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Phonon amplification using evaporation and adsorption of helium

T. More, J. S. Adams, S. R. Bandler,* S. M. BfofeR. E. Lanou, H. J. Maris, and G. M. Seidel
Department of Physics, Brown University, Providence, Rhode Island 02912
(Received 28 November 1995; revised manuscript received 26 March 1996

We report the results of experiments designed to investigate the feasibility of amplifying a phonon signal
using the evaporation of helium from a superfluid film and its subsequent readsorption onto a helium-free
surface. We envision a multistage amplifier in which helium is evaporated from a wafer with a helium film
only on one side and then adsorbed onto the film-free surface of a similar wafer. The phonons created by the
adsorption reach the film on the opposite side of the wafer and potentially desorb more helium than was
evaporated by the first wafer. The amplification would come from the high ratio of the binding energy of a
helium atom to a film-free surface relative to the binding energy to the liquid. A number of experiments are
reported that investigate the efficiencies of the individual steps of the process. The gain per stage is found to
be about 3 for high-energy densities in which multiphonon processes are possible. At low-energy densities, the
energy deposited into a film-free wafer is found to be less than the original input energy, with the ratio of
output to input energy 0.2. Since in applications requiring amplification the phonon density produced by the
adsorption of helium on a wafer will be low, the configuration we have studied—phonons produced in silicon
coated with a saturatetHe film—uwill not result in amplification. However, other configurations might im-
prove the efficiency enough to make an amplifier possil36163-182606)02626-4

I. INTRODUCTION not yet been achieved. The best results to date have been
achieved by Collinget al.® who reached an energy resolu-
Large cryogenic solid-state particle detectors are beingion of 100 eV in a 32-g sapphire crystal using tungsten
developed to determine whether weakly interacting massiveuperconducting transition edge films. It has still to be shown
particles are a component of the dark matter in our universewhether the best sensitivity currently available can be main-
These particles are expected to have a mass between 1 at@ahed when the target mass is increased. Furthermore, even
100 GeV, a weak interaction cross section, and an averadewer thresholds would allow a greater range of target mate-
velocity relative to the earth of approximately 230 km/s with rials. Dark matter detectors with targets of different materials
some seasonal variation due to the earth’s motion around there of interest since the dependence of the event rate and
sun? In a typical detector design, the weakly interactingenergy deposition on the target nucleus can provide impor-
massive particle interacts in a solid target, causing a nucleusnt information about the mass of the dark matter particle.
to recoil. The cross section of the interaction of a weaklyln this paper we discuss the use of a low-temperature ampli-
interacting massive particle with a nucleus in a detector defier as an alternative approach to increasing the sensitivity.
pends on the properties of both the incoming particle and the Ideally, such an amplifier would be sensitive to a single
target material. A reasonable rate few events per day phonon and have good time resolution. In the amplification
requires a target mass of at least several kilograms. Thecheme we propose, the target, a high-quality single crystal
maximum recoil expected is generally 1 keV or less andof an appropriate materiélis covered with a superfluid he-
appears primarily as phonons in the target. If these phonorigim film. The phonons produced by a nuclear recoil, rather
were to thermalizen a 1 kgsilicon detector at a temperature than being immediately detected at the target surface, enter
of 100 mK, the temperature rise would be only about 0.6 nKthe superfluid film and generate excitations in the helium.
In fact, the phonons do not thermalize before reaching th&hese excitations have some probability of desorbing helium
target surface. Both the anharmonic decay and isotopic scaatoms, which can then be captured on wafers surrounding the
tering rates are high for energetic phonons, but both decreasarget. Each wafer is free of helium on the side facing the
rapidly with the phonon energy. When the average phonomarget and covered with a superfluid film on the opposite
energy reaches 10 K, the phonon lifetime in a crystallinesurface. Each helium atom adsorbed onto a bare surface de-
solid such as silicon is on the order of 100 ms. The isotopigosits within the wafer a total energy equal to the sum of its
scattering rate for 10 K phonons in silicon is approximatelybinding energy to the solid, typically on the order of 104 K,
5x10° s™1, resulting in a mean free path on the order ofand its kinetic energy. This energy appears as phonons that
120 cm. Thus the phonons have a high probability of reachmay undergo anharmonic decay as they propagate, each pro-
ing the surface before thermalizing. It is possible to detectlucing several lower energy phonons. The phonons reaching
these ballistic phonons, in which case it is the surface arethe film-covered side of the wafer can create elementary ex-
rather than the volume that governs the measured signal. Thoitations in the helium film, which, in turn, can evaporate
ballistic phonons can also preserve spatial information abounore helium atoms. The binding energy of a helium atom to
the recoil that would otherwise be lost. This information cana helium film is only 7 K. Consequently, each helium atom
be used to define a fiducial volume or to identify the sourcehat is adsorbed onto a helium-free surface deposits enough
of the signal. A sensitivity of 1 keV in a full size target has energy that several atoms are potentially evaporated from the
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helium film. At each stage, the evaporated helium can be Inthe next section we describe a series of experiments we
adsorbed onto the helium-free side of the next wafer. Aftehave conducted to test this idea and measure the efficiency of
some number of adsorption-evaporation stages, the heliutine various steps in the proposed amplifier. We then consider
condenses on a final wafer that is bare on both sides. Thi&e implications of the results to the feasibility of construct-
resulting temperature rise in the final wafer can then be mednd such an amplifier.
sured and depends on the initial energy deposition. If the
efficiency per stage is greater than one, i.e., if more helium is Il. EXPERIMENTS AND RESULTS
evap_o_rated at each stage than is gdsorbed, a pr_oportional The gain of the proposed amplifier depends on a number
amplifier can be constructed. The discovery of cesium as g¢ 3 ameters in addition to the ratio of binding energies. A
nonwetting substrate for helium makes the preparation of &,mper of distinct steps are required, each potentially in-
wafer with helium on one side a practical pos§|b|ﬁf)§. volving some energy loss. Among the mechanisms that can
‘Wurdack, Gunzel, and Kindéproposed a different am- gecrease the amplification efficiency are the followifiy.
plifier based on the evaporation of helium. In their design,gome phonons, generated either by the adsorption of helium
the atoms evaporated from a superfluid film are incident on @, by the nuclear recoil, may have an energy below the 7 K
single plate kept above 50 K. At this temperature, an ato”?equired for quantum evaporation(ii) Higher-energy
will not stiqk tp the pIate._On_ hitting the hot surface, it is phonons that down-convert may produce phonons whose en-
r.eﬂecFed with increased kinetic energy back toward the heérgy falls below 7 KJiii) The probability of transmission of
lium film. The hope was that each atom would then evapoyhonons across the solid-liquid interface is less than unity.
rate several additional atoms from the film. If the gain for the iv) In the liquid, elementary excitations can also down-
evaporation-reflection cycle is greater than one, that is, 'E:onvert. Again, only excitations reaching the liquid surface
each reflected atom evaporates more than one helium atoRip, energy greater tha7 K have a nonzero probability of
the.process cqntinues until the entire film gyaporatgs. In exdesorbing an atom(v) Because of restrictions imposed by
periments carried out by Wurdaek al. the initial heat input  conservation of parallel momentum at the liquid-vacuum in-
was generated by a pulsed heater on a silicon substrajgiface, some excitations with sufficient energy cannot cause
coated with a few monolayers of helium. A_heated pl_ate Wayaporation.(vi) The probability for quantum evaporation
suspended just above the surface by a thin glass fiber. Thg§ents that are kinematically allowed is less than dwit)

