
PHYSICAL REVIEW A VOLUME 31, NUMBER 6 JUNE 1985

Time-resolved measurement of acoustic pulses generated by Mev protons stopping in aluminum
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A wide-band capacitive detector has been constructed to make time-resolved measurements of
acoustic pulses generated in aluminum and in other solids by ns pulses of MeV protons. The near-
field signal observed traveling in the beam direction is a measure of the initial pressure distribution
along the path of the stopping protons. The Ineasured amplitudes and shapes of such signals are
consistent with the thermoelastic model of sound generation. From the signal rise time ( g 2 ns), it
can be concluded that the conversion into heat of the energy loss of a slowing proton is localized
within a radius of several micrometers. For the data presented, the fraction of beam-pulse energy
absorbed from acoustic radiation by the detector is about 5& 10 ' . Acoustic signals which generate
10 eV of electrical energy in the detector (-4 pV into 50 0 for 5 ns) are easily discernible after
signal avera, ging. Acoustic signals were used to probe the formation of microbubbles in hydrogen-
implanted aluminum. From bubble growths inferred from acoustic measurements, the diffusivity of
hydrogen in aluminum is estimated at a temperature where the diffusivity is 8 orders of magnitude
smaller than in previous measurements.

I. INTRODUCTION

There has been much interest recently in the possible
mechanisms of sound generation due to energetic charged
particles slowing down in matter. The most extensive ex-
periments have investigated the interaction of proton
beams with fluids Sula. k et a/. ' have reported on a study
of acoustic radiation in various liquids produced by slow-
ing of a 28-GeV proton beam, and by the stopping of 200-
and 158-MeV protons. Golubnichii et al. have investigat-
ed sound generated in liquids by a 50-MeV electron beam.
In those studies the observed signal characteristics indi-
cated that the acoustic waves were generated thermoelasti-
cally, i.e., by adiabatic expansion following rapid localized
heating. In asking whether these effects could be seen in
solid targets and at lower ion energies, where energy depo-
sition per unit path length is larger, we have looked for
and found that acoustic radiation.

Targets of various solid materials were bombarded with
pulsed proton beams of up to 5 MeV from the University
of Oregon Van de Graaff accelerator. The ratio of proton
range to speed of sound for 4-MeV protons in aluminum
is about 20 ns, and our beam-pulse duration is 1 ns. Thus,
by observing acoustic pulses traveling in the beam direc-
tion, one can resolve wavefronts originating from dif-
ferent depths in the target. A capacitive detector and a
wide-band (- 10 Hz) preamplifier were constructed in or-
der to make time-resolved measurements of such signals.
Acoustic measurements were made on targets of alumi-
num, beryllium, copper, tantalum, silicon, and fused sili-
ca. Only data from aluminum, in which the thermoelastic
response is several times larger than in the other materi-
als, are presented in this paper.

Relatively little has been reported on sound generation
in solids by penetrating charged particles. Heron et aI.
have observed standing waves in an aluminum cylinder
excited by 1-JLts pulses of 100—1000-MeV electrons. Volo-

vik and Lazurik-El'tsufin measured the maximum dis-
placement of a thin metal plate used to slow millisecond
pulses of 30—250-MeV protons and electrons. In those
cases the displacement amplitudes were found to be pro-
portional to energy deposition, in agreement with the ther-
moelastic model of sound generation. In experiments re-

- ported by Perry, thick targets of aluminum and copper
were irradiated with very intense electron-beam pulses of
40-ns duration and 1.5-MeV average energy, and the
shapes of the resulting acoustic pulses were measured. By
assuming a thermoelastic mechanism, he was able to esti-
mate the depth profile of deposited energy, which was in
agreement with calorimetric measurements.

