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4He third-sound pulse collisions
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We investigate the behavior of pulses of4He third sound that propagate and collide on a glass substrate.
Third sound is created by a thermal source and detected by evaporated metal superconducting transition-edge
thermometers. Two thermal sources located symmetrically on either side of a detector allow third-sound pulses
to be created, propagate through each other, and be detected. By varying the delay of the pulse launch between
the two sources, the collision can be placed at an arbitrary position on the substrate. We present detailed
observations of the evolution of the amplitudes of the third-sound pulses in collision. We also report measure-
ments on the effect of the pulse collision on the propagation time of flight of the third-sound pulses. Experi-
mental results for the time of flight change induced by the collisions are compared with quantitative expecta-
tions based on the two fluid model and a stronger effect is observed than expected.
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I. INTRODUCTION

At low temperatures helium adsorbs uniformly to mo
substances and as the pressure inside a container is incre
the local film thickness increases in proportion to the cha
ing chemical potential. For temperatures below 2.17 K4He
films thicker than a few atomic layers are superfluid a
support the propagation of waves called third sound. Th
film thickness fluctuations are analogous to tidal waves
the ocean, and have been studied in some detail over a n
ber of years. First observed and described by Atkins
co-workers,1,2 third sound waves involve a change in th
local thickness and temperature of the film.3 The use of su-
perconducting transition-edge thermometers4 accelerated the
early understanding of many of the properties of th
sound.5 The study of third sound has provided insight in
the properties of helium films,6 including an enhanced unde
standing of the Kosterlitz-Thouless transition,7,8 the behavior
of persistent currents,9 and the observation of a variety o
nonlinear10,11 and other effects.12 In this work we confirm
some of the nonlinear behavior of third sound when it
driven to saturation amplitudes11 and then present a detaile
study of the behavior of third-sound pulses in collisio
Head-on collisions between third-sound pulses demons
that third-sound waves pass through each other and ca
described by amplitude addition. In addition, a propagat
time shift is introduced by the collision. This shift is com
pared to the predictions of a simple model and found to
larger than predicted.

II. EXPERIMENTAL DETAILS

A. Cryogenic environment

To provide a stable operating environment for our wo
we used a relatively standard cryostat insert and a cont
ously filling13 1 K refrigerator. A 78 cm3 Cu sample chambe
was attached to the 1 K platform with stainless steel pos
and a weak thermal link~six Cu wires, 0.025 cm diam, 8.
cm long!. The sample chamber fill line attached to t
sample chamber includes 30 cm of 0.43 mm I.D. stainl
0163-1829/2001/63~5!/054524~16!/$15.00 63 0545
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steel capillary at its cold end. This capillary was therma
anchored to the 1 K platform before reaching the samp
chamber. When the sample chamber was empty, the six
wires provided the dominant heat leak. In the normal exp
mental situations, a superfluid4He film existed on the inte-
rior surfaces of the sample cell and the fill line, and t
refluxing of the 4He between the 1 K platform and the
sample chamber along the fill line became the dominant h
leak. A sample chamber heater consisted of;250V ~150
cm! of manganin wire wound in a bilayer wrap and va
nished to the outside of the sample chamber. The weak t
mal link between the 1 K platform and the sample chamb
allows the sample chamber temperature to be controlled
dependently of the 1 K platform temperature and the tem
perature regulation could be set and controlled for sev
days without long-term drifts.

200 sheets of Nuclepore with 4000 Å diameter por
were located inside the sample chamber to provide a
reservoir of;4.9 m2 and served to stabilize the chemic
potential. Several thermometers were mounted on the sam
chamber. One was a Ge thermometer calibrated over
range 0.3 K,T,6.0 K, accurate to;1 mK. We calibrated a
number of Allen-Bradley carbon composition resisto
against the Ge thermometer. The secondary carbon resi
were used to regulate the temperature and to measure
changes in temperature. One was mounted in a Cu block
thermally attached to the bottom of the sample chamb
another was directly attached to the base of the sample ch
ber. A third was thermally connected to the top of the sam
chamber and a fourth was attached to the 1 K platform. The
experiments used an integrating feedback technique for t
perature regulation. During the course of the various m
surements the sample chamber temperature was raise
mK to 300 mK above the temperature of the 1 K platform,
T0 , and held steady to a few tens ofmK. This feedback
technique worked best for temperatures near 1.5 K, wh
most of the experiments reported here were done.

B. Substrates and third-sound drivers and detectors

The third sound was propagated on a borosilicate g
substrate shown schematically in Fig. 1. The glass sl
©2001 The American Physical Society24-1
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originally 2.54 cm37.62 cm, was shortened to 2.5
cm34.3 cm by cutting one end with a glass cutter. The
~right! edge of the glass slide was roughened;0.012 cm by
the cutting process. The third-sound Ag thermal drivers a
Al detector thermometers were deposited by thermal eva
ration. A plasma ion etch~1.5 kV at 0.05 Torr of air for 15
min! was performed in the evaporation chamber immedia
before the evaporation to clean the glass surface and enh
the adherance of the deposited metals. In three sepa
evaporations, 100 nm thick Ag pads were evaporated,
then two Ag drivers (1.91 cm30.013 cm330 nm) labeledA
and B in Fig. 1 and four Al themometers~detectors!
(1.91 cm30.013 cm330 nm) were deposited. In this exper
ment, only the two drivers~A and B! and a single detecto
(D2) were used. The distance betweenD2 and driverA(B)
was 1.008~0.998! cm. The configuration is shown in Fig. 1
The ends of the Al thermometers covered half of the
pads, leaving the other half of the Ag exposed and Cu le
~0.004 in diam! were attached using indium solder. Th
driver resistance values wereRA5112V and RB5135V
under experimental operating conditions. The detector~ther-
mometer! was biased at its superconducting transition wit
dc bias current. For a typical bias current of 70.2mA, the
calibration of the resistance as a function of temperature
the operating range of the experiments (T'1.45 K) resulted
in a detector sensitivitydR/dT5823V/K5s.

