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INTRODUCTION

One of the most important instruments in high energy
physics—the bubble chamber—has two serious short-
comings: First, it is a slow instrument, as a result of
which one effectively uses only an insignificant part of
the time during which the chamber is exposed to the par-
ticle beam; second, in a bubble chamber one cannot use
electronic systems to select particular events of inter-
est because of the exceptionally short lifetime of the
bubbles once formed. While it is virtually impossible
to eliminate the second difficulty, since it is due to
physical reasons, it is a technically feasible problem to
increase the repetition rate of the chambers to tens and
hundreds of cycles per second by means of expansion
systems constructed on the basis of new principles.

Recently, there has been a considerable increase in
the interest in chambers with high repetition rate in
connection with the development of so-called hybrid in-
struments’ intended for experiments with large accel-
erators. These instruments include one or several bub-
ble chambers and also systems of electronic detectors
working in conjunction with a computer. The efficiency
with which these instruments can be used is largely de-
termined by the repetition rate of their bubble chambers.

A bubble chamber with high repetition rate can, for
example, be constructed along the lines of the resonance
chamber described in Ref. 2, in which the components
of the expansion system and the liquid itself form a res-
onant system, or along the lines of a chamber with an
electrodynamic expansion system,? in which the driving
element has a coil placed in a magnetic field and excited
by an alternating current.

There is also one further possibility of increasing the
repetition rate of a bubble chamber. In some studies,
it was found that the sensitivity of various liquids to
ionizing radiation is affected when an ultrasonic field is
applied to them. After investigation, attempts were
made to use ultrasound to detect the tracks of ionizing
particles, positive results being obtained only recently.
The experimental data demonstrated the basic possibility
of making ultrasonic bubble chambers with high repe-
tition rate, and theoretical investigations have provided
rich material for understanding the mechanism of growth
of the incipient bubbles formed in the liquid by the ion-
izing radiation under the influence of the ultrasonic field.
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1. INVESTIGATION OF THE INFLUENCE OF
IONIZING RADIATION ON A LIQUID TO WHICH AN
ULTRASONIC FIELD IS APPLIED

Cavitation nuclei and cavitation strength of liquids

In liquids that have not been especially purified, there
are always phase inclusions that reduce their strength;
these are usually called nucleating centers of a new
phase or cavitation nuclei. They may take the form of
gas bubbles, solid unwettable particles, or varpor bub-
bles produced by local heat sources when the liquids
are heated to temperatures near the boiling point. Va-
por bubbles can also arise as a result of interaction of
ionizing particles with the liquid. However, their char-
acteristic sizes® are too small (10°-10"7 ¢cm) compared
with the sizes of the nucleating bubbles associated with
impurities (10™~10* cm), which determine the breaking
strength of such liquids, while the influence of the ion-
izing radiation is insignificant,’~"

The working liquids used in bubble chambers are as a
rule carefully purified of solid and gaseous impurities,
so that their strength is primarily determined by the
vapor cavitation nuclei. Cryogenic liquids are distin-
guished by particular purity. For example, liquid hy-
drogen in the uncondensed gaseous state can contain only
helium, whose concentration is usually reduced to a
negligible amount. It is fundamentally impossible for
liquid helium to contain any uncondensed dissolved gases
or gaseous cavitation nuclei associated with them.

According to the ideas developed by Seitz,* the forma-
tion of nucleating bubbles by ionizing particles in liquids
under the conditions of operation of bubble chambers
occurs as a result of the secondary ionization produced
by 6 electrons. As a result of the transformation of
the energy loss of the & electrons into heat, a certain
volume of the liquid with characteristic radius R, is
heated, and after evaporation this is transformed into
a spherical bubble of radius R, (Ref. 8):

Ry Ry(p/p’)'?, (1)

where p is the density of the liquid; p’ is the density of
the vapor in the bubble. The bubble then grows and may
reach a size that makes it visible if R, is greater than
a certain critical R,,; otherwise it collapses. The time
taken by the bubble to grow to the critical size is deter-
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mined by the diffusion of heat from its cavity and is,
according to estimates,*? about 107'° sec, Cavitation
fracture of a liquid is always due to the formation of
bubbles of the critical size R, which is determined by
the condition

p’(R’T)=Pcr+2c’/Rcr! (2)

where o is the surface tension of the liquid; p’ is the
pressure of the vapor in the bubble, which depends on
its radius R and the temperature T of the liquid; p.. is
the threshold pressure in the liquid above which the bub-
ble begins to grow. Using the connection between (R,
T) and the saturated vapor pressure p,(T) on a plane
liquid-vapor boundary expressed in the form

P& N=ps(T) —F w25, (3)
we can transform Eq. (2) to the most convenient form,
in which the value of the critical radius R, is deter-
mined by the vapor pressure above the plane vapor-
liquid surface p (T)=p,(T) and by the pressure p,, in
the liquid:

Rop= 20’/{(1’«"?“)(1_9'/9)] . (4)

The energy needed for the formation of a vapor bubble
of eritical radius R, can be expressed in the form?®

Ecr:E;r"'E:‘.;' ) (5)

where E_, characterizes the reversible energy expendi-
ture and E,, the irreversible. The value of E., is de-
termined by the energy used for evaporation, and also

by the minimal work of formation of the cavity due to the
surface and volume energies:

Elp=(4/3)71R3,p'L +47R% (0~ Tdo/dT)
Ty (pu_pcr)(‘i/a)ﬂR:r(l T p’/p) 3 (6)

TABLE I, Working parameters of some liquids used in bubble
chambers and characteristics of the ultrasonic field.

Parameters of liquid,

characteristics of

ultrasonic field Hydrogen | Helium | Propane
Ty, °K 27 4,2 333
P,, atm 4.8 1.0 22.0
bPg=Per, atm 2.0 0.25 10.0
p, g/cm® 0,06 0,125 0.44
o', g/em® 0.006 | 0.016 0.04
o, dyn/cm 0.8 0.1 3.6
L, 10® erg/g 3.8 0.2 4.7
R, 10% cm 0.8 0,57 0.72
E, 107 erg 51 2.6 305
E,, eV 32 1.6 190

e, 10° em/sec 0.86 0.19 1.9
pc, 10° gecm™e sec! 0,05 0,025 0.83
Pp» atm 3.0 0.3 10

W, W/cm® 90 1.8 60
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FIG. 1. Dependence of strength of liquid hydrogen on the tem-
perature at different radii of vapor bubbles (Ref. 11), The
open circles are the boundary of the region of sensitivity to
ionizing radiation, ®

where L is the heat of vaporization. The value of E., is
determined by the irreversible energy expenditure ac-
companying the growth of the cavity to the critical size
and is associated with the inertia of the liquid, viscosity,
and heat conduction, which are hard to take into account
exactly. However, E,, is usually considerably larger®
than E; , and therefore the complete energy E., can be
estimated by means of Eq. (6). As the estimates
show,®®? if bubbles of critical radius are to be formed
in liquids under the characteristic regimes of bubble
chambers, there must be a local release of energy of
tens to hundreds of electron volts.

For various regimes (T, p,— p,,) of operation of hy-
drogen, helium, and propane bubble chambers, Table I
contains the values of the critical radii R, and energies
E . calculated in accordance with (4)-(6) using the tabu-
lated'® values of the thermodynamic parameters corre-
sponding to the given temperatures.

To each value of the radius R, of a vapor bubble in a

Ap,., atm

70

[/

FIG. 2. Dependence of strength of liquid helium on the tem-
perature at different radii of vapor bubbles.'* The open cir-
cles are the boundary of the region of sensitivity to ionizing
radiation®; the dashed curve is the strength determined by
“electron bubbles”; the chain curve is the boundary of the re-
gion of quantum heterophase fluctuations.
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FIG. 3. Dependence of strength of propane on the temperature
at different radii of vapor bubbles. The open circles are the
boundary of the region of sensitivity to ionizing radiation,®

liquid there corresponds a minimal negative pressure
Po—DP.r at which bubbles grow to visible size. One may
call Ap..=p,—P.r the fracture negative pressure, or
cavitation strength, of the liquid. The dependence of
Ap. on the temperature for different values of the radi-
us R, for hydrogen, helium, and propane''''? is given in
Figs. 1-3.

