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Phonon-absorption imaging of the electron-hole liquid in Ge
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We report the use of heat pulses to image the spatial distribution of electron-hole liquid (EHL)
produced by either cw or pulsed Nd: yttrium aluminum garnet laser excitation. The transmission of
phonons through the EHL cloud is observed as the probe pulses are scanned in two dimensions. In
contrast to previous phonon-absorption work, the scattering of the fast transverse-acoustic phonons

(q~ ~(110)) is found to be quite strong. For cw clouds 2 mm in diameter, 35% of the probe pho-
nons were scattered or absorbed. For the clouds excited by a high-energy Q-switched pulse, up to
60% of the phonon beam was attenuated. This is nearly all of the phonons which can satisfy energy
and momentum conservation, indicating that the pulsed cloud has a much larger filling factor than
that of a cw cloud. Interpretation of the large absorption requires the inclusion of hole-phonon

scattering, which has not been previously considered. Time-resolved phonon-absorption images
show that during the laser pulse the liquid expands at near-sonic velocity. After the pulse,
electron-hole droplets are driven for millimeters by the action of a phonon wind, consistent with the
results of recent luminescence studies. There is no evidence in the absorption profiles of a large,
long-lived source of phonons (Hensel-Dynes hot spot). Additional time- and space-resolved heat-

pulse experiments indicate that the long tail (~=5—10 psec) in the heat-pulse signal is not due to lo-

calized storage of phonons. Instead it is ascribed to elastic and inelastic scattering of the phonons
within the bulk of the sample.

I. INTRODUCTION

Much work has been done in the study of photoexcited
excitonic states in semiconductors. In Ge, at low tempera-
tures and sufficiently high excitation levels, these carriers
condense into a Fermi-fluid phase called the electron-hole
liquid (EHL), whose properties are well known. ' The con-
densate forins droplets (EHD) of approximately 10' pairs
and a density, no, of 2.4&&10' cm . Despite their large
mass, EHD are observed to move distances of several mil-

limeters into the crystal, forming a cloud with about a 1%
filling factor.

This macroscopic transport is due to a phonon-wind
force. The nonequilibrium phonons emanating from the
excitation region are absorbed by the electrons and holes.
The acquired momentum of the individual carrier is rap-
idly transmitted to the drop as a whole, contributing to its
net motion. The phonon flux is anistropic due to phonon
focusing. This produces an anisotropic EHL cloud dis-
tribution for moderate cw laser powers.

Several authors have examined the EHL phonon
scattering directly. Phonon pulses were directed
through the EHL cloud in various directions. Hensel and
Dynes, for example, observed that 35% of longitudinal-
acoustic (LA) phonons with q ~ ~

(111)were scattered by a
volume-excited cloud. In contrast, they observed only
1—6% absorption for fast-transverse-acoustic (FTA) pho-
nons with q~~(110). It seems remarkable that such a
weak interaction of FTA phonons with EHL could pro-
duce the most prominent features in the cloud —sharp
"flares" extending along (100) planes in the crystal. ' This
is an issue which will be addressed in the present paper.

Some experimenters ' used high excitation levels (e.g. ,
froin a Q-switched laser) to produce heat pulses for prob-
ing the cloud of EHD. In addition, these authors noted
that the heat pulses were characterized by a sharp ballistic
peak followed by a long tail. To explain this temporal
behavior, Hensel and Dynes postulated the existence of a
large (R =600 pm) long-lived (v=10 @sec) "hot spot"
(T=8.5 K) created by the thermalization of the carriers at
the excitation surface. It was proposed that phonons
within this large hot spot propagate diffusively —with fre-
quent scattering events due to phonon-phonon
interactions —but phonons on the edge of the hot spot
could travel ballistically to the detector. The principal
evidence for this model was the long, power-dependent tail
which was observed following the ballistic heat-pulse sig-
nals and interpreted as the lifetime of the Hensel-Dynes
hot spot.

Using a spatial-filtering technique, Greenstein, Tamor,
and Wolfe" examined this storage region in some detail.
The phonon pulse shapes they obtained were similar to
those previously reported, ' but by taking advantage of
the phonon-focusing properties of Ge they could separate
the localized storage of phonons from the broader back-
ground due to bulk scattering. They concluded that the
storage region is quite different from the proposed
Hensel-Dynes hot spot. It is more localized (R & 150 pm)
and has a shorter, power-dependent lifetime (r, =0.1 to
1.5 @sec).