C. Electronics for pulsed third sound

Third sound pulses were created using two Stanford
seach Systems DS 345 pulse generators to apply a vo
for a short time across the resistance of the selected
driver, A or B. The energy deposited in the driver caus
local heating and created the third sound. Most of the exp
ments were performed with square-wave drive pulses wi
zero volt baseline, a voltage amplitudeV and a width~dura-
tion! W. The function generators were configured in theburst
mode, where on receipt of a trigger pulse a delayed squ
pulse was launched. With two function generators, these
layed square pulses could have different width, delay,d, and
amplitude parameters for each of the drivers:WA , dA , VA ,
WB , dB , andVB . The range the square-wave pulse amp

FIG. 1. Third-sound substrate design.A and B are Ag drivers
andD2 is an Al transition edge thermometer. Three other Al el
trode thermometers,d ~not used in this work!, were located on the
substrate betweenA andD2, betweenD2 andB, and to the right of
B. The electrodes are typically;0.51 cm apart. ElectrodeA(B) was
located 1.056~1.262! cm from the left~right! edge of the substrate
The distance between electrodeA(B) and D2 was 1.008~0.998!
cm. The right edge was roughened due to cutting the substrate
final length. The uncertainty in the positions of the electrodes
'0.005 cm.
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tudes was 0.3<Vi<2 V and the range of the pulse width
was 40<Wi<600msec, resulting in drive pulse energy va
uesEi5Vi

2Wi /Ri in the range 30 nJ<Ei<20mJ. The range
of the delay that could be introduced was 0<d i

<2000msec.
Temperature fluctuations caused by the third sound pu

were detected by the change in the resistance of the Al t
mometer~detector! D2. For the thermometer used in th
work the useful temperature range with no applied magn
field was typically 1.4 K to 1.6 K. The dc bias current r
sulted in a voltage fluctuation across the detector due to
passage of a third sound pulse and this was amplified by
Ithaco 1201 low noise preamplifier with a gain of 100
notched to pass frequencies in the range 30 Hz, f
,100 kHz. The amplified signal was digitized by a DS
2030S, an 8-bit digitizer that sampled the signal every 1
msec. Digitizing began on the receipt of the trigger~no pre-
trigger!. The trigger~i.e., drive pulse! frequency was 23 Hz
and the source was the trigger output of one of the SRS
345 function generators. The number of digitized volta
samples in a single third-sound pulse measurement data
was typically 2048, for a total signal duration of 2724msec.
The digitized data set was transferred to a DSP 4100~the
averaging memory! and after 1000 such data sets the av
aged data set~a signal-averaged third-sound pulse signatu!
was transferred to a computer for storage and analysis.
of the relevant parameters was then changed and the pro
repeated.

All of the electronics was synchronized by the comput
which could turn on and off each of the drivers and set e
of the six parameters that characterized the delayed sq
pulses created at driverA and driverB. With this capability,
the computer could be programmed to automatically rec
third sound pulses for a range of amplitudes and pulse lau
delays.

III. SINGLE THIRD-SOUND PULSE MEASUREMENTS

In this section we describe some single-pulse third-so
characteristics prior to discussing the collision experimen
The general features of a typical third-sound pulse aT
51.453 K for d56.0 layers are shown in Fig. 2. This puls
was generated at driverA with VA

250.3(volts)2, WA

5200msec anddA50 msec. ForRA5112V, E50.54mJ
for the drive pulse which produced the third-sound pu
shown in Fig. 2. Only a small fraction of this energy
carried in the third-sound pulse,11 the rest is lost to the sub
strate, evaporation, etc. Att50 msec andt5200msec, the
sharp spikes are the pickup signals from the square-w
voltage steps on the driver. These pickup pulses always
curred when square pulses were used for initiating a th
sound pulse and although they are parasitic signals, they
vide a very usefulin situ confirmation directly in the data
sets of the duration~width! of the thermal drive pulse. After
the pickup pulse, the amplitude becomes flat and we use
region as a signal strength,dV, baseline to definedV50. At
t'500msec, the leading edge of the third-sound pu
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4He THIRD-SOUND PULSE COLLISIONS PHYSICAL REVIEW B 63 054524
arrives at the detector. Theprimary pulseis the warm and
thin region of the third-sound wave. Following the prima
pulse, we observe anundershoot, a cool and thick region
The features of the primary pulse and the undershoot ev
as a function of drive voltage, drive width, temperature a
film thickness.11

A. The third-sound temperature wave

The raw data was in the form of voltage measureme
but these voltage changes were the direct result of resist
changes in the thermometer caused by temperature cha
due to the third-sound pulses. Since the voltage measure
recorded by the digitizer used an arbitraryV50 value, as
noted, we shifted14 each data set so that the baseline w
normalized todV50. The shifted data sets were used
calculate the temperature fluctuations, to calculate time
flight, etc. In Fig. 3 we show an example. The raw data fr
the digitizer is in Fig. 3~a!. The baseline was determined b
using data in the time span 300msec,420msec anddV(t) is
shown in Fig. 3~b!. The temperature swingdT corresponding
to the dV in Fig. 3~b! was found using the thermomete
sensitivity, s5823V/K and the bias current, I bias
570.2mA, dT5dV/sIbias. The dT(t) results are shown in
Fig. 3~c!. We will return to Fig. 3~d! later.

B. Single-pulse time of flight

Given the large number of data sets to be recorded du
the course of this work and our desire to document the ef
of third-sound pulse collisions on third sound times of flig
an automatic technique for the time of flight determinati
was essential. This was accomplished as follows. Using
baseline-shifted data set, we fit a line to the initial rise of
primary pulse, and the time where this line crossesdV50
defines the arrival time,G, of the pulse.G is the time interval
between the trigger pulse~which definest50! and the ar-
rival time of the leading edge of the primary pulse. We u

FIG. 2. Third-sound pulse with a driver amplitude ofVA
2

50.3~volts!2 ~unsaturated! and WA5200msec atT51.453 K and
d56.0 layers. Various features of the pulse such as the prim
pulse, the undershoot and the pickup pulses are noted.
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Fig. 4 to illustrate the method of third-sound arrival tim
determination. First, the raw data,V(t), was offset to shift
the baseline todV50. In Fig. 4~a!, the offset data set,dV(t),
is shown with a line added atdV50 to emphasize the base
line. In order to determine the onset of the third-sound pu
we used a linear fit to 17 data points~22.7 msec! located
along the rapidly rising leading edge of the primary puls
The center point of this range of 17 points was defined to
the maximum of the derivative ofdV(t) with respect to time.
This derivative is shown in Fig. 4~c!. For the specific case
shown here, the maximum of the derivative occurred at
5501.2msec, and the range of the linear fit wa
490.5msec<t<511.9msec. This range is defined in Fig
4~b! and 4~c! with dashed vertical lines. A fit todV(t) in this
region results in a line that fits the leading edge of the p
mary pulse, which is plotted in both 4~a! and 4~b!. The in-
tersection of this line withdV50 m sec defined the arriva
time, G5490.9msec. This procedure was automated to
low calculation of the times of flight for a large number
pulses using a consistent method. In general the time
flight, t, is defined as the time between generating the pu
at a driver and detecting the pulse at the thermometet
5G2d, whered is the delay in the launch of the drive puls
that might be introduced after the trigger.

ry

FIG. 3. Example of the calculation ofdV, dT, and dd for a
third-sound trace with VA

250.3~volts!2, W5200msec, T
51.435 K, andd56.0 layers. In~a! the raw data is shown. In~b!,
dV was normalized using a region 300msec<t<420msec as the
baseline. In~c! the temperature excursion was calculated from
calibrated transition-edge thermometer. In~d! we show the calcu-
lated thickness change using Eq.~5!.
4-3
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C. Approximate thickness scale