In a recent report de Rujula et al. examine in detail the
possibility of using neutrino beams for whole-earth
tomography. They propose measuring the acoustic radia-
tion generated by the charged particle showers which
would result from the interaction of high-energy neutrinos
with the earth. They remark, however, that "our present
knowledge of sound generation by particle beams in solids
is negligible, compared with the situation for liquids. "

The design of our detector was suggested by the work
of Gauster and Breazeale and Cantrell and Breazeale.
They developed a capacitive transducer which could be
used both to excite and to detect acoustic waves in metal
samples. Using narrow-band amplifiers, they measured
sound speeds and harmonic distortion at frequencies up to
10 Hz. Conventional piezoelectric transducers are usual-
ly limited to bandwidths =10 Hz, although Tam and
Coufal have recently used a thin-film piezoelectric trans-
ducer with 10 -Hz bandwidth, in order to detect laser-
excited 10-ns acoustic pulses in a metal plate.

II. EXPERIMENTAL

Acoustic pulses are detected by the modulation they
produce in the spacing between the plates of a charged
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capacitor. ' " Figure 1 shows the detector mounted on
the end of an accelerator beam tube. A 2.5-cm-diam tar-
get, sealed by a Viton O-ring, forms part of the vacuum
containment. A brass post 2.6 mm in diameter is spaced
10 pm away from the back side of the target by compres-
sion against a Teflon dielectric, and is biased at 1000 V or
less. This detector post is the central conductor in a 50-0
coaxial transmission line, whose grounded outer conduc-
tor is pressed into contact with the target. Bias voltage is
applied through a 2-MQ resistor in a T connector, as
shown in Fig. 2, and is isolated from the preamplifier by a
0.0052-p F coupling capacitor.

The Thevenin equivalent-circuit voltage of the detector
1S

V q (t)= V~L&(t)/Lo

Here V~ is the bias voltage, and L(t)=LO+L&(t) is the
spacing between the target and the detector post, where it
is assumed that I.~ g&Lo. The equivalent-circuit voltage
is divided across the detector capacitance, C, and the 50-
Q line impedance, R. It can be shown that the target sur-
face velocity inferred from a detector output voltage V(t)
1S

(2)

It should be noted that the time constant of our detector is
so short (RC=0.25 ns) that the output voltage is nearly
proportional to the target surface velocity. The first term
in the above expression dominates.

Signals from the detector are amplified by two Motoro-
la DC-400 MHz wideband amplifiers (MWA 110) in cas-
cade, as shown in Fig. 2. The overall gain is 28 dB with
nominal input and output impedances of 50 Q. Care was
taken to optimize the high-frequency response of the cir-
cuit. For example, the width of the conducting strips in
the signal path, and their distance from a parallel ground
plane were chosen for correct impedance matching. As a
result, a preamp rise time of 0.7 ns was obtained.

The major source of asynch'ronous noise in the signal is
broadband thermal noise (Johnson noise). The rms volt-
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FIG. 2. Schematic drawing of detector and preamplifier cir-
cuit. All capacitors in the preamp are 0.1 pF ceramic chip
capacitors.

age fluctuation across a resistance R is given approxi-
mately by'

V, , =(4Rkr Sf)'", (3)

where T is the temperature, k is Boltzmann's constant,
and bf is the circuit bandwidth. At room temperature
and for a bandwidth of 10 Hz, Eq. (3) gives V
=30 pV. In order to observe signals well below the level
of thermal noise, a system for averaging the acoustically
generated signals from many beam pulses was used.

A simplified block diagram of the electronics used for
signal sampling and digitizing is shown in Fig. 3. The
preamp output is sampled by a Tektronix Type 661 oscil-
loscope with a type 451 sampling unit, which has a rise
time of 0.3 ns. The triggering signal for the scope is de-
rived from the passage of the pulsed beam through a
ferrite-core transformer. The time interval between
triggering and sampling is controlled by a computer-
generated voltage applied to the external horizontal sweep
of the scope. The most recently sampled voltage, after be-
ing offset and amplified, is monitored at the sampler out-
put. This voltage is allowed to pass through a linear gate
when two logic signals are present in coincidence. One
logic pulse indicates that sufficient time has elapsed after
triggering for the sampler output to have stabilized. The
second logic signal indicates that the analog-to-digital
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FIG. 3. Simplified block diagram of the electronics used to
sample, digitize, and record acoustic signals.
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converter (ADC) is ready to receive an input. Gated volt-
age signals are digitized by a 10-bit ADC and stored in
the computer.

