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Laser Doppler Velocimetry of Electron-Hole Drops in Germanium
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(Received 7 February 1977)

We report the first direct measurement of velocity distributions of electron-hole drops,
and discuss them in relation to existing theoretical models. The data, obtained by fre-
quency analysis of scattered light, show acceleration near the surface, while at larger
depths, the drops appear to experience viscous deceleration with a relaxation time of
10 sec. We find difficulties in reconciling the data with the present ideas of forces re-
sulting from excitons, phonons, or mutual repulsion.

While the structure of electron-hole drops
(EHD) in Ge is now reasonably well understood, '
many facts, such as those associated with their
motion, remain unknown. Several experiments
have been performed to measure EHD velocities.
These experiments are primarily based on mea-
suring the time of arrival of droplets at some
point in the crystal remote from the point of
pulsed optical injection. Results interpreted in
terms of rectilinear motion' ' yield velocities al-
ways decreasing with distance and time, some-
times initially exceeding the sound velocity. Re-
sults interpreted in terms of translational diffu-
sion yield widely ranging values for the EHD dif-
fusion constant D, from 10 ' to 500 cm'/sec. "'
In this Letter, we report the first direct measure-
ment of EHD velocities, and demonstrate a tech-
nique which will be useful for measuring such
velocities under many different experimental con-
ditions.

The setup is shown in Fig. 1. The sample was
of high-Purity Ge (~ N„—No ~

& 3X 10'c cm ') ob-
tained from GE Company. The geometry and
preparation of the sample were similar to those
reported in Ref. 4. It was immersed in super-
fluid helium maintained at 2 K. EHD were pro-
duced by focusing the beam from an argon-ion
laser (A, = 5145 A) to a point approximately 200
p m in diameter on a Syton-polished face. The
probe light, obtained from a He-Ne laser (A. =3.39
p, m), was scattered by the EHD, and collected at
an angle controlled by the position of mirror M,
along an axis perpendicular to the probe beam.
Heterodyne detection was performed by mixing
the scattered light, whose spatial coherence was
assured by diaphragm D„with a reference beam
obtained by beam splitting the incident light. The
beat frequencies were analyzed with a Hewlett-
Packard 141T spectrum analyzer whose bandwidth
was held constant at 3 kHz and whose output was
squared to obtain proper power spectra and to

achieve proper noise subtraction in the lockin
amplifier. The detector consisted of a liquid-
nitrogen-cooled HgCdTe chip having a 250-nsec
time constant.

Light scattered by a particle moving with a
rectilinear velocity v is Doppler-shifted in fre-
iluency by an amount given by &f = (2&) '(v b.k),
where &k is the change in photon wave vector. "
In contrast, the spectrum of light scattered by
particles of mass m undergoing diffusional mo-
tion with a diffusion constant D =ksTT/m, gov-
erned by a velocity relaxation time 7, is a Lor-
entzian centered at &f =0, whose width is given
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FIG. 1. Schematic outline of the Doppler velocimeter
used in this experiment. P is a quartz quarter-wave
plate used for optical isolation; the incident beam was
thus circularly polarized at the sample. The mechani-
cal arrangement was such that the sample could be ac-
curately positioned and/or replaced with a piece of
ground glass used for alignment. The drawing is not
to scale.
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by I'D =(2&) 'D l&kl'. Note that &f depends linear-
ly on scattering angle 8 (for small 8), while I'D

depends on ~'.
Figure 2(a) shows a typical spectrum recorded

in our experiment, while Fig. 2(b) shows that the
dependence of the mean frequency shift on scatter-
ing angle is linear. We find that the width and the
position of the finite frequency peak in Fig. 2(a)
follow the same linear angular dependence. This
important result shoms immediately that the mo-
tion of the drops is observed to be rectilinear
rather than diffusive and allows the construction
of the velocity scale drawn on top of Fig. 2. A
necessary condition for the observation of diffu-
sional motion is that I'L)«& 1. We thus conclude
that this condition is violated (i.e. , T is larger
than the inverse of a typical frequency shift shomn
in Fig. 2, and D~ 0.7 cm'/sec) or that the diffu-
sional broadening is overwhelmed by a spread in
the velocity distribution shown in Fig. 2 (i.e. , I"D
& 10' Hz, and D & 0.05 cm'/sec) .