hot gas resulting from the total evaporation of the film wastpe sticking probability for an evaporated atom reaching a
detected as a large heat pulse to a tunnel junction on thgs e surface is also less than one.

silicon substrate. Wurdackt al. found that a't'input energies We investigated some of these processes in a series of
of more thar_l 130 p_J!800 MeV), th_e amplifier worked as experiments in which phonons were producedabparticles
described, with a gain per round-trip of 1.8. At lower energysiopped in a superfluid-coated target. Thearticles, emit-
inputs, however, the gain per cycle was less than one so thgiq by a2*'Am source, had a well-defined energy of 5.5

no heat pulse could be observed, _MeV. The width of the energy distribution of the particles,

A number of effects could account for the low efficiency neagred using a surface barrier detector, was 10% due to
observed for small heat input. The helium atoms incident oo americium being embedded within a thin stainless-steel
the film lose their energy to elementary excitatigplsonons, matrix. The helium evaporated by an individualstopping

rotons, and ripplonsin the superfluid. The existence of an ;, yhe target was condensed on a collection wafer suspended
evaporation threshold, which depends on the number of iN3pove the target and kept entirely free of helium using a

cident helium atoms, implies that most of the evaporationjy pming device!® For eacha event, the temperature rise
observed by Wurdackt al. is a collective phenomenon as- in the wafer was measured using a neutron transmutation

sociated with these excitations. For a quantum evaporatioaOIOed germanium thermistbt.Both target and wafer were

process, in which a single excitation in the superflmd_ pr_o'operated at a base temperature of 25-35 mK in order to

thaximize the sensitivity of the bolometer and keep the vapor

; L . yressure of the helium as low as possible. In these experi-
erated by the condensing helium is dominated by low-energ ents we did not attempt to construct a complete amplifier,

phonons, there may be few excitations satisfying this condiy, \y aiher 1o study the processes that would be involved in
tion. Even if a significant number of higher energy excita- o

tions are produced in the film, the probability that a single
phonon or roton will desorb an atom may be low. Above the
threshold for amplification, the density of phonons is appar-
ently sufficiently high that a thermal distribution is formed In the first experiment we measured the energy deposited
with a significant number of high-energy phonons and rotonsn the collection wafers whea particles are stopped in four
in the tail of the Boltzmann distribution. different targets. We used the following targets) a

In our amplification scheme, we try to increase the likeli-1 cm?, 0.037 cm thick wafer cut from &111) 78 k() cm
hood of producing higher-energy excitations in the heliumuncompensated silicon sample supplied by Klitsie(i) a
by generating the phonons in the solid through the adsorptiosimilar wafer, cut from the same silicon sample, with a film
of the helium atoms onto a film-free surface. Our design hasf 500 A chromium followed by 2000 A gold deposited on
the additional feature that each amplification stage is physithe upper surface(jiii) a 1x0.7 cn?, 0.1 cm thick sodium
cally separate. Thus the gain can be controlled and, since thkioride sample? (iv) and a microscope slide cover glass.
film is never completely evaporated, the dead time should b&he silicon was prepared by cleaning lvia 3 min soak in
minimal. hot trichloroethelene, followed by acetone, methanol, and

must have an energy greater than 7 K. If the spectrum ge

A. Dependence on target material
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FIG. 1. Arrangement of the cell for the experiment on the
evaporation of helium from different substrates. The targets, two of
which are shown, are on a carousel that is mounted on a motor. FIG. 2. Histogram plot of the distribution of events as a function
Each target can be rotated into position below the primary wafer©f the pulse height in the primary and secondary wafers for evapo-
The « source is collimated and mounted on a motor so it can bdation from a silicon target struck hy particles from above at near
moved around the target positioned as shown. The evaporation cdlprmal incidence. The pulse heights on the two wafers represent the

be measured simultaneously on the two collection wafers. measured signal incV on the NTD thermistors at constant bias
current. The energy-voltage calibration is different for the two wa-

ers, but is in both cases linear at low energies. On the primary

de!on!zed water rlnses, a hydmﬂuo“.c acid dip, and a fma(/vafer, the signals above the peak are large enough that the non-
deionized water rinse. The glass received the same treatmeﬂﬁearity begins to be significant.