This system requires about 120 ps to digitize and store
a sampled voltage. For a typical measurement about
20000 digitized voltages are averaged at each of 512
acoustic times of flight, which requires about 20 minutes.
By these means asynchronous noise is reduced by more
than a hundredfold. Synchronous noise is eliminated by
recording data with both polarities of detector voltage and
subtracting one result from the other.

Some of the problems we encountered in developing
this new type of acoustic measurement are worth men-
tioning. One difficulty was that of finding a suitable
dielectric material. A dielectric of mica or Mylar was
found to acquire a net charge in response to an applied
voltage, which would cancel the electric field at the target
surface. Similar behavior was observed for a Teflon
dielectric contaminated with moisture. In experiments in
which a target was heated above about 80'C, a Teflon
dielectric would acquire a permanent (negative) charge,
which remained after cooling to room temperature. Also,
we found it necessary to replace a Teflon dielectric after a
day of use. Beyond that time the Teflon would often
break down under volta'ge. As a result of such dielectric
breakdowns, both MWA 110 stages of the preamp would
fail open, which fortunately prevented damage to the sam-
pling scope.

For our acoustic measurements it is important that the
faces of a target be flat and parallel. The following pro-
cedure for making aluminum targets gave good results.
Squares of aluminum sawed from a flat sheet were
machined on a lathe into discs and were then polished on
a wheel. The polishing agent was a combination of
mineral oil and silicon carbide of successively finer grits.
Another requirement is that targets have surfaces of good
electrical conductivity. This was accomplished by eva-
porating aluminum in a thin layer onto targets of silicon
and fused silica.

One difficulty in experimental procedure was the align-
ment of the proton beam with the target and detector.
The beam was initially focused onto a quartz scintillator
at the target position. The end section of the beam line
was then aligned by adjusting three turnbuckles which
supported a bellows in the beam line. It is also worth not-
ing that we observed a puzzling loss of signal as targets
were heated in place. That problem was solved by oc-
casionally tightening the threaded detector cap to com-
pensate for thermal expansion.

III. THEORY

Suppose that internal stresses are generated in an elastic
medium by localized heating. Assuming the medium to
be isotropic and homogenous, the force per unit volume
can be written'

p = B+—,p V V o — q(r, t) —pVX(VXa),y
g 2

(4)

p(r, t) = EV—o — q(r, t)
Cp

(5)

where E=B+4p/3 is the plate modulus. Substituting
Eq. (5) in Eq. (4) yields the following wave equation:

1 Bp ~Bq (6)

where V~ =(E/p)'~ is the longitudinal sound speed. The
nonhomogeneous solution of Eq. (6) can be written as a
volume integral over the source

p(r, t) = q(r', t R /VI), —y dr'
4~C & Bt2

where R = r —r'~.
As an energetic proton slows down in a material, it

gives up its energy to electronic excitations. The time re-
quired for an MeV proton to stop in a solid is so short
(-10 " s) that the energy deposition can be considered
to be instantaneous. There is some controversy, however,
concerning the rate at which the energy of the electron is
converted into phonons, thus becoming heat. Measure-
ments by Liu et t2l. ' of changes in the reflectivity of and
charged particle emission from a silicon crystal indicate
that the energy conversion time is &10 " s. Thus for
our purposes, the rate of local heating in a target due to a
stopping proton pulse of very short duration can be writ-
ten

q(r, t)=N(y, z) (Eo,x)6(t) .dE
dx

Here dE/dx is the proton stopping power as a function of
the incident energy Eo and the depth x in the target,
N(y, z) is the beam-pulse density in protons/cm, and 5 is
the Dirac function. Substituting Eq. (8) into Eq. (7), one
finds that a stopping beam pulse produces an initial pres-
sure distribution which is proportional at each point to
the local heating:

p(r, O) =N~ V~
2dE

C dx
(9)

For t &0, p(r, t) is the solution of the homogeneous wave
equation with initial conditions of Eq. (9) and p(r, O)—:0.