These results refer to static stresses of liquids with
a characteristic time of about 107 sec, which appre-
ciably exceeds the time of growth of bubbles to the criti-
cal size (~107° sec). In an ultrasonic field with a fre-
quency of the order of tens or hundreds of kilohertz,
the characteristic stress times are also fairly long—
about 10"*-10"° sec. Therefore, the threshold pressure
amplitude p,,, ., of an ultrasonic field in an USBC can be
estimated in the same way as the overpressure in ordi-
nary chambers, i.e.,

pm-err’ Apcr"‘ APD 3

where Ap,, is the cavitation strength of the liquid under
static stress introduced above; Ap, is the static over-
pressure of the liquid, i.e., the excess of the static
pressure p, over the saturated vapor pressure p,. The
values of the characteristic acoustic parameters of
ultrasonic fields and liquids for USBCs are given in
Table 1.

Investigation of the influence of ionizing radiation on
cavitation in an ultrasonic field

Since ionizing radiation is capable of nucleating vapor
bubbles in a liquid, it is natural to assume that it will
influence the occurrence and development of cavitation
in strong ultrasonic fields. The first proofs that ioniz-
ing radiation influences ultrasonic cavitation were ob-
tained in Refs, 13 and 14,

Lieberman showed experimentally*® that neutrons
from a Po-Be source led to a significant reduction in
pentane and acetone of the threshold pressure ampli-
tudes of the ultrasonic field p,, .., at which cavitation
occurs. At the same time, when these liquids were ir-
radiated with positrons the effect was not observed.

In these investigations, the cavitation was excited in de-
gassed liquids in a 12-liter glass resonator. As a re-
sult of the degassing of the liquids, excitation in the
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FIG. 4. Influence of lead shield on threshold intensity of an
ultrasonic field in water.'*

center of the resonator of the ultrasonic field with pres-
sure amplitude greater than 22 atm did not lead to the
occurrence of cavitation in the absence of a radioactive
source. Inthe case of irradiation with neutrons, the
cavitation strength was reduced so much that in pentane
cavitation occurred when the ultrasonic field had an am-
plitude 3.5 atm, and in acetone when it was 6. 5 atm.
Lieberman suggested'® that the cavitation nuclei are
formed as a result of collisions of neutrons with nuclei
of carbon (in the case of pentane) or oxygen (in the case
of acetone), the recoil nuclei then interacting with the
matter in accordance with Seitz’s model.*

Sette et al.'*'® found experimentally that the threshold
amplitude of the ultrasonic field in water can be raised
if the water is shielded by lead or paraffin. This sug-
gested that the formation of the nucleating centers in
the case of ultrasonic cavitation in water is connected
with the cosmic-ray background. In these experiments,
the cavitation was excited in water saturated with dis-
solved air at room temperature and was observed visu-
ally in a small region ~1 cm®, where ultrasonic vibra-
tions with frequency 1 MHz from a quartz emitter were
focused. The threshold intensity!’ of the ultrasonic
field at this frequency was approximately equal to 1 W/
cm? One of the characteristic results obtained in Ref.
14 is shown in Fig. 4. Here, we have plotted the de-
pendence of the threshold intensity W, of the ultrasonic
field on the time of measurement when a lead shield
15-mm thick was used. As can be seen from the figure,
after the introduction of the shield the cavitation strength
begins to increase slowly to a value about 30% greater
than the initial value. Removal of the shield leads to a
gradual reduction of the cavitation strength to the origi-
nal value. The introduction of a source of neutrons into
a volume with water surrounded by a lead shield also
leads to a gradual reduction of the cavitation strength
to the original value. The characteristic time of varia-
tion of the cavitation strength is about 1000 sec. In
contrast to the preceding experiments made with acetone
and pentane, in which the lifetime of the nucleating bub-
bles was short, so that it was not possible to observe
cavitation without the simultaneous application to the
liquid of ionizing radiation and ultrasound, in the experi-
ment with water the delayed effect of the shield and the
source indicate that the cavitation nuclei arise here

DThe intensity W of an ultrasonic field is related to the pres-
sure amplitude p,, in the ultrasonic wave by the equation W

=pf,,/2;:ac, where ¢ is the velocity of sound in the medium,
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without the acoustic field but grow to visible sizes only
if an adequate acoustic field is applied. Analysis of the
experimental data led Sette et al. to suggest that the
occurrence of cavitation nuclei in the water is due to
oxygen recoil nuclei formed by the interaction with fast
neutrons (~10 MeV), or is due to the neutron source,
or cosmic rays., Later, Sette ef al.'® showed that the
introduction into distilled water of uranium salts lowers
the threshold of ultrasonic cavitation by almost a factor
of two.

In contrast to the investigations of Sette et al., who
used water with air dissolved in it, Finch'” made similar
experiments with degassed water. Cavitation was ex-
cited in a spherical 2-liter glass resonator by a 25-kHz
ultrasonic field, The degassing of the water consider-
ably raised the threshold amplitude p,,, .,—from 5-6 atm
without a lead shield to 13 atm with a lead shield 10-mm
thick. When the water was carefully degassed, its cavi-
tation strength without a shield could be increased to
7-8 atm. When this water was irradiated with ~ 14~
MeV neutrons, p,.., was reduced to below 5 atm (Fig. 5).
The characteristic time of variation of the cavitation
strength was of the order of several hours.

The influence of penetrating radiation on the cavita-
tion strengths of a number of organic liquids was also
investigated by Hahn.!® He broke the liquids in a glass
capillary with a constant stress produced by rapid rota-
tion of the capillary around an axis perpendicular to its
length. He found that the breaking strengths of the in-
vestigated liquids, which included Freon, isopentane,
hexane, acetone, and others (altogether 28 liquids), was
considerably reduced when they were exposed to a par-
ticles, neutrons, and y rays. A typical result of these
measurements can be illustrated by the example of
Freon, for which the cavitation threshold pressure was
found to be p..~ -5 atm when irradiated with « particles
and neutrons and p,.=— 52 atm with y rays. In the ab-
sence of radioactive sources, it was found that p,,
~ =120 atm.

In the experiments described in Ref. 19 by Hahn et al.,
the cavitation was excited by an ultrasonic field at 25
kHz in Freon and isopentane (in the presence of a neu-
tron source) and also in methyl acetate (containing a dis-
solved uranium salt). Bubbles were observed in the
Freon when the ultrasonic field had amplitude p, =5
atm, and in the methyl acetate when p, =2 atm. De-
tailed investigation of the development of the cavitation
in the Freon showed that the bubbles are formed at the
pressure crests of the standing ultrasonic waves. They
grow to visible size (~10" ¢m) during one period (~107°
sec), and disappear in a time corresponding to tens of
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FIG. 5. Change in the threshold pressure of ultrasonic cavita-
tion in water under the influence of 14-MeV neutrons.
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periods of the ultrasonic field, Acoustoluminescence
was also observed in the form of short light pulses ac-
companying the formation of the cavities.

It should be noted that the experimental results ob-
tained in Refs. 13-16 and 19 were not satisfactorily ex-
plained from the physical point of view. Above all, this
applies to the experiments with water, in which the ob-
served threshold amplitude p,,... was due to fairly large
cavitation nuclei, ~10™-10"* cm, If the water is not
degassed, such nucleating centers are always present.”
Therefore, the suggestion of Refs. 13—1% that the cavi-
tation nuclei are formed by fast neutrons (~ 10 MeV)
through recoil nuclei interacting with the liquid in ac-
cordance with Seitz’s mechanism* encounters a number
of difficulties. Estimates show that such nuclei are in-
capable of depositing the energy (6) necessary for the
formation of the cavitation nucleus in a path length 107%-
10" cm. In this connection, it was suggested in Ref.