except with no acid dip. The NaF target was cleaved just
before insertion into the cell and received no further cleanwafer was parallel to the carousel and primary wafer, but
ing. The samples were exposed to air for atidh while the  offset so that a line from the target to its center made an
components were mounted in the experimental cell. The celingle of 50° to the vertical. This wafer subtended a solid
was then evacuated and flushed with helium several timesngle of 0.34 sr. With certain orientations of the gun and
The cell was cooled with an atmosphere of helium intro-carousel, it was possible far's to strike the primary helium
duced at room temperature, a quantity sufficient to form &ollection wafer directly. These's deposited the full 5.5
small pool of bulk helium at the bottom of the cell and coatMeV into the wafer and could be used for energy calibration.
its contents with a saturated superfluid film. As a secondary energy reference, calibrated against the direct
The cell was arranged as shown in Fig. 1. The samples signal, we used the evaporation signals produced by the
were mounted on a carousel attached to the shaft of a supagvaporation of helium from metal film heaters.
conducting stepper motor. Each target could be moved to a The evaporation of helium resulting from an particle
position such that it alone could be hit by theparticles. The striking a target produces coincident heat pulses in the two
plane of rotation of the targets was parallel to the heliumwafers. Figure 2 shows the distribution of coincident signals
collection wafers. Thex source was collimated to a cone on the primary and secondary wafers &gs hitting the plain
with a half-angle of 5.5°(forming an “« gun”) and silicon target from above at near normal incidence. The
mounted on the shaft of a second, horizontal motor. Thispread in the distribution of the coincident signals is approxi-
motor was positioned so that the gun’s axis of rotation was irmately equal to the spread in theparticle energy spectrum.
the plane of the carousel. By moving the source, we wer@he lower-energy counts are consistent with the rate of the
able to direct thex beam at either surface of a target and tolow-energy tail of ther distribution that is due tex particles
vary the angle between the track and target surface. In that have lost a significant fraction of their kinetic energy in
order to minimize shadowing of the evaporated helium bythe stainless matrix or the collimator. The higher-energy co-
the a gun, the primary collection wafer was slightly offset incident signals are primarily due to twe particles arriving
from the target center and the gun was positioned so that that the silicon within the time resolution of our detector. The
minimum angle of thex's to the surface was about 10° to majority of events, including both the high- and low-energy
the normal. As a result, no more than 0.5% of the solid anglesignals, falls along a line with a positive slope, indicating
subtended by the primary wafer was shadowed by the gun d@hat the spatial distribution of the evaporated helium is the
any orientation. The secondary wafer was not shadowed bgame fora particles of different energies and striking differ-
the gun at all. The evaporated helium was detected using twent points in the target. Other targets and orientations of the
collectors: a 20 crf sapphire wafer positioned over the in- a gun show a similar correlation between the two collection
tersection of thex beam with the targets dra 9 cnf silicon  wafer signals.
wafer to the side. The primargapphire wafer subtended a For each target, the signal was measured with dfge
1.8 sr solid angle above the target. The secondsificon) striking the target from above and from below. Measurement
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TABLE I. Results of evaporation from different targe8,,,is 42
the energy deposited into the primary collection wafer witls Q
incident on the side facing the wafe®,, is the signal witha's 10k :,
incident on the opposite side. No corrections for solid angle have e o
been made. sk . o M
s‘ °
Target Snear(MeV) Stz (MeV)  Snead Star S .l
plain Si 8.0:0.3 0.20:0.04  40:8 E [
Si plus metal film 0.20.2 0.070.04 10t 6 w” 4F
NaF 5.0:0.2 0.16:0.03  50+15 [
glass 8.6:03  0.0:0.04 2
—— MONTE CARLO
0 i 1 1
at low energies was made difficult by the combination of the 90 48 0 (DE‘:_?REES) 48 90

presence of background pulses producedylnays convert-
ing in the collection wafers and the intrinsic noise of the
system. The background rate increased rapidly with decreas- r, 3. Energy deposited into the primary wafer by helium
ing energy, while at low energies, the noise made the signalyaporated from a silicon target as a function of the incident angle
on the secondary wafer too small for coincidence measurest o particles. The direction of the track is measured from the
ments to be possible. This made the effective threshold fofiormal to the target surface by the angle Points represent data
resolving the evaporation peak on the primary wafer aboutaken with thea source on the same side of the target as the col-
70 keV. The energy deposited into the primary wafer forlection wafer. The solid line shows the results of a Monte Carlo
each of the targets is summarized in Table |. The plain silicalculation(see the tejtof the energy into the film with a trans-
con target produced the largest signal, with 8.0 MeV deposmission probability of 0.35 and evaporation efficiency of 0.38.

ited in the primary wafer when's were incident from above

the target and 0.20 MeV whea’s were incident from be- used a silicon target similar to the one described in Sec. Il A
low. A metal film on the upper surface of a silicon target with the addition of a neutron transmutation doped therm-
drastically reduced this signal. As expected, the glass targeigtor attached to the target. The signal from the thermistor on
which should be a very poor transmitter of phonons, gave nghe target was used as a trigger for signal averaging at the
measurable signal far’s hitting from below. For all targets, collection wafer. A collimatedr source was positioned be-
the signal produced by’s striking the surface nearest the neath the target and a helium-free collection wafer was sus-
collection wafer gave a much larger signal than that profended above the target. The apparatus was cooled with no

duced bya’s striking from below. helium in the cell and small increments of helium were
added. Although the surface area of the cell and its contents
B. Dependence orw track direction could only be estimated to within a factor of 3, the recovery

ime of pulsed heaters and the behavior of the film burner

With the same experimental arrangement as shown in Fig' M€, . L .
P g %/enﬁed that even after the first three additions of helium, the

1, the evaporation from the helium-coated silicon target wa e i
measured as a function of theparticle angle of incidence. '€sulting film was not superfluid and therefore put an upper

In this experiment, the plain silicon target was positioned®2und Of approximately 1-ML coverage per addition. After

under the primary collection wafer. The target and collection€ach addition, the evaporation signal was measured. At low

wafers remained fixed while the gun was rotated around coverages no signal was observed. After the fifth addition of

the target. The signal on the primary wafer was measured lium, a signal appeared and remained constant to.\(vithin
a function of the angle between the normal to the siliconfPout 30% of the average value with subsequent additions.
surface and ther track direction. The measured energy into o .