In this paper, the phonon-focusing properties of Ge and
an unusual sample geometry are utilized to examine both
the EHL cloud and the phonons produced by an intense
Q-switched laser pulse. By passing a phonon beam
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through various parts of the EHL cloud from the side, an
"absorption" image of the cloud is formed by the partial
shadow it casts. This experiment provides a measure of
the absorption length of fast transverse-acoustic (FTA)
phonons in the EHD cloud, and gives a means of viewing
the rapid cloud-expansion process after an intense laser
pulse. Phonon-absorption imaging provides a complemen-
tary view of the rapid expansion process which was previ-
ously examined by light-scattering' ' and lumines-
cence' ' techniques.

Briefly it is found that, in contrast to previous phonon-
absorption results, up to 35% of the FTA phonons

(q
~ ~

(110))are scattered or absorbed by a cw cloud with a
diameter of approximately 2 mm. For the case of the Q-
switched cloud excitation, up to 60% of these phonons are
scattered. The inclusion of isotope scattering is required
for the understanding of these large absorption strengths.
In fact the 60% absorption is nearly 100% of the phonons
which may scatter (q & 2kf ), indicating a high average
EHL density. Moreover, hole-phonon scattering can no
longer be neglected, as indicated also by recent theoretical
work. ' In addition, the time-resolved phonon-absorption
images show a rapid "jump out" and a dense expanding
shell of liquid, similar to that observed in the lumines-
cence data of Greenstein et al. ' The size of the cloud
after jump out is consistent with the formation of a single
drop.

Also an attempt is made to directly image the postulat-
ed Hensel-Dynes hot spot with probe phonons. Such a
strongly diffusive region would be opaque to the probing
phonons due to phonon-phonon scattering. We find no
resolvable diffusive hot spot, which leads to the con-
clusion that the phonon storage region must extend less
than 150 pm into the sample.

Finally, the origin of the temporally broad heat-pulse
signal is examined. When the generation spot is placed
"behind" a slot in the sample so that no phonons can pro-
pagate directly to the detector, the long tail does not
change appreciably. This demonstrates conclusively that
the long decay time is not determined by the lifetime of a
localized storage region but due to scattering within the
bulk of the crystal. A simple model involving only iso-
tope and boundary scattering produces pulse shapes simi-
lar to those observed, indicating that a temporally broad
signal does not necessarily imply a long-lived source. The
model is found to be only qualitatively correct, implying
that inelastic scattering is also important.

II. EXPERIMENTAL PROCEDURE

The experimental methods employed here combine the
luminescence-imaging' and the phonon-imaging tech-
niques. The sample of ultrapure (XD N„&10' cm )—
Ge, provided by Eugene Hailer of Lawrence Berkeley Lab-
oratory, measured 10&10&(26 mm and was oriented
with the long axis along (110). A slot (0.3 mm wide) was
cut approximately halfway through it 3.75 mm from one
end. [See Fig. 1(a).] The crystal was etched after all cut-
ting.

The end nearer this slot was coated with a 2000-A Cu
film to provide a phonon emitter surface without photoex-

0
citation of the Ge. A 1500-A amorphous Ge (a-Ge) film
was deposited on top of the Cu film in order to increase
optical absorption. A pulsed laser (GaAs or Q-switched
Nd:YAG) was used to generate the phonons in these
films. The phonons propagated to the other end of the
sample where they were detected by an Al bolometer
biased at its superconducting transition. A boxcar
averager selects the heat-pulse signal at a specified time
after the laser pulse. As shown in Fig. 1(b), the position
of the phonon-generation spot is scanned by galvo-driven
mirrors. Control of these mirrors and storage of the
phonon-intensity pattern are accomplished with a micro-
computer.

A Nd: YAG laser (cw or Q-switched) was focused in the
bottom of the slot to create the EHL cloud. The recom-
bination luminescence was collected through the opposite
[110]face and detected by a cooled Ge photodiode. In the
case of pulsed EHL excitation, the delay between the two
laser pulses could be varied for time resolution of the
phonon-absorption image.