The time of flight measurements for the single puls
were used to determine the approximate helium film thi
ness. Atkins1,5 showed that the third-sound velocity is give
by

C3
2'

rs

r S 11
TS

L D f d, ~1!

where C3 is the velocity, f .3kBa/m4d4 is the restoring
force per unit mass,a is the strength of the Van der Waa
constant andd is the film thickness. The first factor,rs /r, is
the superfluid fraction and arises because only the super
moves when third sound propagates. The superfluid frac
is modified by the presence of the substrate, and we
correct for the effective value of the superfluid fractio
shortly. The second term is due to evaporation and cond
sation effects, whereS is the entropy per unit mass andL is
the latent heat of evaporation per unit mass. A more co
plete exression for the restoring force, valid to larger fi
thickness values is given by15

FIG. 4. Calculation of the third-sound arrival time for applic
tion of a square pulse,VA

250.3~volts!2 and WA5200msec, to
driver A at T51.453 K andd56.0 layers. In~a!, the entire trace,
with the baseline offset todV50, is shown. The intersection of th
lines defines the time of flight. In~b!, a closer view of the primary
pulse is shown. The intersection of the two straight lines determ
the time of flight. In~c!, the maximum value of the derivative o
dV(t) is used to determine the range of data used to determine
leading-edge fitted line in~a! and ~b! ~see text!.
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S ]m

]d D
T

5
ab~3b14d!

d4~d1b!

kB

m4
. ~2!

HerekB is the Boltzmann constant andm4 is the mass of a
4He atom. A more detailed theoretical description of th
sound was presented by Bergman,6 in which the 4He film,
the 4He vapor and the substrate were explicitly taken in
account. He found the third-sound velocity to be

C3
25 K rs

r L S 11
TS

L D 2 ab~3b14d!

d3~d1b!2

kB

m4
. ~3!

For a glass substrate,15 a'27 layers3K andb'41.7 layers.
One difference from the velocity expression found by Atki
@Eq. ~1!# is the quadratic dependence of the (11TS/L) term,
which correctly accounts for evaporation and condensa
between the film and the vapor. The presence of this q
dratic dependence was confirmed experimentally by Ga
iewicz et al.16 A second difference is the explicit presence
the effective superfluid density,^rs /r& in place of the bulk
superfluid density. This incorporates the fact that for a
lium film on an ordinary substrate~i.e., one that is not a
weak-binding substrate! the superfluid density is deplete
from the bulk value by the strong Van der Waals force ve
near to the substrate. For the thickness and temperature r
of this experiment, an empirical expression provides val
for ^rs /r&. ^rs /r&5(rs /r)(12D/d) where4 D5a
1bT(r/rs). For a glass substrate,15 a'0.5 layers andb
'1.13 layers/K. The thickness of one4He layer is taken as
0.36 nm.

For our purposes we will take the third-sound velocity
have the Bergman form

S Dx

t D 2

5 K rs

r L S 11
TS

L D 2 ab~3b14d!

d3~d1b!2

kB

m4
, ~4!

whereDx is the measured propagation distance andt is the
measured time of flight. Using measured values fort, the
only unknown is the film thickness,d, and by numerically
inverting Eq. ~4! d can be determined. This procedure
known to give a reasonably accurate value for the film thi
ness for chemical potential values in the range used in
experiment. For the pulse in Fig. 4,tA5490.9msec, DxA
51.008 cm and numerical inversion of Eq.~4! results ind
55.90 layers.

Since there were two third-sound drivers, we could co
pare the film thickness calculated by use of a pulse fr
driver A and a subsequent separate pulse from driverB. Us-
ing the same procedure as described earlier for the s
conditions as in the figure, we found,tB5513.2msec, and
the thickness calculation withDxB50.998 cm resulted ind
56.17 layers, somewhat different from the value of 5.
layers determined for the pulse from driverA. We explore
this difference in some detail in Appendix A. This mode
inconsistency does cause an uncertainty in our determina
of the superfluid film thickness and the film thickness is si
ply defined to be the average ofd calculated for the pulses
from the two drivers. As the work we report here is not ve
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sensitive to the absolute film thickness and no studies w
done that required a precise value for the film thickness,
averaging was considered acceptable.

D. Amplitude of the film thickness wave

The thermometer technique used to record third-so
pulses directly measured the temperature fluctuation of
pulse. In third sound, both the temperature and the fi
thickness oscillate. In order to obtain an estimate for the fi
thickness oscillation,dd(t), that accompanied the temper
ture oscillation,dT(t), we use the temperature-thickness
lation predicted by Bergman6

dT

T
52

d f

L

dd

d
, ~5!

wheref is the restoring force given by Eq.~2!. In Fig. 3~d!,
we show an example of the calculated film thickness fluct
tion, dd, for a third-sound pulse atT51.453 K andd56.0
layers. For this example, using the Van der Waals const
for glass the film thickness fluctuation was computed to
dd~layers!521.343102dT ~K!.

Brooks et al.17,18 directly measured both the temperatu
change~with a superconducting transition-edge thermo
eter! and the film thickness change~with a capacitor! of
pulsed third sound for a range of film thickness values. Th
found that the measured ratio ofdT/dd was frequency de-
pendent and about a factor of two larger than predicted
Bergman6 for the 4He coverage range that we used in th
work. Later measurements by Laheurteet al.19 were consis-
tent with those of Brookset al.,17,18 and found that consis
tency with the prediction of Bergman depended
temperature.20 Calculating the thickness change from a giv
measured change in the temperature21 is not the ideal method
for finding the thickness change of the third sound pulse,
it is a reasonable approximation. Since we will be primar
interested in arrival times and the evolution of pulse shap
and not explicit amplitude values, this does not represe
problem for us.

E. Saturation measurements

The features of third-sound pulses evolve with increas
drive amplitude. To properly prepare for the third-sound c
lision experiments it was necessary to study the behavio
single third-sound pulses on this substrate. In Fig. 5,
show a number of third-sound pulses from driverB at T
51.453 K andd56.0 layers that confirm the general beha
ior seen earlier by Wanget al.11 In ~a! a sequence of dat
sets fordV(t) are stacked on top of one another. The sm
est pulse corresponded to a drive energy of 0.148mJ and the
largest pulse shown here had a drive energy of 1.48mJ.
These pulses were taken with uniform increases in the sq
of the drive voltage, so each drive pulse is a constant 0.
mJ greater in energy than the preceeding pulse. Examin
Fig. 5~a!, we see that the first four pulses had an increas
amplitude and a fixed width. For the fifth pulse the amplitu
is saturated and the pulse is wider. After the fifth pulse,
remaining five pulses had about the same amplitude and
05452
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creasing widths. The maximum amplitude as a function
drive energy is shown in Fig. 5~b!. For E&0.7mJ,dVmax
increased linearly with amplitude. ForE.0.7mJ, the ampli-
tude saturated. In Fig. 5~c!, the width is shown as a function
of the drive energy. In the linear region whereE&0.7mJ,
the width remains at a fixed width of;225 msec, slightly
above~due to time constant effects! the drive pulse width of
200 msec. For convenience in the present context, the w
W is defined22 to be the time interval between the arrival
the leading edge of the primary pulse and the next cross
of the dV50 baseline. In the saturated region, the wid
grows linearly with increasing drive energy, consistent w
more extensive earlier observations.11