the primary collection wafer as a function of angle fer D. Angular distribution of evaporated helium

particles striking the upper surface of the target is shown in | our next experiment, the distribution of the evaporation
Fig. 3. The angle of the gun relative to the targels mea-  signal was measured as a function of the angle between the
sured from the normal to the target surface. At normal inci-detector and the target. A schematic of this experiment is
dence, the energy into the collection wafer is 8 MeV. As thepresented in Fig. 4. A silicon target and angun were
angle from normal incidence increases, the signal monotonimounted on the shaft of a motor and positioned between two
cally increases. The maximum signal, with thés incident  gimost parallel helium collection wafers so that evaporation
from above and almost parallel to the target surface, was 1gom both surfaces of the target could be measured in coin-
MeV. For thea's incident from below, the signal is only 210 cidence. In this experiment, the collection wafers were the
keV, a factor of 40 down from the maximum signal. Within g-cm?2 silicon wafer used in Sec. Il A aha 1 cn? silicon
the accuracy of these measurements, we observed no depgyafer. The target could be rotated in order to vary the angle
dence of the signal size on the gun angle with #fie inci-  petween the normal to its surface and the collection wafers.
dent from below the target. The « gun was fixed relative to the target with the beam
making an angle of 45° with the normal to the target surface
as shown in the figure. This prevented shadowing of the
We investigated the dependence of the evaporation signabllection wafers by the gun. The signal from the evapora-
on the thickness of the helium film. For this experiment, wetion on the same side as tlaebeam served as a trigger. By

C. Dependence on film thickness
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FIG. 4. Schematic of the experimental setup for measuring the

INVAR
CHAMBER

spatial distribution of the evaporation from a silicon target. The i am SOURCE
large signal on the wafer on the same side as the gun is used as a >
trigger for the other wafer. The gun is mounted at a fixed position @
relative to the target and is at an angle to prevent shadowing of the
signal.
PUMP-OUT

) o i . FIG. 6. Schematic of the sealed target experiment. A silicon
using this trigger and averaging the response on the oppositgrget is sealed using an indiu® ring to an invar chamber. A

side, we were able to resolve signals lower than the normajump-out tube makes it possible to evacuate the chamber indepen-

energy threshold. The results of this experiment are shown iiently of the cell. Helium can also be admitted into the sealed

Fig. 5, where the energy into the collection wafer per sterachamber using the pump out. A collimatedsource is placed inside

dian is plotted against the angle between the normal to théhe chamber and a film-free collection wafer is placed just above

target surface and the normal to the collection wafer. On théhe target. A second*Am source can be rotated under the collec-

surface facing ther gun, the 1 cmd wafer received a maxi- tion wafer for calibration or into an enclosed region to isolate it
from the experiment.

sl ® mum of 4.7 MeV sr’. The angular dependence is fit well

@ by a cosine function. On the side opposite the gun, the signal
® was measured using the 9 éncollector. On this side we

measure a maximum of 0.1 MeV'st and the angular dis-

® ® tribution is also well described by a cosine.

E. Sealed target experiment

In a final experiment we investigated the desorption due
to a’s stopped near a film-free surface. For this experiment,
a wafer cut from the sam@ 1]) silicon used in the previous
(b) experiments was sealed by means of an indidiming to an
0.15 | invar chamber containing a collimated’Am source(Fig.

6). The chamber had a pump-out tube for both leak testing
and introducing helium into the chamber when desired. The
a beam was collimated to within 7° of the normal to the
silicon surface. Thex cone defind a 1 mmradius spot at the
0.05 I ¢ center of the silicon. The edge of the indium seal was at a
radius of 6 mm. To distribute the forces uniformly and pre-
o vent the silicon from breaking, a thin indium washer was
placed between the silicon and the thrust plate. Since the
silicon was thin and did not make contact with the holder
except at the indium, phonons produced bydhgarticle had

to make many reflections at the silicon surfaces before they

FIG. 5. Energy per unit solid angle deposited into the collectioncould escape. Both for the sake of simplicity and for a maxi-
wafer as a function of the angemeasured from the normal to the Mum signal, in this experiment we tried to collect all of the
silicon target surface. The solid line is the result of a cosine fit toevaporated helium. To this end, a single 20%coollection
the data points(a) Evaporation from the same side as the energywafer was placed as close as possidlem) above the tar-
deposition.(b) Evaporation from side opposite energy deposition. get. A seconde source was mounted for calibration on a

ENERGY INTO WAFER (MeV sr'l)

-90 -45 0 45 90
6 (DEGREES)
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Both the angular distribution measured over the near surface

200 . 200 . and thea track experiment at normal incidence give 15 MeV
(@) 3 (b) as the total energ$/.,, that would be deposited into a col-
Trigger Trigger lection wafer covering the full 2 sr solid angle. We also
150} | 4~ 150} |4~ have three measurements from which we can calculate the
’ total adsorption energy intor2 at the far surfaces,,. In
@ R these, thex’s were directed at the target at near normal in-
Z 100 . | 100l cidence and both surfaces of the target were coated with
o) ] . . helium. We find a value of 0.35 MeV fdg,, from the an-
© b : 1 gular distribution over the far surface, 0.38 MeV in the ex-
50 e 50_.: ; periment on thea track with the source from below, _and
R 14 0.30 MeV from the sealed target with helium present in the
3 . ] '{ chamber. The sealed target experiment also gives us
'hf ’ I ;l!l S,ac=1.0 MeV for the integrated evaporation intar 2n the
0 o5 1952 % 02040608 1 far side when the near side is under vacuum. From the aver-
ENERGY (MEV) ENERGY (MEV) ages of each set of measurements, we can calculate some

ratios that will prove useful in analyzing the results. The

) o S _ ratio of the evaporation signal from the side near die to
FIG. 7. Pulse height distribution of the evaporation signals inthe evaporation from the far side with helium on both sides is
the sealed target experimef@ No helium in the sealed chamber. Sr;ealsflar:45' The ratio of the far side evaporation signal

(b) Helium present in the chamber. A pulse is recorded when Fhﬁ_\/ith the near side under vacuum to the far evaporation signal
change in the voltage across the thermometer exceeds a level indi-. . . , ,
ith helium on the near side §/,/S;,,=3.4.

cated by the trigger line on the plots. The lowest energy points all
the trigger are due to background.