In the above treatment the thermoelastic response is as-
sumed to be adiabatic. Thermal diffusion becomes impor-
tant onl~ for acoustic components with frequencies
&fo ——VI /2nD, where D is the thermal diffusion coeffi-

where o(r, t) is the displacement, q(r, t) is the excess heat
per unit volume, p is the density, C is the specific-heat
capacity, and B and p are the bulk and shear moduli.
The thermoelastic constant y is given by

1+vy=a
1 —v

where a is the linear thermal expansion coefficient and v
is Poisson's ratio.

Assuming V &&cr—:0 initially, no shear waves will be
generated by local heating. In that case stresses in the
medium can be completely described by specifying the
pressure at each point:
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cient. Since fo —10 —10' Hz for most metals, nonadi-
abatic processes are not observable in our measurments.
When the free surface of a solid is heated periodically at
frequencies &&fo, the forward and backward launched
thermoacoustic waves nearly cancel. In that case, the
small signal which propagates through the solid is a mea-
sure of the heat flow near the free surface. Such signals
are used in so-called "thermal wave" imaging to infer the
depth profile of thermal diffusivity near a sample sur-
face 16717

IV. RESULTS
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FICx. 4. (a) Acoustic signal generated by a 3.74-MeV proton
beam stopping in aluminum. The origin on the abscissa is arbi-
trary. (b) Same signal as in (a), together with a calculated
waveform. (c) Reflected acoustic signal which arrives at the
detector about 400 ns after the signal in (a), together with a cal-
culated waveform. The origin on the abscissa is arbitrary.

Figure 4(a) shows an acoustic signal from a 2.5-mm-
thick Al target bombarded with a pulsed beam of 3.74-
MeV protons (10 protons/pulse, 16-ps pulse spacing). '

The signal arrives at the detector about 200 ns after beam
entry into the target, and it is followed by about a dozen
discernable reflections from the parallel target faces,
spaced about 400 ns apart. The first such reflection is
shown in Fig. 4(c). From the acoustic transit time of the
target one can determine the longitudinal sound speed.

Since the beam diameter (3 mm) is much larger than
the proton range (-100 pm); an initial pressure distribu-
tion propagates as two nearly plane-wave pulses which
travel in opposite directions. For that case the acoustic
response of the material near the detector is nearly a trav-
eling plane wave propagating normal to the target surface.

We measure displacement velocity, which for a traveling
wave is proportional at each point to pressure

g(x —Vit) =p (x —Vjt)/Zi, (10)

where ZI =pV& is the characteristic (longitudinal) im-
pedance. One may interpret the signal shown in Fig. 4(a)
in the following way. The first half is due to a forward
launched compression wave. The last half is due to the
backward launched compression wave which was convert-
ed to a rarefaction wave upon reflection from the free
front surface of the target. The peak at the shortest (and
longest) arrival time is the so-called Bragg peak of the
stopping beam. For a single proton stopping in alumi-
num, dE/dx is sharply peaked about 0.5 pm from the
end of proton range. For a beam of protons, the individu-
al Bragg peaks are spread in depth over several microme-
ters, due to the range straggling. ' In Fig. 4 it can be seen
that signal (a) is not quite symmetric and that the reflect-
ed signal (c) is further distorted. These signals are inter-
mediate in shape between the near-field signal described
by a slab geometry, and the far-field signal. For an acous-
tic path length much greater than the beam diameter, the
observed signal would be the time derivative of the near-
field signal.