The saturation of thermally generated third-sound pul
is believed to occur as a result of the events associated
the creation of the pulse at the third-sound driver.11,23 When
voltage is applied to the resistive Ag driver, the current pu
causes the driver to heat up and atoms are evaporated
the 4He film. The removal of atoms from the film and loc
dT.0 cause superfluid to flow toward the driver from o
posite directions, creating the third-sound pulse. When
voltage is turned off, the inertia of the flow continues for
short time, causing an excess of helium at the driver and
consequent undershoot observed in the third-sound pulse
lowing receipt of the primary pulse. If the amount of he
applied to the driver is high, the superfluid film reaches
critical velocity and the flow of atoms to the driver is limite
with the result that evaporation cannot dissipate all of

FIG. 5. Ten third-sound pulses from driverB with amplitudes
ranging from 0.148mJ to 1.48mJ atT51.453 K andd56.0 layers.
In ~a!, the offset traces,dV(t) are shown. In~b!, the maximumdV
of the primary pulse is shown as a function of drive energy. In~c!
the width of the pulse is shown as a function of drive ener
Third-sound pulse amplitude saturation occurs atEsat'0.7mJ.
4-5
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thermal energy. The amplitude of the pulse cannot be
creased further and it saturates. The extra energy goes
heating the substrate, so that when the drive pulse is tu
off, the overheated substrate continues to draw superfl
and the resulting third-sound pulse is wider than the app
square-wave drive. Ketolaet al.23 and Wanget al.11 ac-
counted for third sound attenuation and showed that the c
cal velocity deduced from third-sound pulse saturation m
surements was generally consistent with measurement
the critical velocity carried out by other techniques. Giv
the extensive earlier work11 on the behavior of third sound a
a function of drive amplitude and width, we limited our o
servations to characterization of the third-sound availa
from each driver, noting the saturation points, and we did
explore these saturation effects further.

However, to prepare fully for the pulse collision expe
ments, in addition to measuring the amplitude and width
the third-sound pulses as a function of drive power, we a
measured the time of flight of the pulses from driverA and
driver B to determine if there was a drive amplitude depe
dence to our time of flight measurements. The results
pulses withW5200msec,d50 msec and 0.1<V2<4.0 for
both drivers are independent of drive amplitude to with
62msec ~out of times of flight ;500 msec! over the full
range of drive amplitude with systematic deviations with
these limits. The time of flight deviations were a rather we
decreasing function of increasing drive amplitude for amp
tudes below the saturation amplitude, and were more ne
independent of amplitude for pulses above the satura

FIG. 6. Schematic drawing~not to scale! for dA,dB . In this
case, the pulse fromA arrives at the detector before being involve
in a collision.G i is the time the leading edge of the primary thir
sound pulse from driveri arrives at detectorD2.
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value ofV2'0.5~volts!2. The generally correlated behavio
for the two data sets from the two drivers suggests that
small systematic deviations are likely caused by sm
chemical potential drifts in the sample chamber during
course of the measurements. Similar behavior was obse
for other values ofW.

IV. HEAD-ON THIRD-SOUND PULSE COLLISIONS

With the foregoing discussion of single pulses, we no
proceed to discuss the results of experiments involv
head-on third-sound pulse collisions. Observations of co
sions in an experiment of this type were reported previou
by Ketolaet al.24 and a preliminary report from this exper
ment appeared earlier.25 Our measurements of the effect o
the collision event on the propagation time of third sou
pulses were more accurate than the earlier measuremen
Ketolaet al.24 because here we included simultaneous co
sponding single pulse~noncollision! measurements. This en
abled us to observe and document shifts in the time of fli
of a free pulse vs one that had endured a collision. In
subsections that follow we will describe the technique
controlling the position of the collision on the substra
study the detailed evolution of third sound pulse shapes d
ing a collision, and we will examine the effect of a collisio
on the third-sound time of flight. We will find that a collisio
shifts the arrival time of a pulse. The features of the shift w
be examined for collisions occurring at different positio
relative to the detector and the maximum shift will be co
pared to a model calculation.

FIG. 7. Schematic drawing~not to scale! for dB,dA . In this
case, the pulse fromA arrives at the detector after being involved
a collision.
4-6
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4He THIRD-SOUND PULSE COLLISIONS PHYSICAL REVIEW B 63 054524
A. Arranging a collision: the delay technique

One way to measure the effect of a collision would be
use many transition-edge thermometers between the d
and detector and record the effect of an evolving collision
the center of the substrate using all of the thermometers
multaneously. Because of the limited number of availa
leads to the sample chamber, we chose to use only one
tector thermometer (D2) and we caused the collision to o
cur in different positions relative to the single thermome
by use of a sequence of collision events. In order to do t
we utilized the ability to controld, the tunable delay of the
square drive pulse relative to the trigger. In all of our expe
mentsdA.0 was fixed for convenience and pulses were
corded for a range ofdB values. We illustrate this techniqu
for two cases,dA,dB anddB,dA , and we show the impor
tant events in the schematic drawings in Fig. 6 and Fig
The drivers~A and B, on either end! and the thermomete
(D2, in the middle! are represented by black rectangles. T
drawings are not to scale; the film thickness is not rea
dramatically reduced above an inactive driver or detect
and the third sound pulses are of much larger spatial ex
~;0.4 cm! than the width~;0.013 cm! of the drivers and the
detector,26 etc. We first treat the casedA,dB ~Fig. 6!. At t
50 the trigger occurs, but sincedB.dA.0 no pulses have

FIG. 8. Waterfall plot of a collision event withWA5WB

5200msec andVA
25VB

250.3~volts!2 at T51.453 K andd55.9
layers. The delay for the pulse fromA is fixed atdA51000msec,
and the delay for the pulse fromB is swept fromdB50 msec~bot-
tom trace! to dB52000msec ~top trace! in steps of 40msec. The
pulse received att51473msec is the pulse from driverA in each
case.
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been initiated yet. In Fig. 6~b!, at t5dA , a pulse is created a
A traveling toward the detector. The pulse is wider26 than
shown in the figure. A pulse travels in the other direction
well, but this propagates away from the detector and has
effect on the detector in the time frame that we examine.
t5dB @Fig. 6~c!#, a pulse is created at driverB. In this figure,
the pulse fromA has not yet reached the detector~but if dB
had been large enough the pulse fromA would already have
been detected!. At t5GA @Fig. 6~d!#, the arrival of the lead-
ing edge of the primary pulse fromA is recorded, and then a
t5collision @Fig. 6~e!# the collision starts after the puls
from A has already passed the detector. Finally att5GB
@Fig. 6~f!# the detector records the arrival time of the pul
from B.