I1l. DISCUSSION
superconducting stepper motor. The calibration source could
be moved under the collection wafer so thes could hit the
wafer directly. When not in use, the source was moved into In order to discuss the experimental results, we first
a shielded area where it could not influence the experimenpresent a more detailed description of the principal processes
An atmosphere of helium was introduced into the experithat occur in our experiments between the initial deposition
mental cell at room temperature, while the target chambe®f energy in the silicon target and the final measurement of
was kept under vacuum. Upon cooling, the helium con-the heat pulse in the collection wafer. A 5.5 MeVparticle
densed to a saturated film on the outer surface of the targetas a range of 2pm in silicon. It loses its kinetic energy in
while the surface facing the source remained free of he- the silicon primarily by ionization, with the energy loss per
lium. After measuring the desorption signal with no heliumunit length increasing as the energy of the particle
in the test chambef‘vacuum measuremeny; enough he- decrease¥! For most of its length ther track is essentially
lium was introduced to form a saturated film on the lowerstraight. The excited electrons produced along ¢h&ack
surface of the silicon as well and the evaporation signal watose their kinetic energy by scattering off atoms, thereby
measured agaifi‘helium measurement. generating mostly optical phonons. These phonons decay

We measured 880 keV deposited by the evaporated hénto lower-energy acoustic phonons, which then continue to
lium adsorbing on the wafer with no helium in the chamber.decay further at a rate that depends on the phonon energy as
After helium is introduced to the vacuum chamber so that theEgh.E’ At the same time, the phonons scatter elastically at a
target is covered with a helium film on both sides, the energyate proportional tdy, from isotopic impurities® The effect
into the detector wafer drops to 260 keV. Thus we have af these two processes in which the diffusivity is increasing
factor of 3.4 between the helium and the vacuum measurén time while the mean energy decreases is known as
ments. The pulse height distributions for the two measurequasidiffusion->"*®When a phonon reaches the surface of
ments are shown in Fig. 7. the silicon and there is liquid helium on the other side of the
interface, transmission of energy via the excitation of
phonons and rotons in the liquid occurs with a probability
that depends on the surface conditidh&’ If no helium is

We summarize here the evaporation signals measured jresent, the phonons are expected to reflect specularly. At a
the experiments in which a silicon target and saturated hereal surface that has an oxide layer, adsorbed material, or
lium film were studied. In order to compare the results of thedamage, the reflection may have a diffuse component. The
experiments, the measured sigBahust be corrected for the phonons may also down-convert in the oxide layer before
solid angle subtended by the collection wafer. In each casegturning to the silicon.
we assume a cosine distribution and estinfalte the inte- Of the energy that enters the helium film, only a fraction
grated evaporation into the two hemispheres defined by thkeads to evaporation. The energy appears in the helium as
target: the one over the surface facing thearticle source rotons and phonons. The evaporation from the surface of
and the one opposite the source. We have two measuremetglk helium at low temperatures has been shown by
of the evaporation from the surface near tarticle im-  Wyat?*~2® to be dominated by quantum evaporation pro-
pact at near normal incidence with helium on both surfacescesses. The term quantum evaporation is used by Wyatt to

A. Overview of physical processes

F. Summary: Total evaporation from silicon target
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indicate that in the evaporation event, a single excitatiortion as the incidentx momentum. The energy loss of a heavy
gives up all of its energy to a single helium atom. When aparticle of chargeZe, massm, and velocityv in a medium
roton or phonon arrives at the free surface, it will often re-containingN electrons per crihas been calculated by Bethe
flect instead of desorbing an atom. Excitations may alsand is given b}/

down-convert, resulting in phonons with energy too low to ) )

cause evaporation. At the solid interface, the excitations may _dE_4nZ%* N in 2mo”  w® i
return into the silicon. If the temperature rise in the helium is dx  mv? ' v? c?
sufficiently high, interactions among the excitations will 1I-=)

maintain a thermal distribution of rotons. The lower-energy
phonons produced by the decay of rotons will recombine tdierel is a characteristic energy for the stopping material and
replenish the roton bath and a larger fraction of the energys approximately 170 eV for silicon. In calculating the qua-
entering the helium will produce evaporation. sidiffusion of the phonons, we follow the derivation given by
Because of geometric constraints in assembling the exMaris’® We assume that all of the energy appears as
periments, not all of the evaporated helium atoms reach thehonons of sufficiently high energy that their lifetime is
collection wafers. The evaporated atoms that do arrive at thghort; we choose an initial energy of 800 K for all the
bare surface of a collection wafer have a certain probabilityphonons, but the dependence of the results on the starting
of sticking to it and depositing their kinetic and binding en- energy is weak as long as the mean free path at the initial
ergies. Both the sticking probability and the binding energyenergy is much less than the depth to which ¢hearticle
to the solid depend on the wafer material. The sticking probpenetrated. The isotopic scattering rate in silicon is tak&h as
ability will also depend on the energy of the incident helium 1 4 —1u-2a
atoms. 7 —0.4GEph s K (2)
In the discussion that fO”OWS, we will denote the total and the anharmonic decay rate as
energy deposited into a helium film on the near surfaxe
which the a particle is incident as Q4 and the energy in TA =1.6xX10*Ep, s K3, ©)
the far film when both surfaces are coated with helium as

Q:r- When the near surface is under vacuum the energy i here the phonon enerdy,;, is measured in kelvin and the

the far film will be Q... Similarly, the total energy that ecay rate is averaged over the longitudinal and transverse
would have been measured by a bare wafer covering the fuﬁhonon modes. When a phonpn decays, the two res_ultmg
27 region over the near surface will I#.,.. The total en- phonons are taken to be gqlllnear, but not necessarily of
ergy that would be measured at the far wafer when helium isgglcjzl Ser:ﬁtrgIeé)sn.eThEOpnrgrk]Jagflllteyng:;t)Ea pgggot?]gfoetﬂgggf
present on both surfaces will I8, and the energy measured Y b ph

at the far wafer when the near film is under vacuum will beenergy (= X)Eph is taken to be proportional to
Stac: x2(1—x)2. (4)

For the propagation of the phonons between scatterings
and decays, we neglect the anisotropy in the sound velocity