—DETECTOR

PHONON
SOURCE

I

~ I

i

(b)
TO BOXCAR

BOLOME TER

GE
SAMPLE

I.BK
EHL

EXC I TAT I ON
LASER

O

PULSE
GENERATOR

PULSE
DELAY

'll C

PHONON
EXCITA& ION

LASER

FIG. 1. (a) Schematic of the crystal used. EHL was excited
in the bottom of the slot. Phonons were excited in the films on
the near end and detected by a serpentine bolometer at the far
end. (b) Functional diagram of the experimental setup. The
galvo-driven mirrors sweep the phonon-generation spot across
the end of the sample to form the image.
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In. PHONON-AaSORPTION IMAGING

For the phonon images which follow, the heat pulse
was generated by a single-element GaAs laser. The diode
was focused to a spot size of 10g400 pm oriented with
thc long dimension vertical. The pulse wRs 150 nscc wldc
with a typical peak power of 600 mW absorbed by the a-
Ge film. The bolometer was 150&& 150 pm . The phonon

image contains a section of the (110) FTA ridge. The
observed signal, shown in Fig. 2(a), ends at the left due to
the edge of the sample and at the right due to the presence
of the slot.

Thc boxcRf gate delay ls flxcd to colncldc with thc peak
in the FTA signal, At this low-power level the phonon
pulse arriving at the bolometer has approximately the
same temporal width as the excitation pulse. The GaAs
laser is swept along the center of the intense FTA ridge to
produce the slit-scan shown in Fig. 2(b). The sharpness of
the cutoff due to the slot corresponds to a spatial resolu-

tion of 150 pm.

A. cw cloud excitation

The effect of interposing a cw cloud of EHD between
the phonon source and detector is seen in Fig. 3. %ith no
cloud present the slitscan signal [Fig. 3(a)] looks as before.
%hen the laser is incident on the bottom of the slot, it
creates free carriers. As these carriers thermalize the) cy
emit phonons (T phonons) some of which impinge on the
bolometer. This induces a change in the temperature of
the bolometer which alters its sensitivity (by 10—20%) to
the heat pulses. The trace of Fig. 3(b) is the bolometer

f
signal in the presence of the cloud multiplied by a singl
actor to account for this change in sensitivity. The factor

was determined by matching intensity at the left edges of
the two slitscans which is unaffected by the presence of
the cloud. While the T phonons affect the sensitivity of
the detector, this change remains constant as the phonon-
generation laser is swept across the metal film. The
difference between the cloud-on and cloud-off slitscans is
shown in Fig. 3(c). The flatness of the zero demonstrates
the accuracy of the normalization procedure. This profile
of the EHL cloud agrees well with the known cloud size
from previous luminescence results. '

As the laser power (EHL cloud size) is varied, the pro-
file changes size in agreement with previous work. The
maximum attenuation of these FTA phonons, with q ap-
proximately along (110), is 35% for a cloud with diame-
ter of about 2 mm. This result seems to contradict the re-
sults of a similar experiment by Hensel and Dynes in
which they reported attenuations of less than 6% for FTA
phonons with q~~(110). In fact for this generation
scheme the temperature of the Cu film can be estimated to
be 25 K.' For this heater temperature, the work of Hen-
sel and Dynes implies that the phonon absorption by EHI.
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FIG. 2. Phonon signal from the boxcar averagcr. (a) A two-
dimensional phonon image. {b) A slitscan through the center of
thc image. Distance d 1s measured froIYl thc cIld of thc slot,
with ncgatlvc distance 1nd1cat1ng lascI' pos1t1ons bchlnd thc
slot, as viewed by the detector.
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FIG. 3. Effect on a slitscan of an interposed cw cloud.
T=1.8 K. a: The bolometer signal with no cloud present. b:
The bolometer signal with a cw cloud (P,b, =8 mW) in the pho-
non beam. This has been normalized so that ihe phonon intensi-

ties at the left edges of a and b match. c: The
4g-magnified difference between a and b showing the cloud-

absorption profile.
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should be less than 1%, making the apparent disagree-
ment even larger. The results can be partially reconciled
by examining the effects of isotope scattering and the
differing methods of cloud excitation.