20 that small bubbles created by 6 electrons coalesce
into a large bubble with a size rivaling that of the gas
bubbles hitherto present in the water. Nor is it entirely
clear how such bubbles can exist stably for many hours,
as was observed in water.'*

Attempts to make ultrasonic detectors of ionizing
radiation

The experimental proof that ionizing radiation affects
ultrasonic cavitation in liquids stimulated a search for
ways to make fast particle detectors on the basis of this
effect.

Hughes®! attempted to make isopentane sensitive to a

neutron flux by means of an ultrasonic field at frequency
31 kHz and amplitude ~ 2 atm excited by a cylindrical
radiator made of the piezoelectric ceramic barium ti-
tanate. Cavitation bubbles were observed in the liquid
both in the presence of neutrons with energy from 10 to
23 MeV and in their absence. With the neutron source,
cavitation arose within 10 msec; without it, only after
100 msec, though tracks were not observed.

Lyapidevskii et al.?* investigated the influence of
ultrasound on the lifetime of cavitation nuclei in a Freon
bubble chamber irradiated with y rays from a ®Co
source. An ultrasonic field was excited by a magneto-
strictive radiator at 25 kHz, although the ultrasound
amplitude (~ 5 atm) was insufficient to make the liquid
sensitive to the ionizing radiation.

Aleksandrov et al.*® considered the possibility of mak-
ing a propane chamber sensitive by excitation of sound
with frequency from 50 to 500 Hz.

West®* proposed and tested a neutron detector with
degassed tetrachloroethylene. The liquid was made
sensitive to ionizing radiation by an ultrasonic field ex-
cited by a cylindrical radiator in a glass resonator at
frequency 21 kHz., It was assumed that cavitation bub-
bles can be detected by means of the shock wave pulses
resulting from their collapse. Data were recorded by
means of two microphones since the difference between
the times of arrival of the sound signals at them could
indicate the spatial position of the bubbles. In an ex-
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periment with a neutron source, it proved possible to
record acoustic pulses that were repeated for many
periods, indicating a continued existence of bubbles in
the ultrasonic field,

In Refs. 25 and 26, it was suggested that the change
in the thresholds of ultrasonic cavitation as a function
of the intensity and energy of radiation could be used to
determine very small neutron fluxes (E >10 MeV) or to
detect in the liquids long-lived spontaneously fissile
materials.

Some conclusions from the experiments on the effect of
ionizing radiation on ultrasonic cavitation

The experiments described above demonstrated con-
vincingly that there is a connection of the ultrasonic
cavitation phenomena in different liquids with ionizing
radiation. As a rule, the experiments used liquids
under far from critical conditions. Therefore, the
available means for producing ultrasonic fields made it
possible to stimulate growth to visible size of only com-
paratively large cavitation nuclei (~10™ cm) which, it
was assumed, were formed directly in the liquid—by
fission fragments—or indirectly—by fast neutrons (>10
MeV) through recoil nuclei. At the same time, analysis
of the experimental data showed that fast charged parti-
cles (for example, protons) were incapable of forming
bubbles of the necessary size at the available intensities
of the ultrasonic field. Irradiation with positrons and
v rays also had no influence on the ultrasonic cavitation
in the liquids.

The data on the cavitation strength of liquids exposed
to y rays give an idea about the amplitudes of the ultra-
sonic pressure needed to produce sensitivity to parti-
cles with minimal ionization. For example, the cavita-
tion strength of Freon at atmospheric pressure when
exposed to electrons formed by y rays is about 50 atm.
It would be rather difficult to produce an ultrasonic field
of this pressure amplitude in a significant volume of
liquid by means of the currently known ultrasonic sys-
tems. Therefore, none of the attempts to make an
ultrasonic track detector of fast particles was success-
ful.

In order to solve the problem of detecting particles
with minimal ionization in an ultrasonic field, all the
subsequent investigations described below were made
under the following conditions;

First, attention was concentrated on cryogenic liquids,
which are free of impurity-induced cavitation nuclei.
The main aim was to make liquid hydrogen sensitive to
ionizing radiation. At the same time, some attention
was devoted to liquid helium, a medium capable of being
sensitive to ionizing radiation at small superheatings.

Second, to ensure the formation of bubbles with small
cavitation nuclei the working temperature of the liquids
was taken in the region of normal operation of an ordi-
nary bubble chamber.

Third, the possibility was considered of the cavitation
nuclei growing to visible size during many periods of the
ultrasonic field.
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2. EXPERIMENTAL JUSTIFICATION OF THE
POSSIBILITY OF MAKING USBCs

Principle of operation of USBCs

An idea of the formation of tracks of ionizing parti-
cles in an USBC can be obtained in Fig. 6, which shows
the pressure distribution in the field of a plane standing
ultrasonic wave. At the times corresponding to the
maximal pressure at the crests of the standing wave,
the pressure distribution in space corresponds to the
continuous curve in Fig. 6a (p, is the pressure of the
threshold sensitivity of the chamber, and all the other
notation has already been introduced). It is obvious
that in the regions in which the pressure in the liquid
is lower than p, one can expect sensitivity of the liquid
to ionizing radiation. At each given time, the track of
a particle will consist of spatially periodic groups of
bubbles separated by the wavelength A. At the same
time, neighboring regions separated by A/2 from the
sensitivity regions are insensitive to the ionizing radia-
tion. After a time 1/2f, where f is the frequency of the
ultrasonic field, the pressure distribution corresponds
to the dashed curve in Fig. 6a, and in these regions
tracks can be detected. Thus, the groups of bubbles
that form the tracks of two particles that enter the
chamber in succession separated by a time interval
1/2f will be displaced in space with respect to one an-
other by A/2.

The distribution of the pressure in time in a region
corresponding to a crest of the standing wave is shown
in Fig. 6b. A particle that passes through this region
during the time interval At=f,—#, can form bubbles of
critical radius along its path. Thus, the fraction of
time during which the USBC is sensitive to the ionizing
radiation is 2 Aff,

Depending on the amplitude p,, of the ultrasonic field,
one can have two regimes of operation in an USBC. At
amplitudes p,, that slightly exceed the threshold pressure
Pm-or, the so-called many-period regime is realized.

In this case, pulsed ultrasonic vibrations, i.e., trains
of tens of vibrations, are applied to the working medium
of the chamber. A critical cavitation nucleus formed

in a negative half-period does not succeed in collapsing
completely but is merely reduced to a certain size.
Subsequently, the bubble grows to visible size over sev-
eral periods of the ultrasonic field. The physical pic-
ture of such growth of the cavitation nuclei will be con-
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FIG. 6. Distribution of pressure in space (a) and in time (b)
in the field of a standing ultrasonic wave.
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sidered in detail below. When the ultrasonic field is
removed, the bubble collapses completely at a rate de-
termined by the excess static pressure Ap,. A differ-
ent, single-period regime of operation of an USBC can
be achieved at amplitudes p,, of the ultrasonic field
appreciably exceeding p,,..r; this is hard to achieve in
many liquids. In this case, the bubble must grow to
visible size during the negative half-period of the ultra-
sonic wave and collapse in the positive half-period fol-
lowing it. Realization of such a regime would make it
possible to construct an USBC with high repetition rate.

Generation of strong ultrasonic fields

We give some relations and characteristics relating
to ultrasonic transducers and the fields they produce,2’-2¢
A transducer which is operating under a regime in which
ultrasonic energy is radiated into a surrounding medium
may be called an ultrasonic radiator.