In most of our experiments, the target is a thin siliconand assume that all the phonons travel at the Debye velocity.
wafer with a helium film covering both of its principal sur- At the surface, there is a probabilif,,s that the phonon
faces. The fraction of the particle’s energy that is depos- energy is transmitted into the helium. Since the transmission
ited in the helium at each surface depends on the direction aff phonons from a solid into liquid helium depends on the
the « track, the rates governing the quasidiffusion of thesurface conditionsPy,,sis taken as an adjustable parameter
phonons, and the probability of transmission of phononsn the program. The transmission across the interface is as-
across the silicon-helium interfaces. Thearticle generates sumed to be independent of the phonon energy and angle of
high-energy phonons close to the surface at which it entergncidence. Phonons that are not transmitted are assumed to
The mean free path of these phonons is initially very shortreflect diffusely. We do not consider any other loss mecha-
As the phonons decay, the mean free path increases amisms at the surface or within the silicon crystal.
eventually becomes comparable to the thickness of the tar- Figure 8 shows the calculated energy that enters the near
get. Most of the phonons that reach the far side of the wafefilm as a function of the direction of the track for several
will have had to reflect at the near surface several timesvalues ofPy.,. The track direction is measured from the
Each time they reach a helium covered surface, they haveormal to the target surface by the angleAs the probabil-
some probability of losing their energy to the liquid. We ity of transmission increases, the fraction of the energy that
have carried out a Monte Carlo calculation in order to esti-enters the helium at the near surface also increases? As
mate the fraction of the energy that is deposited in the heliunincreases, the energy is deposited closer to the target surface
at the near surface. We consider the propagation of phonorand a greater fraction enters the near film.
produced by a 5.5 MeW particle stopped in a 37@m thick By comparing the calculated energy deposition at normal
silicon target. The energy arriving at the near film is calcu-incidence to the results of the sealed target experiment, we
lated for several assumed values of the probability for thecan estimate the transmission probabilRy,,.. We mea-
transmission of phonons into the helium and for a range ofured a ratio of 3.4 between the evaporation signal with the
«a track directions. sealed chamber evacuated and the signal with helium present

We begin with the energy distribution expected for ion-in the chamber. In both cases, the phonons must travel ap-
ization along a straight 2am track lying in the same direc- proximately the same distance to arrive at the surface at

B. Phonons in silicon
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whereN is the number of helium atoms that are desorbed,
€ is the binding energy of a helium atom to the helium

film, and Q is the total energy deposited in the helium film.

v The energy that would be deposited in a collection wafer
covering the full 2r hemisphere over the target surface is

45 oo e o L S=N(é€soliat €xin) - (6)

Here eq,iq is the binding energy of the helium atoms to the
40 | T 0% bare collection waferg,;, is the average kinetic energy per
_________________________________ 50% atom of the evaporated helium, andis the probability that

a helium atom arriving at the collection wafer will stick to it.

3.5 - - - : - ! ! From Egs.(5) and(6), we can express the efficiency as

NEAR SIDE ENERGY (MeV)

6 (DEGREES) o S €iiq
Q (€soliat €xin) @

FIG. 8. Energy entering the near helium film as a funCtion Of theWe have reported elsewhé?eneasurements Of the factor
angle of incidence of the: particle, 8, as measured from the nor-

mal to the target surface. Curves are the results of a Monte Carlo
calculation with different transmission probabilities, as indicated. f=

)

€lig
(€soligt €kin) @

which the evaporation is measured. Any energy losses withifor evaporation by rotons near the dispersion minimum in
the bulk silicon should therefore attenuate both signal$ulk helium. For the silicon and sapphire wafers used in the
equally. As long as the losses at the vacuum-solid interfacexperiments discussed in this paper, we found the value
are not significant, the ratio of the energies entering the filmf ~0.10. We will assume that the same valuef afpplies in
in the vacuum and helium measureme@g,./Qs,, should  the present experiments. The principal concern regarding this
then be equal to the ratio of the full kinetic energy of theassumption involves the probability of helium sticking to the
« particle to the calculated energy entering the far film withcollection wafers; the sticking probability could be different
a film on the near surfacg,/Qg,,. We will see Secs. Il C in the two experiments due to differences in surface condi-
and 11l D that in the case of the far film, the ratio between thetions and in the energy spectrum of evaporated atoms.
energy entering the film and the energy deposited in the col- We calculate the efficienog,,. at the far surface from the
lection wafer should not depend on the conditions present aesults of the sealed target experiment with no helium
the near surface. If we assume tHg(,/S;, is equal to  present, the above value for and Eq.(7). The experimental
Quac/Qtar, the experimentally measured ratio best agreewalue for the energ,,. deposited in the collection wafers is
with the Monte Carlo calculation &=0 when the transmis- 1.0 MeV, as discussed in Sec. Il E. The energy transmitted
sion probabilityPy,,.s is taken to be 0.35. into the film when the sealed chamber is evacuated is the full
The quasidiffusion model has recently been experimenkinetic energy of thex particle, 5.5 MeV. Thus we find that
tally verified by Shields, Msall, Carroll, and Wolf¢*who  the efficiency of evaporation from the far surface is
performed an experiment in which phonons produced near @ ,.=1.0x0.10/5.5=0.018. As we will discuss in Sec. Il D,
silicon surface undergo quasidiffusion. Shietdsal. used 10 it is reasonable to assume that the evaporation efficiency on
ns Ar' laser pulses to generate phonons in silicon and meahe far side does not depend on the conditions if the near
sured the phonon signal arriving at a bolometer on the surside. That is, the efficiency with helium present on the near
face opposite from the excitation surface. The signal wasurfaceey, is the same as,,.
measured first with the excitation surface under vacuum and We get a very different result for the efficiency at the near
then with it in contact with bulk helium. The surface at surfacee,.,. In Sec. Il D we will argue that the efficiency
which the signal was measured was always in contact witlyf evaporation at the far surface is the same regardless of the
helium. When high-energy phonons were produced, Shieldgresence of helium on the near surface. From the sealed tar-
et al. found good agreement with a Monte Carlo calculationget experiment we can therefore find the energy transmitted
similar to the one presented above. The experiments suppag the helium at the far surface of the targ€:{) when
the quasidiffusion model as well as provide a measuremeriielium is present on both sides:
of Pyane=0.5 for the silicon-helium interface of their sample.
This value is higher than our estimate of 0.35 for the trans- Star
mission probability, but both values are well within the ex- Qfar:STEalpha- ©
pected range for an untreated silicon surfite. ac

)

whereE,, is the kinetic energy of thex particle. S, is the
C. Evaporation efficiencies energy deposited into the collection wafers, as summarized
in Sec. Il F. Equationi9) givesQs,=1.6 MeV. Thea energy
that is not transmitted to the far film appears in the near film,
so that