For a heater temperature of 25 K, the peak in the
Planck cnclgy spectrum 1S at 1.5 THX. Howcvcl thc lafgc
isotopic impurity of Ge causes the high-frequency pho-
nons to be severely attenuated by the familiar v; '=Ace
where' 3 =2.88&&10 sec . Assuming only isotope
scattering, the resultant phonon-frequency distribution
which should appear at the detector is shown in Fig. 4.
Tbc transmitted 1ntcnslty peaks at only 200 GHX.

Energy and momentum conservation restrict the
electron-phonon scattering to phonons with wave vector q
less than twice the Fermi wave vector of the system. This
high-frequency (2kF) cutoff was recently observed using
phonon spectroscopy. The two vertical lines in Fig. 4
mark the frequencies corresponding to the 2k+ cutoffs for
the electrons and holes. The phonons are partially ab-
sorbed for q (2kf". One can see that by simply including
isotope scattering, it is quite possible to have 35% of the
phonons absorbed, depending on the size of the
deformation-potential scattering matrix elements and the
number of carriers in the phonon path. It is probable that
inelastic scattering processes are also present. " These
processes would tend to skew the frequency distribution of
the phonons reaching the detector to even lower frequen-
ries. Thus the exact shape of the detected phonon distri-
bution is not known well enough to get a reliable measur'e
of the deformation potentials, but these results indicate
that the mean free path for FTA phonons in the
(100—300)-GHz range is around 10—50 pm, which is
reasonable.

Since Hensel and Dynes used a shorter sample, they
detected more phonons with q~2kf. Isotope scattering
alone, however, cannot reconcile the huge difference be-
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FIG. 4. Predicted FTA phonon intensity arriving ballisticallp
at the detector. A 25-K Planck distribution is attenuated by

e ~ sphere mean free path, /=u, ~; and ~,. '=(2.88&10
sec ) ~ . The two vertical lines indicate the frequencies corre-
sponding to the 2kF cutoffs for electrons (v,'=140 GHz) and
holes (v,"=225 GHz).

tween the 1—6% absorption they reported and the 35%
measured in this experiment. The majority of the
discrepancy may be attributed to the different methods of
cloud production. Henscl and Dynes used a lower-power
volume pumping at 1.53 pm. The number of electron-
hole pairs in the phonon path was no doubt smaller in
their case, as evidenced by the smaller cloud diameter they
recorded (0.7 mm versus our 2 mm). The phonon absorp-
tion by EHD depends also on the average cloud density,
and this has not been determined in the volume-pumping
case. With regard to cloud size, we find that a reduction
by a factor of 2 in radius results in about a factor of 2
smaller absorption, as expected. In conclusion, our results
s11ow, tlIat for typlcR1 sUrface-produced cloud sIzes Rnd
density, a significant, fraction of the strongly-focused FTA
phonons are absorbed, consistent with the striking features
they produce in the cloud.

B. Pulsed cloud excitation

When the cloud is created by a Q-switched Nd:YAG
pulse (width 150 nsec), phonon images are obtained as
shown in Fig. 5. The time delay between the two laser
pulses can be varied and so the cloud profile as a function
of time after the creation pulse can be studied. The zero
of time corresponds to data taken in which the probe pho-
nons pass by the slot during the EHL excitation pulse. It
is important to mention that in this case the effect of the
T phonons on the detector is not constant in time. Still
their intensity does not vary with the position of the heat-
pulse generator. Thus the normalization procedure out-
lined above should work in this case also.

Figures 5(a) and 5(c) show the phonon images obtained
at t =0 and 1 pscc, fcspcct1vcly. Thcsc images can bc nof-
malized in the same way as the slitscans of Fig. 3 and the
entire image subtracted from Fig. 2(a). The resultant im-
ages are shown in Figs. 5(b) and 5(d). Thus the part of the
cloud in the (focused) phonon path can be imaged by this
technique. A shell-like structure is observed to move into
the crystal with time as was found in luminescence
work. "

Images were taken for several laser energies at time
zero. The size of the cloud was measured by the full
width at half maximum (FWHM) of the absorption pro-
file. The cube of the FWHM increased approximately
linearly with laser energy. If the number of absorbed pho-
tons creates an equal number of electron-hole pairs and
are made to fill that measured volume (approximately
hemispherical), the average density over the range of ener-
gies used was 2.5 X 10 crn, in excellent agreement with
the known EHI. density. This substantiates the idea that
at the end of the laser pulse the carriers have formed a
single large drop.