In the next section when the data is presented, we
present measurements of the arrival time of the pulses f
A following a collision,GA,collision, and compare them to th
arrival time when only driverA is triggered~driver B off, i.e.,
no collision!, GA,direct. For this case,dA,dB , no collision-
induced effect is expected because the pulse from driveA
does not collide until after it has been detected.

The schematic drawing for the case ofdB,dA is shown in
Fig. 7. The order of the events is now reversed. Att5dB
@Fig. 7~b!# the pulse fromB is created and travels toward th
detector. After the pulse fromA is created@Fig. 7~c!# and the
pulse fromB is detected@Fig. 7~d!#, the collision between the
pulse fromA and the pulse fromB occurs@Fig. 7~e!#. Finally,

FIG. 9. Expanded waterfall plot of a collision event withWA

5WB5200msec andVA
25VB

250.3~volts!2 at T51.453 K andd
55.9 layers shown in Fig. 8. The change in the delaydB of the
pulse fromB from one data set to the next is 40msec.
4-7
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M. P. LILLY, F. PORTIER, AND R. B. HALLOCK PHYSICAL REVIEW B63 054524
at t5GA , the leading edge of the pulse fromA arrives at the
detectorafter having been involved in a collision. As we wi
see shortly, comparingGA,collision to GA,direct for the dB,dA
case shows that there is a shift in the arrival time due to
collision. This happens because during the collision the pu
from driver A resides on a film distorted due to the presen
of the pulse from driverB. By varying dB we are able to
study the complete evolution of pulse collisions and by
justing dB so that the collision occurs in the vicinity of th
detector we can observe directly the amplitude evolut
during a collision event.

B. Third-sound collision amplitudes

We begin the examination of third-sound pulse collisio
with some qualitative observations: we simply look at t
pulse shapes that are present in collision events. As an
ample~others appear in Appendix B!, we describe a series o
such collisions wheredA51000msec ~fixed! and 0<dB
<2000msec and wheredB was increased incrementally wit
an increment step size of 40msec through the range 0<dB
<2000msec. In each case the pulses from driversA and B
were of~unsaturated! amplitude 0.3 V2 and width 200msec.
The entire collection of collision data for this series of me
surements is shown in Fig. 8 by vertically offsetting the d

FIG. 10. Similar to the previous figure, this is an expand
waterfall plot of a collision event~shown in Fig. 8! with W
5200msec andV250.3~volts!2 at T51.453 K andd55.9 layers.
The change in the delay of the pulse fromB from one data set to the
next is 40msec. Here we examine a set of data with smaller val
of dB to compare the size of the undershoot.
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for eachdB value so that the individual data sets can
examined. The pulse with an arrival time oft51473msec is
the pulse from driverA for eachA, Bpulse pair for which we
monitored the arrival time; i.e.dA was fixed. A closer exami-
nation of the third sound collision region for this data set
shown in Fig. 9. From a qualitative examination of the da
a number of the features generally attributed to third sou
but not seen previously can be observed. As is clear fr
this figure, as the delay for the creation of the pulse fro
driver B,dB , is increased and the collision site is move
across the thermometer, the collision process is seen to
volve amplitude addition as expected for wavelike pheno
ena. These pulses are of equal amplitude and the therm
eter is located midway between the two sources. Th
attenuation effects are equal for the two pulses. The inco
ing pulses, represented by the amplitude of the pulse fr
driver B in the data set denoted by theX is quantitatively half
of the amplitude measured for the pulse represented by
data setY for the case when the two pulses are superimpos
This is as one might expect for well-behaved waves. A sim
lar addition takes place for the undershoot that follows e
primary third-sound pulse. For example, as seen in Fig.
when the amplitude of the third-sound pulse is larger,
undershoot is larger~e.g., examine the size of the undersho
for an isolated pulse at the bottom of Fig. 10 and compar

s

FIG. 11. Third-sound collision traces forT51.453 K andd
55.9 layers. The trace in~a! is the pulse from driverA with WA

5200msec,dA51000msec andVA
250.3~volts!2. The trace in~b! is

the pulse from driverB with WB5200msec, dB5720msec and
VB

250.3~volts!2. In ~c!, both drivers were on, and the pulse fro
driver A was recorded here after a collision. In~d!, we extract this
collided pulse by subtracting~b! from ~c!.
4-8
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4He THIRD-SOUND PULSE COLLISIONS PHYSICAL REVIEW B 63 054524
with the size of the undershoot for the interaction pulses
the top of Fig. 10!. In addition, a quantitative compariso
between single pulses and the pulse markedY in Fig. 9
shows that the superposition of the two third-sound pul
does not increase the width of the composite pulse.

To confirm that these effects are robust to changes in
drive amplitudes, widths, etc., we carried out a detailed st
of various pulses in collision by varying a number of t
relevant parameters. Some examples of the resulting c
sion events are shown in Appendix B.

C. Shift in arrival time

Having examined the amplitudes produced by third-sou
collisions, we next turn to an examination of the arrival tim
of the pulses to see whether a third-sound pulse collision
an influence on the propagation time of the pulses. In F
11, we show the results for a collision of third-sound puls
for a specific case fordB,dA . The drive pulse for each
driver wasW5200msec andV250.3~volts!2, but with dif-
ferent delay times~dA51000msec anddB5720msec! caus-
ing the collision to occur between driverA and detectorD2.
These drive pulse amplitudes were small enough to en
that the third-sound pulse amplitudes were midrange in
linear regime and were unsaturated~Fig. 5!. The single
pulses for driversA andB are shown in Fig. 11~a! and Fig.
11~b!, respectively. From the pulseA ~only! data set@Fig.
11~a!#, GA,direct was determined. The pickup pulse signatu

FIG. 12. Example of the calculation of the time of flight of th
pulse fromA after a collision occurred using the difference metho
In the inset, the difference trace~dashed line! arrived before the
direct trace~dotted line!. To calculate the pulse arrival time, w
used the technique described in the text.
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for each drive pulse can be observed att5d and t5d1W.
In the data set of Fig. 11~c!, both drivers were activated an
the pulses recorded. The first pulse to arrive, from driverB,
arrived directly, but the second pulse, from driverA, was first
involved in a collision with the pulse from driverB before
reaching the detector. In order to measure the time of fli
of the pulse from driverA after the collision, we remove the
signature of the pulse from driverB by subtracting data se
~b! from data set~c!. The result of this subtraction is show
in Fig. 11~d! and is called thedifferencedata set. From the
difference data set,GA,collision was determined.