The average velocities, obtained from the mean
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FIG. 2. (a) Raw scattered light spectrum (noisy line)
and spectrum corrected for the detector/amplifier fre-
quency response (dashed line). {b) Mean frequency
shift vs scattering angle (inside the sample). Pump
power and probing depth were held constant at 55 mW
and 330 pm, respectively. The open circle indicates
datum point obtained from (a}. The slope of the
straight line is thus proportional to the average EHD
velocity. The deviation at high angles is not signifi-
cant.
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FIG. 3. Average EHD velocity, obtained from mean
frequency shifts, as a function of probing depth and

pump power. The lines, connecting data points taken
with constant pump power, have been drawn for clarity.
The temperature and scattering angle were held con-
stant at 2.0 K and 0.03 rad, respectively.

frequency shifts, are plotted in Fig. 3, as a func-
tion of depth for various pump pomers. The EHD
are seen to accelerate, essentially from rest, up
to a depth of about 250 pm; the acceleration
rates, and consequently the maximum velocities,
are power-dependent. Note that a linear increase
of velocity with depth implies a similar linear in-
c~ease of the particle acceleration. At larger
depths, the EHD appear to experience a, viscous
drag with a relaxation time constant of (1~ 0.2)
&&10 ' sec, independent of pump power. In the
following, we discuss the droplet motion in terms
of three models, taking the mean velocity to be
the EHD velocity, with the idea that each drop fol-
lows a complete trajectory from the surface to
the crystal interior.

(1) "Exci ton zvind" model. —In this model, EHD
are accelerated and decelerated by momentum ex-
change with free excitons (FE). At large depths,
the FE are assumed to be at (constant) vapor
pressure density and stationary with respect to
the lattice. This atmosphere damps the ballistic
motion of the drops. Our measured relaxation
time of 10 ' sec agrees mell with estimates by
Cornbescot" and requires FE densities of the or-
der of 10' cm . Near the surface, EHD are ac-
celerated by the "exciton mind" as first proposed
by Balslev a,nd Hvam. ' Qur observed accelera-
tion rates require reasonable FE density gradi-
ents of the order of 10" cm '. With a relaxation
time of 10 ~ sec, the diffusion constant becomes
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of the order of 25 cm'/sec, which lies outside of
our accessible range. There are three major ob-
jections to this model. First, since the accelera-
tion increases with depth in the first 200 p m, the
FE density gradient must also increase, and this
requires a very peculiar density distribution.
Second, there is no evidence in our spectra of an
approach to thermal velocity distribution at large
depths even though the EHD slow to characteris-
tic velocities below the thermal velocity of about
500 cm/sec. Third, it ignores the interaction of
EHD with phonons, which is discussed next.

(2) "Phonon toind" model. —Absorption, scatter-
ing, and emission of thermal phonons by EHD
provide a viscous damping of their motion, while
their interaction with a flux of nonthermal pho-
nons provides an accelerating force. Theoreti-
cal' and experimental"'~ studies of these effects
lead us to believe that the EHD momentum relax-
ation time can be very short (T& 10 ' sec). In
this case, diffusional motion is very slight (D &

& l0 ' cm'/sec) and again outside of our measur-
able range. With such a short relaxation time,
the observed (steady-state) velocities are propor-
tional to the force on the droplet. In turn, this
force is proportional to the flux of nonthermal
phonons, whose greatest source is the excitation
process. About 1.V eV of excess energy per e-h
pair is carried am'ay from the excited surface in
the form of phonons. Following Keldysh, "we can
calculate that there is potentially 100 times the
phonon flux required to generate our observed
velocities. However, only phonons of wave vector
less than twice the Fermi wave vector are effec-
tive; a model which deals with the conversion of
high-frequency quanta into effective long-wave-
length phonons may perhaps explain the numeri-
cal discrepancy as well as the initial increase of
the pushing force with depth.

(3) Hydhodynamical model. —Here, strong EHD-
EHD interaction govern the EHD motion. Such an
interaction could be provided, for instance, by
the electrostatic charge that the EHD have been
predicted' and shown" to possess, or by an ex-
change of phonons. " However, difficulties arise
in attempting to explain the behavior near the sur-
face, and an additional mechanism, such as pho-
non or exciton damping, is required to account
for the decreasing velocities at larger depths.