It should be noted that acoustic pulses of the sort
. shown in Fig. 4 cause a target surface displacement of

only about 0.1 A (0.5 mm/s for 20 ns). For signals of
such small amplitude the target surface in contact with
the Teflon dielectric acts as a nearly free surface.

The signal in Fig. 4(a) is shown again in (b) together
with a calculated waveform. A calculated waveform is
also shown for the reflected signal in (c). The predicted
waveforms were obtained by averaging the response given
by Eqs. (6) and (9) over the detector surface. Reflections
were accounted for by use of appropriate image sources.
The actual beam intensity profile was not measured and is
assumed for the calculations to be uniform over the area
of the collimating aperture. Also, the magnitude of the
calculated waveforms are scaled for best fit. The uncer-
tainty in the absolute measurement is about 10%, due pri-
marily to two factors; (1) the beam current cannot be
monitored during acoustic measurements, since the target
is grounded by the detector, and (2) the actual detector
capacitance is uncertain by several percent because of the
nonrigidity of the dielectric material.

The calculated waveform in Fig. 4(b) has also been
Gaussian smoothed to account for the combined effects of
the beam-pulse duration, range straggling of the stopping
protons, and the preamp response. The calculated
waveform in 4(c) has been smoothed by successive three
point averages to match the observed rise time of the mea-
sured signal.

It can be seen that the acoustic signals in Fig. 4 are su-
perimposed on a background of long-wavelength oscilla-
tions, which are due to a standing-wave pattern excited in
the target by the recurring beam pulses. Both the ampli-
tude and phase of these waves were observed to change as
the target was heated. In one target, for which the beam-
pulse period was nearly a multiple of the acoustic transit
time, the standing waves were much larger in amplitude.
Allowing for standing waves, the signals in Fig. 4 are in
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V. HYDROGEN IMPLANTATION
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(E)=ED[1 f(v)I3], — (12)

where Eo and v are the plate modulus and Poisson's ratio
for the medium without voids, and /3 is the average
volume fraction occupied by voids. The factor f(v) is
given by

f(v)=-,' 1+v ~p 1 —2v
1 —2v '

1 —5v/7
+ (13)

In aluminum v=0.346 (Ref. 23), for which value f=2.77.
Gas-filled bubbles can be treated as voids if the pressure

inside a bubble is not too great. The equilibrium pressure
inside a bubble of radius r is p =2y/r, where y is the sur-
face tension, Greenwood et al. have estimated that near-
by dislocations can permit a bubble to expand through
plastic deformation when p satisfies

p 2y/r )pb/r, — (14)

where b is the Burger's vector. In aluminum
b=3.4 lXOcm, p=2. 5X 10" dyne/cm (Ref. 23), and
a value of y=860 ergs/cm has been measured in molten
aluminum. For a bubble in aluminum of radius 0.1 pm,
this mechanism for expansion prevents the pressure from
greatly exceeding 10 atm which is about 10 times small-
er than the bulk modulus of aluminum. Consequently, in

voids could not be determined. Elis and Evans found that
annealing of irradiated samples above 300'C produced
bubbles several micrometers in diameter.

The implanted region in the target of Fig. 5 contains
hydrogen at a concentration of about 5 X 10 ppm (assum-
ing a layer thickness of 6 pm due to range straggling of
the implanting beam), which is much greater than the
concentrations investigated by Elis and Evans. Milacek et
al. ' have investigated the blistering of aluminum samples
implanted with hydrogen up to about 2&10 ppm, using
up to 200-keV protons. Samples irradiated at proton en-
ergies of 100—200 keV blistered only after being annealed
at 300 C. For that case the blisters were 1 pm in diame-
ter and were spaced about 1 pm apart. The observations
of Milacek et al. and of Elis and Evans indicate that over
a wide range of hydrogen concentrations in aluminum, the
spacing of bubble nucleation centers is of the order of 1

pm.
How are the macroscopic elastic properties of a materi-

al altered by the presence of microbubbles? Mal and
Knopoff have derived a macroscopic wave equation for
a uniform elastic matrix containing a random distribution
of a small spherical inclusions. The two-component
medium is assumed to be statistically homogeneous, and
only wavelengths much larger than the diameter of any of
the inclusions are considered. For a longitudinal plane
wave traveling in the x direction, an average displacement
of the form (g(x))exp( icot) res—ulting from multiple
scattering satisfies