For a closer view of the effect of the collision region, w
show the collision data, the difference data and the data f
driver A only in Fig. 12. The collision data is shown with th
solid line. The dashed line represents the difference d
~collision,B direct! and the dotted line is the data from drive
A only. In the inset, we show the effect of the collision w
to decrease the arrival time of the pulse involved in the c
lision ~dashed line! with respect to the same initial puls
without a collision~dotted line!. The arrival time,GA,collision
was found using the same technique outlined earlier us
the difference data set. For these specific pulses, we fo
that the direct pulse arrived atGA,direct51473.5msec and af-
ter a collision, the pulse arrived earlier atGA,collision
51465.8msec. The difference is defined as the shift,SA , in
the time of flight,SA5GA,direct2GA,collision57.7msec.

To repeat, for each pair of delays, (dA ,dB), three data
sets were recorded: driverA ~only! activated, driverB ~only!
activated and both drivers activated~i.e., the collision data
set!. The arrival time in the collision data set,GA,collision and
the arrival time of theA ~only! data set,GA,direct were calcu-
lated using the difference method described earlier. The s
in the arrival time is defined bySA5GA,direct2GA,collision,
and the results forSA for all of the data sets in Fig. 8 ar
shown in Fig. 13. Each different value ofdB results in a data

.

FIG. 13. Shift in the arrival time for third-sound pulses wi
WA5WB5200msec andVA

25VB
250.3~volts!2 at T51.453 K and

d55.9 layers as a function ofdB .
4-9
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point for SA in Fig. 13. Obviously many such sets of da
can be obtained by varying the several parameters availa
and we will discuss these more extensive measuremen
due course.

Even without a quantitative analysis, the general shap
the data shown in Fig. 13 can be understood qualitativ
Since the shiftSA5GA,direct2GA,collision>0 msec, the effect
of a collision was to reduce the arrival time of the pulse fro
driver A. For dB.dA51000msec, the measured shift was
msec. This is consistent with the discussion of the schem
diagram in Fig. 6 where the pulse from driverA arrived
before colliding with the pulse from driverB and SA
50 msec is expected. AtdB5dA51000msec, the pulses ar
rive at the detector at the same time, but have not yet in
acted. For the range 800msec<dB<1000msec, asdB de-
creases the pulse from driverA collides with more and more
of the WB5200msec wide pulse fromB prior to arrival at
the detector, and the shift increases to a maximum when
pulse fromA collides with all of the primary pulse fromB.
Because even the unsaturated pulses used here were s
what wider than the voltage step of the drive pulse, the la
est shift occurred atdB>720msec, i.e., about 280msec
away from 1000msec~rather than 200msec!. The magnitude
of the largest shift,SA,max57.7msec, is a;1.7% change
from tA,direct5473msec. FordB,750msec, the pulse from
A not only collides with all of the primary pulse fromB
~which tends to speed up the arrival of the pulse from dri
A!, but also some of the undershoot~which tends to slow
down the pulse from driverA!. The shift SA therefore de-
creases in magnitude fordB,720msec.

FIG. 14. Shift in the arrival time of the pulse fromA due to a
collision with a pulse fromB at T51.454 K andd55.9 layers for
various different amplitudes of driverA. For a range in amplitudes
of A, the shape of the shift does not change. The shift inA did not
depend on the amplitude ofA. The pulse parameters here we
WA5200msec, WB5300msec, dA51800msec, and VB

2

50.2~volts!2.
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We next determine which parameters influence the ti
of flight when a collision exists. In Fig. 14, we show the sh
in the time of flight for a pulse from driverA for a range of
amplitudes of driverA, a fixed width WA5200msec, WB

5300msec, and fixed amplitude,VB
250.2~volts!2, for driver

B. The features are similar to Fig. 13. FordB.dA

51800msec, SA50 msec. As the primary pulses collide
the shift increases, and then asA interacts with both the
primary pulse and increasing amounts of the undershoo
the third-sound pulse fromB, the shift decreases. Becuase w
are only looking at thearrival time of the pulse from driver
A, the shape of the shiftsSA does not depend on the ampl
tude of the pulse from driverA.

Changing the amplitude or width of the pulse from driv
B results in a change in the shape of the shift curve. In F
15~a! we show shifts for two different amplitudes from
driver B. The pulse from driverA had parametersWA

5200msec, VA
250.3~volts!2 and dA51000msec. The two

types of pulses from driverB had a widthWB5200msec and
amplitudes of 0.1 V2 ~squares! and 0.3 V2 ~circles!. The mag-
nitude of the shift due to the smaller drive amplitude case
pulseB is smaller, but the general shape of the curve is
same. When the size of the shifts forVB

250.1~volts!2 is mul-
tiplied by a factor of three@Fig. 15~b!#, the shifts more nearly
agree, especially when the small systematic dc offse
ignored. This is not unexpected since the amplitude of a th
sound pulse in the unsaturated regime is linearly proportio
to V2 and the velocity of third sound depends on t
film thickness asC;d23/2. So, the amplitude of the puls
from driver B influences the arrival time of the pulse from
driver A.

FIG. 15. ~a! Shift in the arrival time of the pulse fromA due to
a collision with a pulse fromB at T51.453 K andd55.9 layers for
two different amplitudes of driverB. ~b! VB

250.1V2 data from~a!
multiplied by a factor of three~solid symbols!.
4-10
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4He THIRD-SOUND PULSE COLLISIONS PHYSICAL REVIEW B 63 054524
Finally, we measured the size ofSA as a function of the
width of the pulse fromB. The results for six different value
of WB100<WB<600msec are shown in Fig. 16 for the cas
of dA51800msec. Increasing the widthWB increasedSA,max
and shifted it to smaller values ofdB . Notice in the indi-
vidual data sets that in the time span from the maxima ofSA
to dB51800msec, theSA traces all lie on top of one an
other. In this region, the pulse from driverA collides with the
primary pulse fromB. The longer it interacts with the pri
mary pulse~i.e., the larger in widthWB is!, the larger the
shift. So, larger values ofWB produce larger values ofSmax
~inset, Fig. 16!

We have seen that the shifts in the arrival time of t
pulse fromA are increased by increasing the amplitude
width of the drive pulse at driverB, but not affected by the
amplitude of the drive pulse at driverA. As alluded to earlier,
one way to picture the collision generally is that the pu
from driverB modifiesthe properties of the film. Instead of
uniform thickness, the presence of theB primary pulse
causes a local thin region and the presence of theB pulse
undershoot causes a local thick region. When the pulse f
driver A travels to the detector and collides with the pu
from driver B, it crosses these thin and thick regions, a
when it does so its velocity changes accordingly. This cau
the shift in the arrival time. In addition, local superfluid flo
accompanies a propagating third sound pulse. This also
fluences the time of flight for one pulse that has collided w
another.