An important characteristic of an ultrasonic radiator
is the coefficient of electromechanical coupling, which
characterizes the ratio of its mechanical energy to the
supplied electrical energy. The piezoelectric ceramic
materials barium titanate and lead zirconate-titanate
(PZT) have the highest coefficients of electromechanical
coupling. They are the most effective for making ultra-
sonic emitters for USBCs.

Another characteristic of the radiator is the electro-
acoustic efficiency 7,,,, which determines the ratio of
the emitted acoustic energy to the supplied electrical
energy. It can be represented as 7,,.=Me.mMm.a, Where
Me.m iS the electromechanical efficiency and 7, , is the
mechanicoacoustical efficiency. The electromechanical
efficiency for a piezoceramic is near unity since the di-
electric losses in it are small. Therefore, the efficien-
cy of a piezoelectric transducer is largely determined
by the mechanical losses in the active material and the
constructional elements during the mechanicoacoustical
transformation of the energy, i.e., it is determined by
the mechanicoacoustical efficiency.

When a radiator is excited, its surface is affected by
the reaction of the working medium, If the emitting sur-
face is wider than the wavelength of the acoustic wave
in the surrounding medium, the input impedance Z on
the surface of the radiator (the resistance of the radia-
tion) can be regarded as a purely active quality, and in
the case of traveling waves Z=pcS (S is the area of the
emitting surface)., For effective emission of acoustic
energy, the radiator must be optimally matched to the
medium, Otherwise, when the voltage V is raised,
mechanical fracture of the radiator occurs before the
necessary amplitude of the acoustic pressure is reached
In order to raise the input impedance on the surface of
the radiator in an USBC, ultrasonic systems consisting
of two planar radiators are usually used. The distance
1 between the radiators must be an integral multiple of
the ultrasound wavelength in the medium. In this case,
a field of plane standing waves is formed, and the input
impedance of each radiator can be expressed in the form
Z=2pcS/al, where « is the coefficient of absorption of
sound in the medium. This expression for Z is valid
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for small values of o, when ol «<1, which is usually
satisfied in USBCs at ultrasound frequencies of the
order of tens of kilohertz. In such ultrasonic systems,
a flat reflecting wall can be used instead of one of the
radiators.

Depending on the type of working liquid and the ther-
modynamic conditions in the USBC, the generation of
a strong ultrasonic field has particular problems in
each concrete case. The parameters of the ultrasonic
field needed to make various liquids sensitive to ioniz-
ing radiation are given in Table I. Let us consider the
ultrasonic emitting systems that can be used in USBCs.

Simple resonant piezocevamic elements. They can be
successfully used in media in which comparatively low
ultrasound intensities are needed to make the liquids
sensitive. It can be seen from Table I that liquid heli-
um is such a medium. Therefore, in liquid helium it
proved comparatively easy to obtain tracks of ionizing
particles®=* using simple resonant piezoceramic ele-
ments as ultrasonic radiators. The ultrasonic system
used in these investigations consisted of two piezo-
ceramic disks that produced a field of plane standing
waves., The parameters of this system and the ultra-
sonic field are given in Table II.

Reinforced composite radiators. It is a very com-
plicated problem to radiate ultrasonic energy into liquid
hydrogen.® It can be seen from Table I that this re-
quires large pressure amplitudes and high intensity of
the ultrasound combined with a low acoustic resistance
pc of the medium.

In Refs. 33 and 34 it was shown that the use in liquid
hydrogen USBCs of simple piezoceramic elements,
even when made in the form of binary systems, does not
enable one to achieve the desired effect—the piezoele-
ments break before the ultrasound intensity needed for
the formation of tracks is reached in the liquid hydrogen.

The ceramic can be reinforced however. The con-
structions of composite reinforced radiators specially
developed for use in cryogenic liquids®**3% are shown in
Fig. 7. Their construction took into account the exper-
ience gained from developing reinforced ultrasonic ra-
diators intended for ordinary liquids.’® As can be seen
from Fig. 7, the piezoceramic elements are placed be-
tween metallic plates, which makes it possible to pro-
duce a static compression by means of a reinforcing nut.
On assembly, the piezoelements were compressed to
~ 200 kg/cm?, which appreciably increased the mechani-
cal strength of the radiators. If the metallic elements
used in the construction have a coefficient of thermal
expansion nearly equal to the piezoceramic’s (for exam-
ple, titanium alloys), the static compression can be
preserved at low temperatures. To ensure acoustic
contact, indium washers were placed between the piezo-
ceramic and the metal. As can be seen in Fig. 7, the
emitting surface of the transducer is larger than that of
the piezoelectric elements. This construction is chosen
to raise the input impedance. In addition, the active
elements themselves are taken out of the central zone,
where the deformations and internal losses are maxi-
mal.*” All these measures together increase the acous-
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tomechanical efficiency, which is close to 0. 35 accord-
ing to measurements made under traveling wave condi-
tions in liquid hydrogen. At a resonance frequency 38.4

kHz and voltage 1.5 kV it was possible, using such ra-
diators, to produce an ultrasonic field in liquid hydrogen
with amplitude ~ 3 atm (Ref. 35).

TABLE II. Experiments on the influence of an ultrasonic field on the formation of tracks of ionizing particles in bubble

chambers.
Particles, ; i X -
. Thermodynamic conditions Time characteristics
Regime of Working | source
operation liguid in (energy or pd | Po bor Apy, Ty, Ta, Ay, | At, Atg,
of chamber chamber | momentum) [T, °K atm | atm atm atm msec| msec | msec | msec msec
Combined effect | Hydrogen | ¥ rays, *°CO
of expansion source
system and = 27 5.8 | 3.4 4,8 (—1.4) 10 15 2-2.5
ultrasonic e 5-10 0.3
field (340 MeV)
Hydrogen | ¥ rays, 24.9 3.9 | 1.4-2,5| 3,2 (-0.7)-(-2.1)
pulsed 26.9 5.2 | 2-5.2 | 4.8 e e R R L
800
source
Hydrogen | 7~ mesons 27 5.2 | 4.5-4.8| 4.8 (-0,3)-0 10 10 5 2 0.3
(340 MeV)
Effect of ultra- Helium | 7 mesons and|3,4-3,65| — | 0.4-0.6 0.4-0.6 0 — 0.6-2
sonic field protons 3.25 —_— 0.6 0.35 0.25 —_ 1 0.6-2
alone (USBC (1 GeV/c) [3.25 = i|50.4 0.35 0.08 == g 0.6-2
regime)
Hydrogen | 7~ mesons 27 —_ 5.15 4.8 0.35 — 4.5 1-4 1.5-2,5( 0.3
(340 MeV)
Hydrogen | ¥ rays, %Co |21-28 == ]11.2-5.8 | 0.15-0.4 —= 1=2.51 — 0.2-1.0| —
source
Hydrogen | ¥ rays, ®Co
fouree 24-26 = | 2.6-4,0 |0.2-0.4 T
Electrons
(300 MeV)
Partivies) Parameters of ultrasonic systems
Regime of Working | source Working
operation liquid in (energy or Type of system, Diameter of region, |f, v, P Institute,
of chamber chamber | momentum) |piezoceramic radiator, mm mm(A) kHz kV atm literature
Combined effect | Hydrogen | ¥ rays, ®Co | Cylindrical focusing sys- External @ 115, | @ 70 14 1.2 ~1.0 | JINR, Acous-
of expansion source tem (barium titanate) internal 270, | (~A) tics Institute
system and . height 60 (Ref. 32)
ultrasonic AT s LN
field (340 MeV) _
Hydrogen | ¥ rays, System of simple planar @ 50, thick- 60 360 0.9 0.9 | CERN
pulsed Co| pairs of radiators ness 6 25 2) (Ref, 34)
source (PZT-4)
Hydrogen | 7~ mesons System of planar composite | @ 50 58 30 1.2 1.75 | JINR, Acous-
(340 MeV) reinforced pairs of (o) tics Institute
radiators (PZT-23) (Ref, 33)
Effect of ultra- | Helium | 7 mesons and | System of simple planar 2 70 50 110 0,7 >0.45 | CERN (Ref. 29)
sonic field protons pairs of radiators 270 40 97 0.7 >0.35 | CERN (Ref, 30)
alone (USBC 1(GeV/e) (PZT-4) @70 40 97 1.0 >0.21 | CERN (Ref. 30)
weg i) Hydrogen | 7~ mesons System of planar composite | @ 70 90 38.4 1.5 ~3.0 | JINR, Acous-
(340 MeV) reinforced pairs of (4 2) tics Institute
radiators (PZT-23) (Ref, 35)
Hydrogen | ¥ rays, 8o System of planar pairs of @ 70 60 300 1.2 >2,8 CERN (Ref. 33)
source radiators with matching (20 )
plate (PZT-4)
Hydrogen | v rays, Co System of planar radiator @ 40, thick- 28 340 1-1.6 | 1--1.6 | Tokyo Univers-
source with reflector (NEPEC) ness 6 (10 2) ity (Ref. 41)
Electrons
(300 MeV)
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FIG. 7. Composite reinforced ultrasonic radiators for liquid
hydrogen (Refs. 33 and 35), a) Radiator reinforced in a jacket;
b) radiator reinforced on a rod; 1) radiating surface; 2) piezo-
ceramic disks; 3) and 5) metallic disks; 4) terminal; 6) teflon
insulator; 7) reinforcing nut; 8) reinforcing rod; 9) jacket.