(Z) V'(g( ) )+ '(p) (g( ) ) =0,
where (E) is the average effective mo'dulus and (p) the
average density of the two-component medium. For the
case in which the inclusions are spherical voids, Mal and
Knopoff have obtained

our analysis we treat hydrogen bubbles as empty voids.
An implanted target can be described macroscopically

as an elastic medium whose density and elastic moduli
vary with depth. For longitudinal waves propagating nor-
mal to the target surface, a simple analysis leads to the
following wave equation for the displacement g(x, t):

8 8
p(x) E(x)—

ot Bx

az ag
ax ax

' (15)

D =Doexp( —U/kT), (16)

Suppose that the distribution of bubbles in a target can be
described macroscopically by an average volume fraction
p(x). If changes in p are small over a distance of the or-
der of the bubble spacing, then the modulus E(x) can be
obtained through Eq. (12). The target density is
p(x)=po[1 —P(x)], where po is the density of the matrix
material.

Hydrogen implanted targets were modeled by assuming
13(x) to be a Ciaussian function whose width and ampli-
tude could be inferred from the acoustic data. The signal
in Fig. 5(a) is shown again in 5(c) together with a model
waveform which was obtained in a similar manner as for
those of Fig. 4, except that the propagation of the initial
pressure distribution was determined by solving Eq. (15)
numerically. A layer thickness of 9 pm full width at half
maximum (FWHM) was chosen to fit the width of the
peaks in the observed reflection from the implanted layer.
The amplitude of the reflected signal was then fit by
choosing a fractional bubble volume of 11% correspond-
ing to a 21% reduction in acoustic impedance, at the
center of the layer. Since the range straggling of the im-
planting beam is about 6 pm (FWHM), our analysis indi-
cates that hydrogen has diffused and formed bubbles out-
side the region of implantation. It should be noted here
that since the inferred layer width is about 10 times the
bubble spacing (-1 pm), our use of Eqs. (11) and (12),
which are based on multiple scattering, is physically
reasonable. Measurements were made ori several other
implanted aluminum targets with doses from 2X10' to
11&&10' protons/cm . In those targets the total bubble
volumes inferred from acoustic measurements were found
to be roughly proportional to the implantation dose.

After measurements at room temperature were made on
the target of Fig. 5, the acoustic signal was monitored
while the target was heated in piece. Figure 7 shows the
relative amplitude of the reflection from the bubble layer
as the target was heated from room temperature to 126'C
over a period of two hours. The signal showed little
change up to about 90'C, but above 90'C it appears that
the volume of bubbles in the implanted layer increased
much more rapidly. Subsequent heating of the target to
139'C caused the aluminum matrix to fail and a blister to
form in the implanted layer (see Ref. 11).

Observations of bubble growth can provide information
about the diffusion of hydrogen in aluminum. The sim-
plest model of diffusion assumes that an atom will move
from its site whenever its kinetic energy exceeds a barrier
potential U (called the activation energy). The diffusivity
then has the form
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where T is the absolute temperature. The average time re-
quired for an atom to diffuse beyond a distance R from
its starting point is about R /4D (Ref. 27). Assuming
that bubble nucleation centers are spaced about 1 pm
apart, we can estimate that significant bubble growth
occurs in hydrogen-implanted aluminum in a time to
given by (4Dto)'~ =1 p, m. Acoustic reflection from bub-
ble layers were not observed to change over periods of up
to 10 h. Measurements made several days after implanta-
tion, however, indicated increases in bubble volumes of up
to 50%. Thus at room temperature (25'C) to -—100 h.
From the measurements of Fig. 7 it appears that to -—1 h
at 100'C. Using these estimates in Eq. (16) gives