We define the evaporation efficiency as

_ Neig

e= , 5

Q Qnear B Qfar- (10
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The energy in the near film at normal incidence is thereforehelium and with energy near the roton minimum. For want of
3.9 MeV. The measured signal on the near sBjg, was a better estimate, we assume that this same probability ap-
measured in both the angular distribution anddhdirection  plies for all rotons within the angular range allowed by the
experiments. These results are given in Sec. Il F. Using thesgonservation laws and that the probability is zero for larger
values forS and the calculated energy input of 3.9 MeV for angles. The evaporation probability per single encounter
Q in Eq. (7), we find that the evaporation efficiency at the with the surfaceP;yq. is therefore 0.3% 0.060~0.021.
near surface, .o is 0.38. Those rotons that are reflected from the free surface of the
The ratio of evaporation efficiencies at the near and fafilm will return to the helium-silicon interface. At this inter-
surfaces 0.38/0.01820 is too large to be explained by any face a roton may be reflected as a roton, reflected as a pho-
uncertainty in the parameters in the Monte Carlo model. Achon, reflected as multiple excitations, or transmitted into the
cording to this model, the maximum energy deposition to thesilicon. If transmission into the silicon occurs, the energy in
near film occurs for perfect transmission of the phononghe roton will not contribute to the evaporation. If the energy
across the silicon-helium interface. If this occurred, theis reflected back into the helium film as multiple excitations,
Monte Carlo simulation predicts 4.7 MeV entering the nearthe chance of evaporation occurring is reduced because the
film and 0.80 MeV entering the far film. Combining these excitations may have too low an energy to cause evapora-
values forQ with the measured values f& we would then tion. The relative probabilities of the different possible pro-
find a near efficiency of 0.32 and a far efficiency of 0.044.cesses at the helium-silicon interface are not understood. In
Thus the evaporation from the near surface is still more thagn experiment with bulk heliuffi** we have compared the
an order of magnitude more efficient than the evaporatior@vaporation by a pulse of rotons directed at the free surface
from the far surface. For the source of this discrepancy, wé@f the liquid with the evaporation measured after the rotons
consider in greater detail the distribution of the energy that igvere reflected at a silicon surface. The ratio of the evapora-
deposited in the helium at the two surfaces and the resultinon signals was found to be 0.3. If we accept this value as a
evaporation rates. reasonable approximation to the effective roton reflection co-
efficientr in the present experiment, we can calculate the
evaporation probabilityP,,,,+ allowing for multiple attempts

D. Superfluid film to be
We believe that the difference in efficiencies is related to
differences in the energy density in the helium films covering P :& —0.03 (12)
the near and far surfaces. In this section we present the evi- ML —r (1= Pginged

dence in favor of this view. ) . . .
Let us first consider the processes that occur whemail This result is in reasonable agreement with the evaporation

flux of phonons is incident from the silicon onto a helium &fficiency that we have measured at the far surf@cel8.
film. Some of these excitations will enter the film and appear ' NiS calculation assumes that there are no interactiens

there as rotons and phonons. The energy spectrum of thelyeenthe excitations while they are in the film. Thus, for
excitations in the helium film is not known. It may be sig- €<@mple, we have considered that rotons may decay into

nificantly affected by the condition of the silicon surface. OWer-energy excitationgphonons when they retum to the
The oxide layer, for example, may absorb the incidentn€lium-silicon interface, but the regeneration of rotons by
phonons and reemit them into the helium film with a sub-coalescence of the lower-energy excitations has been_ ne-
stantially lower energy. One expects that because the densiq}ected. If these coalescence processes occur at a sufficient

of states for rotons is much larger than for phonons, most ofate they will lead to a distribution of excitations character-
the excitations in the film will be rotons. ized by some effective temperatufe If this temperature is

Once in the film the excitations will propagate across andUfficiently high the evaporation efficiency will increase. We
impinge on the free surface. For each excitation of momenP€lieve that the onset of this “thermal” evaporation is the
tum p there will be a probabilityP(p) of evaporation. The réason _that we measure a much larger evaporation efficiency
functional form ofP(p) is not known in quantitative detail, &t the film on the near surface. _
but some characteristic features have been established. Exci- [N ©rder for there to be a high efficiency of evaporation by
tations of energy below 7.2 Kfrom the phonon part of the & thermalized distribution of excitations it is necessary that
spectrum do not have enough energy to cause evaporatiof€ rate of escape of enerdye,,{T) from the fim as a
and soP must be zero. For excitations above the energyesult of evaporation be greater than the 1Qtg(T) due to
threshold, Wyaft has shown that the energy and the com-the energy loss back into the silicon substrate. To estimate
ponent of the momentum parallel to the surface are conQeys, We note that when helium liquid is in contact with
served in the evaporation process. Because of these conssaturated vapor at the same temperaiuthe rates at which
vation laws, only rotons that are incident on the superfluidatoms condense from the gas and evaporate from the liquid
surface within a certain angle of the normal can lead tamust be equal. The flux of atoms from the gas side is
evaporation. For rotons with momenta close to the roton
minimum this angle is approximately 20°. If the roton ve-
locities are uniformly distributed over all directions, the ZA”gas(T)Ugae(T)’
probability that an incident roton will lie within this allowed
range of directions is 0.060. We have repoffed lower  whereA is the area consideredy,is the density in the gas,
bound of~0.35 for the probability of evaporation by rotons anduv g,= (8kT/7m) Y2s the average atomic velocity in the
at approximately normal incidence to the surface of bulkgas. Since the probability of an incident gas atom condensing

(12
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FIG. 10. Energy deposited per unit area of the film for various
FIG. 9. Calculated energy-loss rate from a helium film by distances from the track as estimated from the Monte Carlo simu-
evaporation and by phonon radiation into the substrate as a functiogtion. The track is assumed to be perpendicular to the silicon sur-
of temperature. face. The quantity plotted is the energy per unit area integrated over
time up to the time indicated.
into the liquid is close to unity° we can assume that essen-
tially all of these atoms enter the liquid. It follows that the MeV deposited in the silicon enters the far film. Thus, at no
rate at which atoms evaporate from the liquid must be giverpoint does the temperature of any part of the far film exceed
by this same expression. If we now consider a situation irthe crossover temperature.
which the liquid is at temperatur€ and there is no vapor It is important to note that the calculation just given im-
above it, the rate of energy loss from the liquid will be plicitly assumes that the energy arrives at the film on a time
scale short compared to the time for evaporation to occur.
We can define this time as