Composite vadiators with matching plates. During
operation at high frequencies, radiator pairs can break
as a result of mismatch of the resonance cavity result-
ing from a change in the temperature of the liquid or the
development of cavitation phenomena on the surface of
the radiators, which change the velocity of sound. For
example, in the case of liquid hydrogen, ultrasound of
frequency 300 kHz, and a resonance cavity of length
252, mismatch of the cavity by A/4 can be caused by a
change in the velocity of sound by only 1%, which can
occur if the temperature changes by 0.1 °K (Ref. 38).
Then on the surface of the emitter there is a pressure
node and not a pressure crest, and the effective input
impedance is drastically reduced. In order to match
better the impedances of the liquid and the piezoceramic,
one can introduce between them a quarter-wave plate
with characteristic impedance (pc),, intermediate be-
tween those of the piezoceramic and the working medi-
um. Two types of radiators containing a quarter-wave
matching plate are shown in Fig. 8. These radiators
made it possible to obtain a pressure amplitude ~2.8
atm in liquid hydrogen at a frequency 300 kHz (Ref. 39).

Focusing ultrasonic systems.

Obviously, if focusing

FIG. 8. Radiators with matching plates for liquid hydrogen
(Ref. 39). a) System with glued disks (the glue a mixture of
isopentane and trimethylbutane); b) radiators with disks pres-
surized by helium gas at 50 atm; 1) radiating surface; 2)
piezoceramic disk; 3) A/4 perspex matching plate; 4) aluminum
disk A/2 thick; 5) mylar ring seal glued by araldite; 6) tube for
gaseous helium; 7) steel disk 3A/4 thick,
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FIG. 9. System of ultrasonic radiators for helium USBC, %

systems are used, one can obtain fairly high ultrasound
intensities in a certain region of the working volume of
an USBC. At the same time, only small electric volt-
ages need be applied to the piezoceramic.

In Ref. 32, a radiator made of piezoceramic sections
of barium titanate forming an annular layer was used.
This was tightened by a metallic ring hot-fitted onto the
cylinder. The internal diameter of the radiator was 7
cm, This radiator, working at the resonance frequency
14 kHz and voltage V=1, 2 kV, produced a pressure p,,
~1 atm in an appreciable part of the volume enclosed
within the cylinder.

Helium USBC. Use of planar emitters

The first tracks of particles with minimum ionization
were detected in the helium USBC made at CERN,%?

The chamber was a glass cylinder containing two
PZT-4 radiators of diameter 7 cm. The distance [ be-
tween them was varied from 5 to 25 cm by means of an
external mechanical device. The general form of the
ultrasonic system is shown in Fig. 9. In this experi-
ment, the distance ! was equal to 5 cm, which corre-
sponded to 25 wavelengths of the ultrasonic waves ex-
cited in the liquid by the radiators at the resonance fre-
quency 110 kHz. The chamber operated in the tempera-
ture range from 3.4 to 3. 65 °K at a pressure corre-
sponding to the saturated vapor pressure, i.e., with
Apy=0. Under these conditions, it proved possible to
obtain tracks of pions and protons with minimum ioniza-
tion. The bubbles in the tracks grew to a visible size
(~ 1072 cm) during 0. 6 mseec, which corresponded to 50—
60 cycles of the ultrasonic field. The density of bubbles
along the tracks was 8—10 cm™. Comparison of the
number of observed tracks with the intensity of the par-
ticle heam showed that the chamber was sensitive for
50% of the time. According to estimates, the amplitude
of the ultrasonic pressure was not less than 0. 45 atm.

In other experiments®® made under conditions when an
excess pressure was produced in the working volume of
the chamber of magnitude Apy~ 0.2 atm, which prevents
spontaneous boiling of the liquid, it was possible to es-
timate the practically achievable repetition rate of the
helium USBC (~100 cycle/sec).
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FIG. 10. Tracks of pions and protons with minimum ioniza-
tion in liquid helium in the field of a plane standing ultrasonic
wave (Refs. 29 and 39), a) Ty=3.5°K, Apy~0, f=110 kHz,
A=0,15 cm; b) Tg=3.2°K, Apy=0.04 atm, f=100 kHlz, A
~0,2 cm,

The tracks of high energy particles (beam of pions
and protons with momentum 1 GeV/c) obtained in the
helium USBC are shown in Fig. 10, The conditions
under which the experiments were made are given in
Table II.

Liquid hydrogen USBC. Use of focusing ultrasonic
systems and planar radiators

Because of the difficulties mentioned above of obtain-
ing strong ultrasonic fields in liquid hydrogen, the first
experiments®~** aimed at making this liquid sensitive to
ionizing radiation were made in ordinary liquid-hydro-
gen bubble chambers, in which, in addition to the exci-
tation of ultrasonic vibrations, the working medium was
superheated to a certain extent by a mechanical expan-
sion system. Figure 11 shows the variation of the pres-
sure in the chamber with the experiment arranged in this
way. It can be seen from Fig. 11 that the pressure p,

P
Tr
T,
B!
; Ap;
3 BN e
R~ —————— pis, P 1.7 s
P Aper
R.‘ _______ — T e e
lat, a2,
| 1
:Eé |
154 |
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FIG. 11. Diagram of variation of the pressure with time in the
working volume of a bubble chamber with combined influence
of ultrasound and a mechanical expansion system. p{ is the
original static pressure; p,, the saturated vapor pressure;

P, the static pressure produced by the expansion system; pg
is the threshold sensitivity pressure; p,, is the pressure
amplitude of the ultrasonic field; Ap, is the static excess pres-
sure; Ap.. is the cavitation threshold; Ap, is the change in the
pressure produced by the expansion system; Ty is the duration
of the mechanical expansion pulse; Ty is the duration of the
ultrasound pulse; At; is the time lag of the particle beam after
the start of the ultrasonic pulse; Afy is the time delay of photo-
graphing after the introduction of the particle beam (the growth
time of the bubbles); Af; is the pulse duration of the particle
beam; £; is the start of the ultrasonic pulse; fy, is the start of
photographing.
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Synchronizing
" pulse