In conclusion, none of the above models is able
to account adequately for our measured velocities.
We have, however, demonstrated a technique for
measurement of EHD velocities. It is clear that
these velocities are sensitive to interaction with

other particles, such as excitons, phonons, and
photons; to impurities and other drops; as well
as to externally applied fields such as electric,
magnetic, or strain fields. Experiments probing
such droplet interactions should prove interesting
and informative. In particular, we hope to inves-
tigate the interaction with phonons in the near fu-
ture by (a) varying the wavelength of the exciting
radiation, which will change the number of pho-
nons generated in the excitation process, and (b)
inserting well-characterized, independently gen-
erated heat pulses.
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Have We Seen a Heavy Antinucleusv*
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The hypothesis of the first observed heavy antinucleus is proposed for the event of
Price et al. This hypothesis demands depletion of the high-energy knock-on electrons,
which should be clearly evident in the nuclear emulsion. This hypothesis does not direct-
ly contradict any previous antimatter search; and conflict with extrapolations from pre-
vious searches is of small statistical significance.

The cosmic-ray event of Price et al. ' has re-
ceived much critical comment. Several authors
have proposed alternative hypotheses to the origi-
nally claimed identification. ' ' Experimental in-
terpretation of this event will be briefly discussed
and a specific experimental recommendation will
be made to help settle the experimental contro-
versy. I will furthermore propose that the exper-
imental descriptions of the particle to date sug-
gest identification as an antinucleus. Quantitative
predictions must be matched by the nuclear emul-
sion data to substantiate the antinucleus hypothe-
sis. The cosmological consequences of the obser-
vation of a heavy antinucleus would be consider-
able. Let us consider, in turn, the results from
each of the detectors.

As nuclei slow, their ionization rises steeply.
This particular particle had so high an ionization
rate (~ Z/P ~ =114) that, were it any nucleus pre-
viously seen among the cosmic rays, it should
have slowed measurably in passage through the
0.9-g/cm' I.exan stack. ' For instance, a uranium
nucleus would be expected to have its Z/P in-
creased by three units. ' Nevertheless, its ioniza-
tion did not rise 'This p. article appears to be the
most penetrating particle with such a high ioniza
tion seen to date. However, interpretation of
this observation has led to controversy.

It is agreed that the Lexan data cannot be rea-
sonably reconciled with any slow (P - 0.6) normal
nucleus, fragmenting or otherwise. ' ' Given a
possible, but unlikely, chain of fragmentations,
normal nuclei with speeds P & 0.65 have been con-

sidered to fit the Lexan data. ' ' The Lexan data
better match nuclei with higher speeds so that,
for fast normal nuclei (P & 0.8), agreement is rea-
sonably within experimental tolerances. ' '

It has long been known that negative particles
are more penetrating than their charge conju-
gates. ' The difference is due to higher-order
electrodynamics. It has not been universally
realized how large these corrections can be for
heavy nuclei. Using order-Z' calculation for the
distant collisions (which is a tiny correction) to-
gether with an exact form for the close collisions, '
I find that the stopping powers for nuclei and their
charge conjugates differ by 15% to 25/o in the ap-
propriate realm. These differences arise pre-
dominantly from close collisions. Thus, see
should expect the heaviest antinuclei to be the
most penetrating particles of any given ionization
seen to date. Because Lexan responds predomi-
nantly to distant collisions, ' we expect its re-
sponse to reflect ~Z/P ~ independently of the sign
of Z.

It has been pointed out, for instance in Refs. 2-
5, that reactions which noncataclysmically dimin-
ish IZp„;„&,~, I allow the projectile to appear more
penetrating. Such interactions are featured in
normal-nucleus explanations of the event with
0.65 ~ P ~ 0.80.' ' One wonders whether such
processes might occur when antinuclei penetrate
the Lexan. I have no cross sections for specific
channels of charge loss. in collisions of antinuclei
with normal nuclei excepting (P,P) and (P,d). In
the appropriate speed range, the (p,p) cross sec-

729