The corresponding slitscan data is displayed in Fig. 6.
Both cloud-on and cloud-off data for various times are
shown. (Again the cloud-on traces have been multiplied
by the appropriate normalization factors. ) The resultant
subtractions are shown in Fig. 7. Figure 6(a) shows the
data for 200 nsec prior to the zero of time. The finite
temporal width of the probe and EHL excitation pulses
accounts for the slight nonzero difference between the two
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FIG. 5. Phonon images with a Q-switched cloud interposed. E,b, 11 pJ/pulse——. (a) T=l.g K. (b) t=(). Image (a) (normahzed)
subtracted from Fig. 2(a). (c) t =1.0 psec. (d) Image (c) (normalized) subtracted from Pig. 2(a).

curves seen in Fig. 7(a). By r =0 [Figs. 6(b) and 7(b)] the
half-maximum of the absorption due to the cloud has

JUIHpcd 0.5 IQID into thc saIIlplc. Bp oDIQ 0.5 pscc later
[Figs. 6(c) and 7(c)] the cloud has moved 1.75 mm into the
sample, Finally, by 3 @sec [Figs. 6(d) and 7(d)] the cloud
has moved only one millimeter further (2.7 mm).

One important thing to notice in Fig. 6 is that for all

times Rnd ever/ poslt10Q Rt least soIIlc of thc probe ph0-
nons get through the cloud. This is true at all laser
powers. If a larger (R-600 JLtm) hot spot were present,
the phonon-phonon interaction would effectively block all

phonoIls so a hole would appear 1Q thc phonon 1nlagc thc
size of this hot region. Thus the storage region must ex-
tend less than 150pm into the sample.

Another interesting fact is available from these data. It
is that the electrons cannot be causing all of the phonon
scattering. ID. fact, I'cfc111ng back to F1g. 4, the electI'Ons

can only scatter approximately 25% of the phonons (due

to the 2k~ cutoff). The maximum attenuation of the
proIDpt, balhstIc phODOIls 'was 60%~ %'h1ch corresponds to
nearly all phonons below 2kF for the holes. This implies
that the mean free path for phonon-hole scattering (for
any phonon in this frequency range) is much less than the
diameter of the cloud (1 mm) which attenuates the pho-

Dons. IQ other %0I'ds thc avcragc electron-hole pai1 dcnsi-
1s IYluch higher thaD lt 1s 1D a surface cxcltcd cloud.

This is the first time that the importance of hole-phonon
scattering has been isolated from dectron-phonon scatter-
ing iD GC.

plots of the width of the cloud profil~ as a function of
time for four different pulse energies are shown in Fig. 8.
TIlc solid 11ncs alc flits t0 thc theo+ of Grccnstein 8t QI.

[Eqs. (1) and (2) of Ref. 14]. This theory assumes that the
droplets are driven by a disc-shaped source of phonons
with a lifetime r, . The fitted powers scale quite well with
the measured experimental ones. (See Ref. 14 for an ex-

planation. ) The source lifetimes do not agree as well with
their I'esults. This may be due to the inherent time-
resolution limit of phonon-absorption imaging, since the
phonon pulse takes a finite time to traverse the photo-
excited region. In addition, the surface at the bottom of
the slot was not polished prior to etching so the surface
quality may be somewhat different than in the sample
used by Greenstein et al. , which may influence the
thermal storage times. Other@use, this data is in g00d
agreement with that of Greenstein, Tamor, and Wolfe. '

The initial expansion velocities (after jump out) reach
3 g 10 cm/sec at the highest laseI energies.
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FIG. 9. Phonon signal (from transient recorder/signal

averagcr) as a function of time for various positions (defined in

Fig. 2) and laser energies. T=1.8 K. The negative spike indi-

cates the photon pulse or t =O. The open circles are the fitted

decay times. The dashed vertical line represents the ballistic

time of flight. (a) E;„,=9.7 pJ/pulse; d=l mm; (b) E;„,=9.7
pJ/pulse; d=O mm; (c) E;„,=9.7 p,J/pulse; d= —2 mm; (d)