FIG, 12, Block diagram of experimental apparatus for in-
vestigating the influence of ultrasound on the formation of tracks
of ionizing particles in a liguid hydrogen bubble chamber (Ref.
33). 1 is the synchronization block; 2 is the supplying genera-
tor for the series of vibrations; 3 is a power amplifier; 4 is

a pulse voltmeter; 5 and 6 are ultrasonic radiators; 7 is the
liquid hydrogen bubble chamber; 8 is the mechanical expansion
system; 9 and 10 are miniature ultrasonic reczivers; 11 are
amplifiers; 12 is an oscillograph; 13 is a voltmeter; 14 is a
stereographic camera; 15 is a transmitting telecamera; 16 is
a receiving telecamera,

acting constantly on the liquid (see Fig. 6) under

an USBC regime was produced in this case for only
a short period when the ultrasonic pulse was applied.
The value of p, was varied during the experiment by
choosing the amount of expansion of the working volume
of the chamber and could reach the original static pres-
sure py. When pulsed particle beams were used, the
passage of the particles through the working volume of
the chamber could be rigorously synchronized with the
switching on of the mechanical expansion system, the
introduction of the ultrasonic pulse into the liquid, and
the time of photographing. A block diagram of the ap-
paratus used in one of these experiments® is shown in
Fig. 12,

The first combined system including an expansion

XS

=

FIG. 13. Liquid hydrogen bubble chamber with cylindrical
focusing ultrasonic radiator (Ref. 32). 1 is a miniature ultra-
sonic receiver; 2 is a cylindrical focusing ultrasonic radiator;
3 is the current input; 4 is a layer of the radiator; 5 is a re-
inforced hoop; 6 is a window for introducing the particle beam;
7 is a temperature control jacket; 8 is the frame of the cham-
ber; 9 is the mechanical expansion system; 10 is an illuminator;
11 is a stereographic camera,
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FIG. 14, Radial distribution of the ultrasonic pressure in a
cylindrical focusing radiator (Ref. 32). p(#)/p(0) is the ratio
of the pressure at the point with coordinate # to the maximal
pressure on the cylinder axis.

system and ultrasonic radiators was used in Ref. 32 in
a collaboration between the Joint Institute for Nuclear
Research and the Acoustics Institute. The experiment
used a 25-cm liquid hydrogen bubble chamber,* in
whose working volume a cylindrical focusing radiator
(Fig. 13) working at resonance frequency 14 kHz was
placed. The radial distribution of the acoustic pres-
sure produced by this radiator in carbon tetrachloride,
in which the velocity of sound is close to the velocity of
sound in liquid hydrogen at Ty= 27 °K, is shown in Fig.
14. The tracks of ionizing particles were formed either
by y rays from the radioactive source *°Co or by a beam
of 340-MeV 7~ mesons from the Dubna synchrocyclotron.
The duration 7, of the ultrasonic pulse applied to the
radiator was 15 msec and was somewhat longer than the
duration 7, of the chamber expansion pulse, which was
equal to 10 msec. Tracks of negative pions obtained

in this experiment with mechanical expansion corre-
sponding to the minimal sensitivity of the chamber are
shown in Fig, 15,

The results of this experiment demonstrated the basic
possibility of complete replacement of the expansion
system of a liquid hydrogen bubble chamber by an ultra-
sonic vibratory system. Therefore, in subsequent ex-
periments, measures were undertaken to improve con-
siderably the parameters of the ultrasonic systems with
the aim of dispensing gradually with the expansion sys-

FIG, 15, Tracks of negative 340 -MeV pions in a liquid
hydrogen bubble chamber under the combined influence of ultra-
sound and mechanical expansion corresponding to minimal
sensitivity of the chamber® at T(=27°K, f=14 kHz, V=1.2 kV.
T,=10 mgec, and T,=15 mgee, a) Without ultragound; b) with
ultrasound,
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FIG. 16. System of ultrasonic radiators for liquid hydrogen
USBC.®

tem. Considerable attention was devoted to restricting
parasitic boiling (cavitation) on the surface of the ra-
diators (the light halo in Fig. 15b). It was found that
shortening the duration of the ultrasonic pulses, the use
of radiators with high efficiency, and careful polishing
of the emitting surfaces considerably reduced the effect
of cavitation phenomena.

In Ref. 33, a pair of planar reinforced composite
radiators (see Fig. Ta) working at the resonance fre-
quency f= 30 kHz was used to produce standing waves
of comparatively large amplitudes in liquid hydrogen
and tracks of 340-MeV 7~ mesons were obtained in a
25-cm liquid hydrogen bubble chamber at a static pres-
sure corresponding to the saturated vapor pressure.
The general form of the ultrasonic instrument used in
this experiment is shown in Fig. 16. During the experi-
ment, the static excess pressure Ap, was varied from
— 0.3 atm to 0 by means of a mechanical expansion sys-
tem; the time interval between the photographing and
the introduction of the beam of particles was about 2
msec, which corresponded to 60 periods of the ultra-
sonic field. With voltage V=1 kV on the radiators, the
pressure amplitude p, reached ~1.5 atm. Photographs
of tracks obtained at different values of Ap, and V are
reproduced in Fig. 17.

Experimental data on the formation of tracks of
charged particles in a liquid hydrogen bubble chamber
with simultaneous use of expansion and ultrasonic sys-
tems were also obtained in the investigation Ref. 34
made at CERN. The experiments were made on the
meter model of the Large European Bubble Chamber in
whose working volume two simple PZT-4 radiators were
placed.

Further improvement of the ultrasonic systems made
it possible to dispense completely with the mechanical
expansion system in the liquid hydrogen bubble cham-
bers. Inthe experiments of Ref. 39, which were made
at CERN in a wide range of temperatures (21-28 °K)
using only an ultrasonic field (300 kHz) produced by ra-
diators with matching plates, it was demonstrated that
liquid hydrogen is sensitive to Compton electrons from
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FIG. 17. Tracks of negative 340-MeV pions in liquid hydrogen
bubble chamber under the influence of plane standing ultra-
sonic wave® at Tg=27°K (p,=4.8 atm), p{=5.2 atm, f=30 kHz,
Ty=10msec, Aty =5msec, At,=2 msec. a) pg=4.5 atm, Ap,
=—0.3 atm, V=1.0 kV; b) py=4.65 atm, Apy=—0.15 atm,
V=1.0 kV; c) py=4.8 atm, Ap;=0 (at different voltages).

y rays of a ®Co source at Ap,=0,15-0.4 atm (Fig. 18).
In the experiment of Ref. 35, made at Dubna and also

in liquid hydregen with Ap,=0.35 atm by means of only
an ultrasonic field (38. 4 kHz) produced by reinforced
radiators (see Fig. 7b), tracks of 340-MeV 7~ mesons
were obtained (Fig. 19). Experiments made later at
Tokyo University* showed that Compton electrons from
%Co y rays readily form cavitation bubbles in liquid
hydrogen under the influence of an ultrasonic field of
frequency 300 kHz produced by an isolated piezoceramic
disk that emits acoustic energy in the direction of a re-
flecting wall. In the same experiments, when the liquid
hydrogen was irradiated with 300-MeV electrons, poorly
distinguishable tracks were observed on the background
of the irregularly formed bubbles of parasitic boiling.

A complete list of all the experiments designed to
make liquid hydrogen ultrasonically sensitive to ionizing
radiation is given in Table II.

FIG, 18, Tracks of Compton elec-
trons in liquid hydrogen USBC with
field of a plane standing ultrasonic
wave of frequency 300 kHz (Ref, 39)
at To=24.6°K, Ap=0.4 atm, V
=1,5kV, 79=2,5 msec,
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FIG. 19, Tracks of negative 340-MeV pions in liquid hydrogen
USBC in a field of a plane standing ultrasonic wave of frequency
38.4 kHz (Ref. 35) at Ty=27°K, Apg=0.35 atm, V=15 kV,
Ty=4.5 msec, A, =2 msec.

