulse length, but saturates at300 ns. This indicates that I-phonons can vary across the sheet at all sensible propaga-
pulse cools as a whole and the increased pulse thicknesi®n distances.
means that there is more energy at larger angles to create If we consider a contrary scenario—that thghonons are
h-phonons before it cools to the temperature=00.7 K, not interacting and so travel ballistically from the heater to
where no morér-phonons are created. The saturation of thethe bolometer, then a temperature variation over a distance,
width of the flat top, with pulse length, is probably due to thesay, 0.5 mm at the heater would give overlapping phonon
pulse becoming so long thatphonons stay mainly within angular distributions at the bolometer, separated by the same
the I-phonon pulse. lateral distance 0.5 mm. This would give a negligible asym-
In Fig. 7 we show the integratedphonon signal as a metry in the combined angular distributions. So the detected
function of power at different pulse lengths@t 0. We see asymmetry, although unintentional, is actually good evidence
that at low power the energy in thgophonons increases lin- for the strongly interacting model in the preceding paper.
early with pulse length. Also, this energy increases with We are unable at present to measure the angular distribu-
heater power but more slowly at higher powers and longetion of I-phonon pulses at such a low temperat#®.7 K)
pulse lengths. We believe this is mainly due to an increasethat essentially ndr-phonons are created. The signals just
in the occupied solid-angle in momentum space. At highedisappear into the noise, especially at larger angles where the
powers, a larger fraction of tHephonon energy is lost to the signals are smaller. This means that our results are not di-
creation ofh-phonons than at lower powers. rectly comparable with the mod¥ However, our results are
consistent with a laterally developingphonon pulse as de-
scribed by the model, together with the production of
h-phonons. The model of laphonon sheet with a hot central
The angular distributions of thHephonons show a unique region is one reason why thephonons are detected over a
and remarkable shape. They have a flat top over a range ofirrower angle than thephonons as-phonon creation is
angles about zero and outside this regionltplonon signal faster at higher temperatures. Also the model result—that the
falls smoothly. The overall shape is reminiscent of a mesahot central region persists for large distances from the heater,
As the bolometer is responsive to the energy density in thalbeit with some cooling after~5 mm—explains why
sheet ofl-phonons, this shows that the energy density, andi-phonons are created over most of tighonon propagation
hence the temperature of the sheet, is constant over the cepath.
tral region. We attribute this singular behavior to the creation Further development of the model and measurement of
of h-phonons. the angular distribution at different distances are required for
The h-phonons are most rapidly created in the hottest rea detailed comparison between the two.
gion of the I-phonon sheet; the creation varies as
~exp(—e/T) wheree=3 K andT is the local temperature of
the I-phonon sheetAs they are created, the temperature of
the I-phonon sheet drops until it reached).7 K when the We have presented measurements of the angular distribu-
creation ofh-phonons essentially stops. This produces a cention of |-phonons that are created by a heater, at several
tral region of thel-phonon sheet at a uniform temperature of powers and pulse lengths. The angular distributions are re-
~0.7 K, at relatively large distances from the heater. Aftermarkable; they show a mesa shape, and the width of the flat

IV. DISCUSSION

V. CONCLUSIONS

134508-4



ANGULAR DISTRIBUTION OF A PULSE OF LOW. .. PHYSICAL REVIEW B 68, 134508 (2003

top increases with power and pulse length. The flat top of thé&-phonons will develop differently if energy is lost from it to
distribution is due to the creation of high-energy phononsh-phonons, so the angular distribution of the sum of Ithe
which leaves the central region of thghonon sheet at the and h-phonon energies cannot be directly compared to the
same temperature 0.7 K. At the lowest power and shortest model in the preceding pap¥t.Nonetheless the measure-
pulse length the creation dfphonons is relatively small but ments are consistent with this model which gives a frame-
not negligible. Under these conditions, the flat top is justwork for analyzing the temporal and spatial development of
resolvable. The width of the flat top saturates at a puls@honon pulses in liquid helium.

length ~300 ns where it is in the long pulse regime. How-

ever, the width of the flat top goes on increasing with power ACKNOWLEDGMENTS
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