D. Model prediction of the maximum shift

We can obtain a prediction for the size of the maximu
shift, Smax. During the collision, one pulse sees the oth

FIG. 16. Shift in the arrival time of the pulse fromA due to a
collision with a pulse fromB at T51.454 K andd55.5 layers for
six different widths~in msec in the legend! of the pulse from driver
B. In each case,WA5200msec, VA

250.3~volts!2 and VB
2

50.3~volts!2. The inset shows the maximum shift,Smax, as a func-
tion of WB .
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pulse as a modified film thickness. For example, decrea
the film thickness increases the third-sound velocity, wh
will decrease the arrival time of a pulse. In addition to
thickness change, third-sound pulses have local super
flow. This superfluid flow will also decrease the arrival tim
For the moment, we simplify the collision process by assu
ing that the pulse of interest, from driverA, travels not on a
uniform film, but on one which has a thin square-wa
trough of widthWB/2. This thin trough is actually the puls
from driverB of width WB and the factor of two arises from
the fact that both pulses travel toward each other, decrea
the time interval during which the pulse from driverA rides
on the pulse from driverB ~for simplicity here we take the
pulses from driversA and B to have equal width!. For the
maximum shift, this trough is located immediately before t
detector. The presence of the trough affects the pulse f
driver A due to both a thinner film,d2dd, and a superfluid
flow of magnitudev. Both of these effects work to cause th
pulse from driverA to arrive atD2 earlier than a pulse from
driver A on an undisturbed film~i.e., with no collision!.

With the superfluid flow velocity and the film thicknes
change, we can predict the maximum shift, and then comp
to the experimentally measuredSmax>8msec for the data
presented in Fig. 13. Consider that at timet5t0 an ideal
square~symmetric! warm ~thin! pulse travels across a sub
strate with equilibrium film thicknessd, equilibrium tem-
peratureT and velocityC3 . At t5t01dt the pulse advance
a distance ofC3dt. The advancing pulse displaces supe
fluid. The displacement process presumably occurs by me
of a superfluid flow under the trough of the traveling pulse
we assume a constant flow velocity that only exists under
trough, mass conservation leads to the relation

FIG. 17. Comparison of the measured shifts in the arrival ti
of a third-sound pulse after a collision to the calculated valu
found using the actual pulse shape. These shifts were aT
51.453 K andd55.9 layers. In the inset, we show the ratio of th
measured to the calculated shift.
4-11
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^rs&vsdt l~d2dd!5rC3dt ldd, ~6!

wherel is the width of the substrate. To first order, negle
ing evaporation, condensation and substrate heating eff
the magnitude of the superfluid velocity under the pulse

vs5 K rs

r L 21

C3

dd

d
. ~7!

The decrease in the time of flight,SA , of the pulse from
driver A due to this superfluid flow is given by the differenc
between the direct time of flight and the time of flight in th
case of a collision. For a driver-detector separation ofDx,

tdirect5
Dx

C3~d!
. ~8!

When a collision occurs, the velocity changes for a port
of the trip. To first order, the distance over which the co
sion occurs isC3(d)W/2 and the velocity of the pulse her
will be C3(d2dd)1vs . The time of flight after a collision
is

tcollision5
Dx2@C3~d!W/2#

C3~d!
1

@C3~d!W/2#

C3~d2dd!1vs
. ~9!

The total predicted shift due to the collision is then given

Spredicted5tdirect2tcollision

5
WC3~d!

2 F 1

C3~d!
2

1

C3~d2dd!1vs
G . ~10!

For thin films (d!b), we can approximate the third-soun
velocity by

C3
25 K rs

r L S 11
TS

L D 2 3a

d3 ~11!

and reduce the equation for the predicted shift to the for

Spredicted5
W

2 F1

2 S 32
D

d2D D1
r

rs

d

d2DG dd

d
. ~12!

The first term is due to the change in thickness and the
ond term is due to the superfluid velocity field.

We calculate the predicted shift due to the combination
the film flow and the thinner film for the data shown in Fi
13. These collisions occurred on a film withT51.453 K and
d55.9 layers. From Fig. 12, the maximum amplitude of t
difference pulse wasdVmax529mV, which implies thatdT
5502mK. This was the maximum temperature change, a
from it we estimate the thickness change using Eq.~5!. For
the glass substrate,dd5121.2~layers/K!dT, and the thick-
ness amplitude of the third sound pulse wasdd50.061 lay-
ers. For glass atT51.453 K, the parameterD52.3 layers
andrs /r50.908. From Eq.~12! and assuming the pulses a
perfect troughs, we find that

Smax,predicted53.4msec. ~13!

From the data in Fig. 13, the measured maximum shift w
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Smax,measured57.7msec. ~14!

This is reasonable agreement, but the maximum predic
shift for the ideal shaped pulses is smaller that the maxim
measured shift by a little more than a factor of two.

The prediction for the size of the shift can be improved
using the actual measured pulse shape rather than assu
that the pulse is a perfect rectangular trough. This also allo
us to extend the prediction to the entire third sound pu
rather than just predict the maximum shift due to the prim
pulse. The pulse from driverB is broken into a number o
adjacent ideal troughs and crests and using Eq.~12!, each
small thickness deviation’s contribution to the total shift c
be found, where in this caseW is the width of one of the
troughs or crests. The sum of all of the small contributions
then the total predicted shift.

We now use this procedure to calculate a predicted cu
for the shifts reported in Fig. 13. The calculation results
shown as the solid line in Fig. 17 and the experimental
sults are shown as the symbols. The shape of the calcul
shifts is similar to the measured shifts, but the values
smaller. In the inset, the ratio of the measured to the ca
lated shifts is shown to be about a constant factor of 3.

Next we examine the model to determine if the differen
between the measured and predicted value of the shi
significant. First, we note that we measure the tempera
amplitude of the third sound pulse, but the thickness am
tude is used in calculating the shifts. As pointed out earl
Brookset al.17 measured both and found that (dT/dd)measured
was larger than (dT/dd)calculated. Incorporating this fact
would decrease the predicted shift, not increase it.

Second, note in Fig. 13 the maximum shift occurred
dB5720. This suggests that even though the drive pulse
200 msec wide, the shift continued to increase after the p
mary pulse ended. We have made the assumption tha
superfluid velocity flow decreases the arrival time only und
the primary pulse. The calculation for the velocity, Eq.~7!,
suggests that the flow will change direction at the und
shoot. If, after the primary pulse, the velocity flow is out
phase withdd the actual shift could continue to increase f
a time during the undershoot. Given the simplicity of t
model, the discrepancy between the predicted shift and
measured shift is perhaps not unreasonable, but it does
pear that the discrepancy27 is at least a factor of three, larg
enough to suggest something is missing in our understan
of third-sound pulse collisions.