E;„,=1.2 pJ/pulse, ' d=l IQIQ; (e) E;„,=1.2 pJ/pulse; d= —2
mm.
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To directly study the phonons produced by a high-
energy laser pulse, the Q-switched Nd:YAG laser was
focused to a 100-pm spot on the a-Ge film. (No photoex-
citation in the slot). Figure 9 shows the phonon signal as
a function of time for such high-energy pulsed conditions.
Thc laser 18 moved to scvcral points Rlong thc FTA ridge
and the temporal behavior of the phonon signal is shown
for two different laser-pulse energies.

The trace of Fig. 9(a) was made by fixing the laser spot
in the center of the FTA ridge approximately 1 mm from
the end of the slot. (Distance 0= 1 mm in Fig. 2). The
laser intensity was just below the damage threshold

(E;„,=11 pJ/pulse). Notice the sharp rise due to the on-

set of the ballistic phonons, the delayed peak, and the long
time constant of the tail. These features are similar to
those previously reported. ' " The circles are points from
a fitted exponential (~=4.6+0. 1 @sec). Figure 9(b) shows
the data for the same laser conditions with the laser spot
lined up with the end of the slot (d=0). Figure 9(c)
shows this for 2mm "behind the slot" (d = —2 mm), so
that no phonon can travel directly from the generation

spot to the detector. At first glance, Figs. 9(b) and 9(c)
look similar; however, a closer examination shows the
leading edge in Fig. 9(c) is shifted to later time. To see
this notice that the signal at the ballistic time of flight
{dashed vertical line) shrinks dramatically as the genera-

tion spot is moved past the edge of the slot, as expected.
The peak intensity shifts to a later time as the laser is
moved behind the slot and the decay time gradually
lengthens [&=5.1 @sec for Fig. 10(b); v=5 5psec f.or Fig.
10(c)].

When the pulse energy is reduced by an order of magni-
tude (E;„,=1.2 pJ/pulse), the traces of Figs. 9(d) and 9(e)
result. These are the saine laser positions as Figs. 9(a) and

9(c), respectively. In comparing traces of different pulse
energies obtained at the same generation positions [Fig.
9(a) versus Fig. 9(d) and Fig. 9(c) versus Fig. 9(e)] notice
that the position of the peaks in Figs. 9{d) and 9{e) have
moved to earlier times but the decay times [7=4.4 psec
for Fig. 9(d) and v =5.4 psec for Fig. 9(e)] are nearly the
same as the high-power ones. This indicates that the peak
positions are heater-temperature (frequency) dependent

but the decay times are not.
Compare the traces with the same pulse energy but dif-

ferent generation spots [Fig. 9(a) versus Fig. 9(c) and Fig.
9(d) versus Fig. 9(e)]. Notice that while the peak positions
in the behind-the-slot generation positions have shifted to
slightly later times, the pulse shapes have not changed sig-
nificantly. If the long tail were due to a localized storage
of phonons, the signal would disappear entirely when the
gcQcrat1on spot 18 placed bch1Qd thc slot. Thus thc de-

layed signal cannot be associated with a 600 pm (Hensel-
Dynes) hot spot, but must be due to delocalized scattering
within the bulk of the crystal.

It is not surprising, then, that the peak in the phonon
signals of Fig. 9 change with excitation position and pulse
cncrgy. S1ncc phonons wh1ch orig1QRtc Rt d= —2 mIIl
must go "around" the slot, the average number of scatter-
1ngs for phonoIls 1Q thcsc heat pulscs must bc higher.

This delays the peak in the phonon signal. Conversely,
the phonon signals resulting from lower pulse energies
[Figs. 9(d) and 9(e)] have lower initial frequency distribu-
tions, implying fewer isotope scatterings and an earlier ar-
r1val time, Rs observed.