The most important experimental results from the
investigation of the operation of USBCs

Pressure amplitude in ultrasonic waves and factors
that vestrict it. As the experiments showed, the pres-
sure amplitude p,, of the ultrasonic field is restricted
primarily by cavitation phenomena on the surface of
the radiators. When cavitation occurs, the input im-
pedance on the surface of the radiators is reduced® be-
cause the density of the medium and the velocity of
sound in it decrease.*’ As a consequence, the efficiency
of the radiators is reduced and so is the pressure am-
plitude p,, of the ultrasonic field. The change in the
velocity of sound also leads to 2 mismatch of the reso-
nance length I (see Fig, 6), resulting in a violation of
the condition of multiplicity of the wavelength A. As a
result, the field of standing waves in the working volume
of the USBC is “broken up.”

There is no doubt also that, in the absence of cavita-
tion, the absorption of ultrasound in the medium due to
viscous loss, relaxation loss, and the expenditure of
energy on the growth of the vapor bubbles that form the
tracks also reduces the pressure amplitude. However,
as estimates made®”* for liquid hydrogen at frequen-
cies of the order of tens of kilohertz show, the influence
of these factors is insignificant for the concentrations
of vapor bubbles in the working volume of the USBCs
and the sizes of the instruments that have been used in
experiments,

Direct measurements show that at a given Ap, a lin-
ear dependence of the pressure amplitude on the voltage
applied to the radiators is observed only up to certain
voltages. The dependence measured in liquid hydrogen
by means of a miniature acoustic receiver at a pressure

crest™ is shown in Fig. 20, from which it can be seen
D atm ‘
5
FIG, 20, Dependence of the
10 | pressure amplitude p,, of
I’ ultrasonic field on the voltage
0.5 | V applied to the ultrasonic
[ radiators.®
L 4L._J
7 0.5 .0 ¥, kv
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that when cavitation occurs the amplitude of the ultra-
sonic field reaches saturation and then begins to de-
crease. The same effect was noted in Ref. 30, in which
the amplitude p, was measured by means of one of a pair
of planar radiators that was operating as a receiver of
ultrasound.

Measurements of the sizes of the bubbles forming the
tracks and the bubbles on the radiator surfaces at dif-
ferent voltages for the case of liquid hydrogen® show
that when the voltage is increased the track bubbles
grow only to a definite limit, whereas the parasitic-
boiling bubbles continue to increase. At high voltages,
the tracks are completely suppressed and the cavitation
on the emitter surface becomes predominant (see Fig.
17c¢ at V=2.0 kV).

It should be noted that exact measurement of the pres-
sure amplitude of the ultrasonic field in the case of cavi-
tation is a rather difficult problem. Thus, if ultrasound
receivers are used, complications arise because of cav-
itation on their surfaces. Therefore, in many cases the
data given are not very accurate and they are sometimes
deduced indirectly. In Refs. 34 and 39, the amplitude
of the ultrasound pressure was estimated by measuring
the density of bubbles along the tracks of particles under
the assumption that the density of bubbles depends on the
expansion pressure and the temperature in the USBC in
the same way as in an ordinary bubble chamber.

Growth time and size of bubbles in USBCs. The avail-
able data on the rate of growth and sizes of bubbles in
USBC are rather approximate since they were obtained
under conditions that precluded an examination of the
behavior in time of the bubbles in the ultrasonic field.
The data refer only to comparatively large bubbles
(~107 cm) that can be photographed by means of the
optical systems used in ordinary bubble chambers,
Considerable uncertainties are due to the impossibility
of exact determination of the time of formation of the
cavitation nuclei. Some experiments were made under
conditions when the USBC was irradiated with a constant
source of y rays, for which a statistical distribution of
the intensity in time is characteristic. Even when an
USBC is used in acclerator beams or in a beam from a
pulsed source of y rays, when one can synchronize the
start of the ultrasound pulse, the particle beam, and
the time of photographing, a large spread of bubble
sizes is observed. It can be explained by the following
factors: First, because of the long duration of the
beam pulses employed, which appreciably exceed the
period of the ultrasonic field, the cavitation nuclei may
begin their growth at different phases of the ultrasonic
pressure; second, because the duration of the particle
beams is comparable with the time interval between the
start of the beam pulse and the time of photographing,
the time of growth for bubbles produced by individual
particles may be different.

In all experimental investigations it has been noted
that in an ultrasonic field the bubbles grow very rapidly
to a visible size. However, because of the uncertainties
discussed above, it is difficult to establish a lower limit
of their growth time. As follows from the experiment
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with the helium USBC,? visible bubbles (~10~2 cm) are
observed even at an ultrasonic pulse duration of ~0. 6
msec (which corresponds to 50-60 periods at frequency
110 kHz). X, in addition, one takes into account the
time required to establish the ultrasonic field between
the radiators, the growth time may be shorter than 0, 6
msec. A rapid rate of growth of bubbles in liquid hydro-
gen USBCs is also indicated. In Ref. 39, in which an
ultrasonic field of frequency 300 kHz was used, it was
noted that less than 1 msec is required to obtain bubbles
with diameter 0.1 cm. In Ref. 35, bubbles of diameter
0.02-0.1 cm were obtained with ultrasound of 38, 4 kHz
in a time of ~ 2 msec, which corresponded to 80 periods
of the ultrasonic field.

In the last case it was characteristic that, besides
small bubbles, an appreciable number of large bubbles
was observed, these being formed apparently over a
longer period of time. The appearance of the large bub-
bles can be attributed to the features of their growth in
the ultrasonic field.** In experiments in which a combi-
nation of mechanical and ultrasonic systems was used,
it was noted that once Ap,+p, exceeds the level of sen-
sitivity and the time delays of the light pulse Af, are
greater than 1 msec, the bubbles obtained in the ultra-
sonic field have diameters five times greater than the
bubbles formed when only the expansion system is used.
It was also noted that there is a qualitative difference
between the bubbles formed by the ordinary expansion
system and by ultrasound in conjunction with the ex-
pansion system. The former appear as transparent
spheres, while the latter, when their diameter exceeds
0.02 cm, are opaque clusters of many bubbles. The
occurrence of such clusters was also noted in other
investigations.?* It follows from these examples that
if there are sufficiently long growth times in the ultra-
sonic field the bubbles may interact with one another
and combine.

Repetition rates of USBCs. Time of vecompression
of bubbles. The cycling rate at which an USBC may
operate under a many-period regime is determined the-
oretically by the time of establishment and decay of the
ultrasonic field in the working volume.** In practice,
the repetition rate of an USBC, like that of an ordinary
bubble chamber, depends on the time of recompression
of all the bubbles formed in its working volume. Of de-
cisive importance is the time of recompression of the
parasitic-boiling bubbles on the surface of mechanical
parts. In the case of USBCs, these bubbles form pri-
marily on the surface of the radiators and on supporting
parts due to the release of heat. The recompression
time of the bubbles depends on their size and the static
excess pressure Ap, in the liquid. In some experiment
the practically achievable repetition rate of the USBC
was estimated. In the helium USBC investigated in Ref.
30, the bubble recompression time was determined as
follows. The radiators were excited by two ultrasonic
pulses (duration 1-1, 5 msec) separated by a certain
variable time interval Af. At the end of each pulse,
the working volume was photographed. The recompres-
sion time was determined from the disappearance of the
bubbles on each successive photograph after the fore-
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going excitation by the ultrasound. The experiments
showed that at 7,=3.23 K (p,=0.33 atm), Apy;=0.13
atm, and Af =25 msec the recompression was complete.
This shows a chamber can be cycled under these condi-
tions at ~40 Hz. At T;=3.26 °K (p,=0.35 atm), Ap,
=0.2 atm, complete recompression was observed at At
=10 msec, which corresponds to cycling the chamber
at ~ 100 Hz.

For the hydrogen USBC used in Refs. 39 and 45 it was
noted that at T¢=25°K, (p,=3.2 atm), Apy=0.6 atm,
and p,, >2. 8 atm the bubbles disappeared in a time that
did not exceed 15 msec, which indicates a possibility of
cycling at 50-100 Hz.