V. CONCLUSIONS

We have reported measurements of single third-so
pulses and third-sound pulses in head-on collisions. An
tomated routine was used to find the time of flight of puls
generated at driversA and B and received at detectorD2.
Knowledge of the distance between the drivers and dete
allowed us to calculate the approximate film thickness fr
the third-sound velocity@Eq. ~4!#. The saturation of ampli-
tude for large amplitude third sound pulses was determi
for 200 msec pulses. For low drive powers, the pulse wid
was constant and the amplitude increased with increa
4-12
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drive power~linear region!. Above the saturation threshold
Esat.0.7mJ in Fig. 5, the pulse amplitude saturated and
width of the received pulse grew. These observations
consistent with earlier measurements.11,23

When both drivers were used at the same time, the
tures of head-on third-sound pulse collisions were stud
By delaying one square drive pulse relative to the other,
position of the collision on the substrate could be system
cally changed. The amplitude of the third-sound pulse e
lution during the collision process was studied and amplitu
addition was observed. A collision decreases the arrival t
of the collided pulse relative to the arrival time of the sam
pulse without the collision. For a range of relative delays,
measured shift in the arrival time as a function of the de
time was qualitatively explained. By considering the co
sion event as a single pulse riding on a film thickness fl
tuation and superfluid flow~induced by the other pulse!, we
find that both features increase the velocity of the pu
Quantitative comparison of the measured maximum arr
time shift with model-based predictions for primary pul
collisions provides only qualitative agreement with expec
tions.
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APPENDIX A

To further study this difference between the arrival tim
we collected all of thetA and tB values for the recorded

FIG. 18. Time of flight comparison for pulses arriving fro
driver A and driverB. The slope of the line,m51.10, is not what
was expected~see text!.
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third-sound pulses in the collision experiment, and comp
them revealing a nearly perfect linear dependence, Fig. 1
linear fit to the (tA ,tB) data results intB51.0986tA

226.4msec. If the third sound velocity were constant acro
the glass sample, the times of flight of the pulses would
related by the ratio of the distances,tB5tA(DxB /DxA). The
slope would beDxB /DxA and they-intercept would be 0.
From the measurements,DxB /DxA50.990, different from
the measured slope of 1.0986. The measurements ofDxA and
DxB include an uncertainty of 0.005 cm, not enough to a
count for the difference in the arrival times observed. The
distances were measured from the inside edge of the drive
the inside edge of the detector. Since the strips have a w
of 0.012 cm and different parts of the strip may have be
more or less sensitive, the worst case measurement for
ratio would be for the case where the edge of the dete
closest toA was most sensitive, and the close edge of dri
A generated the pulse and the far edge of driverB created
the pulse. In this case, DxB /DxA5(0.99810.012
10.012)/1.00851.014, still not consistent with the mea
sured slope of 1.0986.

If the third-sound velocity was not constant on the gla
slide, the gradient in the velocity could have been caused
either a persistent superfluid flow field or perhaps by asy

FIG. 19. An expanded waterfall plot of a collision event wi
WA5200msec andVA

250.3~volts!2 and WB5300msec andVB
2

50.2~volts!2 at T51.453 K andd55.84 layers. The change in th
delay of the pulse from driverB from one data set to the next is 4
msec.
4-13
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metric roughness on the surface of the glass slide. If a c
stant superfluid flow fromA to B of magnitudev existed on
the slide, the times of flight would betA5DxA /(C31v) and
tB5DxB /(C32v). Combining these equations,

tB5tA

DxB

DxA
22v. ~A1!

In this case, a nonzero intercept of 2v would be expected
~observed in the data!, but the slope is still predicted to b
DxB /DxA .

APPENDIX B

In this appendix we show more examples of the behav
of the third-sound amplitude during a collision event. W
vary some of the parameters of third-sound pulse crea
and examine the effect that these changes have on the
sion events.

In Fig. 19 pulses with different widths and amplitudes a
shown ~VA

250.3V2, WA5200msec, VB
250.2V2, WB

5300m sec! and a quantitative examination of the amplitu
behavior confirms that the composite pulse matches expe
tions based on amplitude addition. This and the data sh

FIG. 20. An expanded waterfall plot of a collision event th
involves third-sound pulses created in the nonsaturated regime
very different pulse widths. HereWA5200msec and VA

2

50.10~volts!2 and WB5600msec and VB
250.15~volts!2 at T

51.454 K andd55.9 layers. The change in the delay of the pu
from driver B from one data set to the next is 40msec.
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in the main text were for third sound pulses in the line
regime at creation~i.e., pulses that were not saturated
amplitude!. As a second example, we show in Fig. 20 puls
of substantially different width~WA5200, WB5600m sec!
and different non-amplitude-saturated drives~VA

250.1V2,
VB

250.15V2!. As a similar example, we show in Fig. 2
waterfall plot with~WA5200,WB5100m sec! and different
non-amplitude-saturated drives~VA

250.3V2, VB
250.3V2!.

Behavior similar to that seen in the previous figures is app
ent. For a third example~Fig. 22! we show an example fo
pulses so narrow (WA5WB540msec! that they never reach
a plateau amplitude11 ~i.e., had they a larger width, the
would have achieved a larger amplitude for the drive volta
used!. Behavior consistent with the other observations
seen. As a final example, we consider two third sound pu
initially created with a drive amplitude that is twice th
threshold for third sound pulse saturation~VA

25VB
251.0V2,

WA5WB5200m sec!. This drive results in a third-sound
pulse wider than the drive voltage pulse and the result o
collision sequence is shown in Fig. 23. Since each puls
saturated at the driver, each represents the largest such
amplitude that can be delivered to the thermometer b
single driver. But, the composite pulse at the thermomete

ith
FIG. 21. An expanded waterfall plot of a collision event th

involves third-sound pulses created in the nonsaturated reg
Here WA5200msec andVA

250.3~volts!2 and WB5100msec and
VB

250.3~volts!2 at T51.453 K andd55.9 layers. The change in
the delay of the pulse from driverB from one data set to the next i
40 msec.
4-14
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4He THIRD-SOUND PULSE COLLISIONS PHYSICAL REVIEW B 63 054524
larger in amplitude than the received individual saturated
creation pulses. This indicates that the technique of pu
collisions represents a technique by which a larger th
sound pulse can be delivered to a desired location on a
strate than any pulse that could be delivered by a single d
acting alone at an equal distance from the thermometer.

FIG. 22. An expanded waterfall plot of a collision event th
involves third-sound pulses created in the nonsaturated regim
very small pulse width. HereWA540msec andVA

250.1~volts!2

and WB540msec andVB
250.1~volts!2 at T51.453 K andd56.0

layers. The change in the delay of the pulse from driverB from one
data set to the next is 40msec.
05452
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se
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brings up the the possibility of producing enhance
amplitude pulses by collision, pulses free from extraneo
~e.g., broadening! effects produced by the pulse generati
process. We did not fully explore such possibilities in this
of experiments. To do so will require a modified substra
design and attention to attenuation effects.

t
of

FIG. 23. Similar to the previous figures, this is an expand
waterfall plot of a collision event that involves third-sound puls
created in the saturated regime. HereWA5200msec and VA

2

51.0~volts!2 and WB5200msec and VB
251.0~volts!2 at T

51.460 K andd55.5 layers. The change in the delay of the pu
from B from one data set to the next is 40msec.
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