Tevap Q(T)/Qevap(-r)a (15

hereQ is the thermal energy in the film needed to raise its

mperature ta'. This time is 200 ns at 0.64 K and is thus
considerably longer than the time it takes for most of the

1 energy from thex particle to reach the filntsee Fig. 1D At

N T _ higher temperatures the time decreases and becomes compa-
Qsi 4AES|(T)U Debyd” trans- (14) rable to the time over which energy is deposited. Thus, for
. . . .. those regions of the film that receive large amounts of energy
In this expressiorPy,sis the average phonon transmission her ynit area some of the energy will be lost by evaporation
probability for phonons going from silicon into the film, pefore all of the energy has arrived. The helium temperature
Esi is the energy density in silicon at temperatdfge and il not reach the maximum value calculated from the en-
UpebyelS the Debye average sound velocity. R,swe Wil argy density, but will still be high enough for evaporative

use the same valu@.39 estimatgd in Sec. I1B. In Fig. 9 heat loss to dominate over substrate phonon reemission.
we showQe,4p and Qg; as a function of temperature. It can

be seen that above 0.64 K the heat I_os§ by evaporation is IV. CONCLUSIONS
larger than the loss due to phonon radiation.

It follows from this result that for thermal evaporation to  In order to construct a useful amplifier based on the
give a high efficiency the film must be heated above 0.64 Kevaporation of helium, the gain — the energy received in the
It is straightforward to estimate the energy input required tocollector divided by the initial energy deposited by the par-
do this. We assume that the film thickness is 300 A andicle YQ — must be greater than unity. This condition is
obtain the result that the energy per unit area needed to reackearly not met in the present experiments for the geometry
0.64 K is 2x10°°> MeV um 2. We can compare this value of interest. When helium is evaporated from the far surface
with the energy deposited per unit area of the film as giverwith no helium film on the near surface&/Q=1.0/5.5
by the Monte Carlo calculation. Figure 10 shows the calcu=0.18.(The fact thatS/Q is greater than one when helium is
lated energy deposit into the helium on the near surface pavaporated from a local hot spot produced byagparticle at
unit area for different distances from the point where a trackhe near surface is of no consequence to the design of an
at normal incidence intersects the silicon surface. Even amplifier, where the energy density can be expected to be
distances as far as 120m from the track the temperature low.)
rise of the film exceeds the crossover temperature 0.64 K. At Several factors may contribute to the low value of the
the far surface, the maximum energy density predicted by thgain. These includ¢i) down-conversion of phonons in the
Monte Carlo calculation is less tharx2.0 ¢ MeV um 2, solid to energies below the threshold for quantum evapora-
even when the near side is under vacuum and the full 5.5on, (ii) poor transmission of phonons across the solid-liquid

. 1
QevapZZAngas(T)Ugas(T)Ly (13

whereL is the binding energy of helium, i.e., 7 K. An analo-
gous calculation can be made to estimate the rate at whi
heat flows from the film into the silicon. The result is
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interface,(iii ) low probability of a helium atom being evapo- atom from the monolayer would need to be larger, roughly,
rated by a roton in a single encounter with the surface of thé¢han 0.14. This estimate does not take into account the pos-
liquid film, and(iv) loss of rotons upon their interaction with sible difference in number of phonons with energies suffi-
the solid interface. Our calculation of the phonon quasidiffu-cient to desorb atoms from a monolayer and the number of
sion and transmission into the helium suggests thaand excitations in the film capa_ble of evapqrating atoms. We are
(ii) are not significant problems. We believe that the combinot aware of any theoretical calculations or experimental
nation of (iii) and (iv) is principally responsible for the low Measurements that provide any direct information about the
gain. probability of a phonon desorbing an adsorbed helium atom.

With the discovery of substrates to which helium is only HOWever, observations by Inwi indicate that phonons in

weakly bound8it may be possible to avoid the losses aSSO_S|I|con couple very efficiently to an adsorbed monolayer of

ciated with the saturated superfluid film. Atoms can be deshe,”ur.n' Irwin studied the ballistic phonon s.i'gnal arriving at a
orbed directly from a weakly bound monolayer on the sur—th'n'f'lm bolo_meter_ on the surface of a silicon crystal. The
face of the solid. Helium is expected to be bound to cesiuny'9"2: resulting principally from phonons that are reflected

with an energy of only a few degrees keldiHowever, the rom the silicon surfaces prior to reaching the bolometer, is
mobility of weakly bound helium atoms is likely to bé high strongly attenuated if a monolayer of helium is adsorbed on

and the binding of helium to itself is stronger than the bind-the silicon. In Irwin's experiment the phonon energies are

ing to cesium. It may not be possible to maintain a mono_unlikely to be sufficiently large to produce desorption of he-

layer of “He on a thick cesium substrate at low temperaturesl.'i’m fr(t))m tget SLIP']CO”’ EUt raéher creatfethexc:canon_s tOf tht(.:‘
On the other hand, liquidHe does wet cesium, the binding atoms bound to the surface. Secause of the strong Intéraction

energy of an atom to the liquid being only 2.5 K. With between phonons and adsorbed atoms the probability may be

. - 3 . .
3He a stable monolayer should be obtainable at low temperab—'g'hhfolr desok;plg_g He atoms fr(_)rrR a (;re]sm:jted Turfacetwnfh
tures, if not on a thick cesium substrate then on a thin cesiu uch lower Dinding energies. us the development or a

substrate. The binding energy to the surface can be tuned {geful amplifier for particle detection remains a possibility.

a desired value as a consequence of its dependence on the
cesium thicknes#

The use of a weakly bound monolayer of helium may This work has been supported by the U.S. Department of
make it possible to construct an amplifier with useful gain. InEnergy under Grant No. DE-FG02-88ER40452 and by the
the present experiments an overall gain of 0.18 was obtainelational Science Foundation through the Center for Particle
when the probability of desorbing a helium atom from theAstrophysics at the University of California, Berkeley. T.M.
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