Do ——6 X 10 cm /s and U= 0.59 eV. The resulting
diffusivity is plotted in Fig. 8 (dashed line). Also shown
in Fig. 8 are several measurements of hydrogen diffusivity
in aluminum reported in the literature. Those measure-
ments were all made at elevated temperatures ( ~ 300'C),
where the diffusivity is much larger than at room tem-
perature. In measurements (a), (b), and (c) samples from
molten aluminum cooled in vacuum were used, and for
those cases the results are in reasonable agreement. Lower
values of diffusivity were obtained in measurements (d)
and (e), for which the aluminum samples were not vacu-
um cast. The discrepancies are attributed by Ichimura et
al. to voids in the aluminum, caused by gases trapped
during fabrication. In our experiments we used type 1100
aluminum (& 99% pure), which may contain various im-
purities. Also, the radiation damage due to the implant-
ing beam is greatest in the region where we were observing
hydrogen bubble growth. Conceding these limitations, we
have observed hydrogen diffusion in aluminum in a re-
gime where the diffusivity is 8—10 orders of magnitude
smaller than in previous measurements.

FIG. 8. Diffusivity of hydrogen in aluminum estimated from
acoustic observation (dashed line), together with several mea-
surements of diffusivity reported in the literature: (a)
Eichenauer and Pebler (Ref. 28), (b) Eichenauer et al. (Ref. 29),
(c) Ichimura et al. (Ref. 30), (d) Ransley and Talbot (Ref. 31),
and (e) Matsuo and Hirata (Ref. 32).

VI. CONCLUSIONS

We have presented time-resolved measurements of
acoustic signals generated by a pulsed proton beam stop-
ping in aluminum. The shapes of acoustic pulses ob-
served traveling in the beam direction are in good agree-
rnent with the thermoelastic model of sound generation.
From the signal rise time (&2 ns), it can be concluded
that the conversion into heat of the energy loss of a slow-
ing proton is localized within a radius of several microme-
ters. The amplitudes of the signals we observe are in
agreement with the thermoelastic model within the uncer-
tainty (-10%)of the absolute measurement.

From observations of the scattering of acoustic pulses
in hydrogen-implanted aluminum, we have determined
the fractional volume occupied by hydrogen microbubbles
and the thickness of the bubble layer. From bubble
growths inferred from acoustic measurements we have es-
timated the diffusivity of hydrogen in aluminum at much
lower temperatures (-25—100'C) than the temperatures
used in other studies.

The sensitivity of our detector is about 20 pV/(mm/s).
Thus, one of the small velocity peaks in Fig. 5 (-0.2
mm/s for 5 ns) generates in the detector an electrical ener-

gy of about 10 eV. Of course, such a small signal can
be observed only by averaging the detector output over
many beam pulses.



3936 G. E. SIEGER AND H. W. LEFEVRE 31
I

RC
(17)

The fraction of beam-pulse energy converted to sound
energy in a target is Eq, where q is the density of energy
deposition, and K depends on the thermal and mechanical
properties of the target material. For the signals shown in
Sec. IV, this energy fraction is about 10 . The fraction
of incident sound energy that is converted in the detector
to electrical energy is

time constant E.C is limited by the bandwidth require-
ment, then the detector sensitivity is determined by the
properties of the dielectric (permittivity, thickness, and
breakdown field). For the detector we have constructed
r =5~10 7 for an aluminum target. Thus, assuming
that most of the acoustic flux is incident on the detector,
the fraction of beam energy absorbed from acoustic radia-
tion by the detector is about 5 & 10
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