In order to examine the effects of various parameters on
the pulse shapes, Monte Carlo simulations were used. The
model made a number of simplifying assumptions: (i) the
crystal is isotropic with a siiigle phoiloil iiiode (the veloci-
ty corresponds to the FTA mode in Ge, by far the dom-
inant mode which propagates in the (110) direction), (ii)
the phonons are generated in the center of one end of a
parallelopiped (10&&10&&25 mm ) with a Lambert (cos8)
distribution, (iii) all isotope scattering events are elastic
and randomize the direction of propagation, and (iv) all
boundary scattering events are elastic (no mode conver-
sion) and diffusive, again with a Lambert distribution.
The mean free path (frequency) for isotope scattering is
varied as well as the transmission through the surfaces
into the He.

The results for several frequencies and transmission fac-
toI'8 RI'c shown 1Q Figs. 10 Rnd 1 l. Thc calcU1Rtlons 1nd1-

cate that both phonon frequency and boundary scattering
can effectively change the arriving pulse shapes. Still, the
exact pUlsc shapes shoUld not bc tRkcIl too seriously bc-

T' = 4.6 pseud

T =5.7 p,sec
--—-%sr

0 40
I

l0 20 30 50
TtME (p.sec)

FIG. 10. Results of the Monte Carlo simulation: predicted
phonon intensity as a function of time for three frequencies or
mean free paths, l, assuming no ffcqucncy downconvelsion. The
open circles represent fits to the signal decay times, ~. The cal-
culation assumes that 40% of the phonons which encountered a
crysta1 boundary mere transmitted into thc helium bath. (a)
v=250 6Hz; (l=2.5 cm). (b) v=300 GHz; (/=1 cm). (c)
v=375 GHz; (l =0.5 cm).
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V. CONCLUSION
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FIG. 11. Results of the Monte Carlo simulation: predicted
phonon intensity as a function of time for various probabilities
of transmission into the helium bath, T. Again, the open circles
represent fits to the decay times. v=300 GHz, /=1 cm. (a)
T=25%. (b) T=50%%uo. (c) T=75%.

cause of the approximations stated above and the omission
of inelastic processes in the calculation. Previous work
has indicated the importance of such processes. The ef-
fect of surface transmission seems to be exaggerated in the
calculations. A subsequent experiment using a
10 && 10)&5-mm sample of ultrapure Ge (the short dimen-
sion was the (110) propagation direction) showed a
reduction of only 15% in the decay time in the long tail
compared to the longer sample. Still, it is seen that broad
pulses of the order of the experimentally measured widths
are produced by assuming accepted values for bulk
scattering, and hence no long-lived hot spot is necessary to
explain the data.

Phonon-absorption imaging has been used to study
EHL cloud distributions for both cw and pulsed-
excitation conditions. For the cw cloud, up to 35%%uo of the
FTA phonons were absorbed, explaining the prominent
features in the cloud. For pulsed excitation, up to 60%%uo

absorption was observed, even though the initial plasma
volume was an order of magnitude smaller than that of
the cw cloud. Assuming the simple isotope scattering cal-
culation presented here, this large absorption implies that
nearly all of the phonons with wave vectors below 2kf are
absorbed. Thus, the liquid initially formed by the high-
intensity 150-nsec pulse has a much greater average densi-

ty than the cw-produced cloud. The results of these stud-
ies support the idea that initially the EHL created by a
high-energy laser pulse forms a single drop as suggested
by Greenstein, Tamor, and Wolfe. ' In order to distin-
guish between the plasma-expansion idea of Combescot '

and the growth of a constant-density single drop of
EHL, ' better time resolution is required. Following this
initial jump-out process, the EHL distribution expands at
subsonic velocities for several microseconds, indicating a
persistent phonon-wind source. Further it is concluded
that both holes and electrons effectively scatter the probe
phonons. If a phonon spectroscopy technique were em-

ployed, the deformation potentials for holes could be
directly measured.

For high-energy pulses the presence of a large (R -600
pm), long-lived (r=10 psec) hot spot was not observed.
Instead, the thermal storage region is much smaller, less
than 150 pm thick, and has a lifetime of up to 1.5 psec,
which is considerably shorter than the heat-pulse tail.
The temporally broad part of the heat-pulse signal
remained substantially unchanged when the ballistic path
between generation spot and detector was completely
blocked, showing that this tail is due to scattering within
the bulk of the crystal. A complete description of this
phenomenon must include inelastic decay processes as
well as isotope and boundary scattering.
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