The time for which an USBC can operate at such repe-
tition rates depends on the stability of its temperature
regime, which is determined by the heat dissipation in
the radiators. As was shown by the experiment®® made
in a helium USBC at repetition frequency 50 Hz and Ap,
=~ 0.12 atm, boiling was not observed on the surface of
the radiators during a period of 10 min, i.e., during
30000 ultrasound pulses. More serious complications
may arise in a liquid hydrogen USBC, in which stronger
ultrasonic fields are required.

3. THEORETICAL INVESTIGATIONS OF THE
DYNAMICS OF VAPOR BUBBLES IN AN ULTRASONIC
FIELD

System of equations describing the pulsations of vapor
bubbles in an ultrasonic field

The dynamics of vapor bubbles in an USBC is essen-
tially connected with processes of heat and mass ex-
change on their surface under the influence of the ultra-
sonic field, The system of equations that describes the
change in time of the radius of a vapor bubble in a liquid
under static tension was first formulated in Ref. 46 un-
der various restrictions and simplifications. Subse-
quently, ¥~ this sytem was taken as a basis and used
to describe the dynamics of vapor bubbles in a liquid
subjected to an ultrasonic field. Workers from the
Joint Institute for Nuclear Research and the Acoustics
Institute*®*° considered theoretically the nonstationary
growth of pulsating vapor bubbles from microscopic
size to a visible size. They were studying here a new
physical phenomenon of rectified heat transfer due to the
growth of vapor bubbles in an ultrasonic field of finite
amplitudes,

We give there the most complete system of equations,
which includes the equations of the dynamics of the
liquid and the vapor, and also the equations of mass and
heat transfer. If the liquid is assumed incompressible,
the dynamical equations of the liquid reduce to

UR + 2UR— U2+ [pa () — pr+ 20 (1 — "oy YRYp==0; (7
u(r, )=UR%r*; r>=R, (8)
where R, the radius of the bubble, is a function of the
time ¢; p,(¢) is the pressure in the liquid determined by
the static pressure p, and the pressure of the ultrasonic
field with amplitude p,, and frequency w=27f, so that
Po(t)=pg— P, sinwt; p'R is the vapor pressure on the sur-
face of the bubble; o is the surface tension of the liquid;
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p’ and p are the densities of the vapor and the liquid.
(Throughout, the primes mean that the corresponding
parameters refer to the vapor.) Phase transitions on
the surface of the bubble result in a difference between
the velocity R of the surface and the velocity of the
small particles of the liquid I/ and the vapor U’ on this
surface, so that the flux of evaporating or condensing
matter on the surface is

j = (det’ )/ (4xR2) =p (R —U) = p’ (R—U"), (9)

where o4’ is the mass of the vapor in the bubble. The
vapor pressure p is determined by the temperature T R
of the liquid on the boundary of the bubble. If it is as-
sumed that the phase transitions are in equilibrium, then
it is easy to find a connection between p and T':

PrR=Po(Tr), (10)
and this can be expressed analytically in the form of the
Clausius-Clapeyron equation or obtained experimentally.
(The index ¢ indicates that the corresponding function is
taken at phase equilibrium of the liquid and vapor. )

To determine the temperature in the liquid and on the
boundary of the bubble, it is necessary to solve the heat
conduction equation

aT 9t + (uv) T =V (xvT)lpep, =R, (11)

where ¢, is the specific heat of the liquid; » is the coef-
ficient of thermal conductivity of the liquid; and u is the
velocity of the liquid at the point ».

Within the bubble, the following equations hold for
the vapor when allowance is made for its compressibility:

ou' it + (V) = —Vpp, r<Ri (12)
8p'jot - (W'V) p'u' =0, r< R (13)
ds' ot 4 (u'V) ' = v (»'VT)p'T', r<R; (14)

where s’ is the specific entropy of the vapor. The
boundary conditions for Eqs. (10) and (13) can be speci-
fied in the form Tz=R(R,t)=T"(R,t), T(o,t)=Ty. In
addition, it is necessary to give the energy balance equa-
tion for the evaporation and condensation on the moving
boundary of the bubble:

m. X
=% (VD= (V=g (R)

(15)
Writing down the equation of state of the vapor in the
bubble,

Pr=p(p T (16)
we close the system of equations (7)-(16).

This system of equations can be simplified by ignoring
the inhomogeneity of the temperature within the bubble,
which is justified at bubble radii R much less than the
length of the thermal diffusion layer in the vapor, which
is (2D'/w)'/2 where D' is the coefficient of thermal
diffusivity of the vapor. For bubbles in liquid hydrogen
at T,=27 °K and frequencies of the ultrasonic field
around 40 kHz, this condition is satisfied at radii R
<107 c¢m, i.e., during the initial stage of growth of the
cavitation nuclei. At the same time, the condition of
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homobaricity within the bubble is satisfied. Then there
is no need to solve the problem for »<R, i.e., Egs.
(12)~(14) can be removed from the system (7)-(16), and
Eq. (15) transformed to

; cgolt! aTp  Tp d [ pa do
L=%(VDea——m & "’FT{T(R dT) '

(17)
where ¢, is the specific heat of the vapor along the phase
equilibrium curve; o#’=(4/3)1R%’.

Thus, the simplified system of equations that charac-
terizes the dynamics of a thermally uniform vapor bub-
ble includes Eqs. (7)-(11), (16), and (17). This system
was first investigated in connection with problems of
ultrasonic bubble chambers in Refs. 48-50, and then
later in Refs, 51-60. It should be said that even with
this simplification of the system of equations it is ex-
tremely difficult to obtain an analytic solution of it, and
the system must be solved either numerically or ap-
proximately. The more general system of equations
(7)-(16) was formulated and investigated in Refs. 61
and 62.

Analytic solutions. Growth of bubbles due to rectified
heat transfer in the ultrasonic field

Analytic solutions of the complete system of equa-
tions (7)-(16) can be obtained approximately in the
framework of perturbation theory. Suppose that the
pressure in the liquid at infinity and on the surface of
the bubble varies with the time as

Peo (t) = po+ Pm exp (i02). (18)
We then seek a solution for the bubble radius in the
form of a sum of slowly varying and rapidly varying
function of the time®’;

R () =R () + R (t) exp (iot) (19)
under the condition that |R,, |<E, where R(t) is the value
of the radius averaged over a period of the field; R,,(t)
is the amplitude of the pulsations of the radius with the
frequency w of the ultrasonic field. We also assume
that the mass of the vapor in the bubble is «'(t), its
density p'(#, 1), and temperature T(7,{), and that the
other time-dependent parameters can be expressed in a
form analogous to (19), i.e.,

ol (t) = oll" (1) =+ ol (£) exp (ict); (20)
P’ (r, t)=p’(r, 1) pm (r, ) exp (iwt); (21)
T (r, £) =T D+ T (v, £) exp (i), (22)

In the linear approximation, one can find the following
expressions for R, and T,,:

Rpy=— PmKEfSQ;
Tn= (Pm-"Q) {dedP)ﬂ'

(23)
(24)

where @ is a factor that takes into account the resonance
characteristics of the bubble and K is its compressibility
Thus, the amplitude R, of the bubble pulsations depends
linearly on the mean radius IT, the pressure amplitude
D Of the ultrasonic field, and the bubble compressibility
K, but it is inversely proportional to the factor @. The
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temperature T, also depends linearly on p,, and is in-
versely proportional to @.

The expression for K in most general form is

e (), (11 2o 222

% (3+C) 5 ferdl)

3¢ ’ e
" p i D ,,. wa'TD
Far \1 TG ut+i—=

()1

) (7¢) P

; (w%:,)uz _]} :

(25)

where w, and w, are related to the length of the tem-
perature wave [which is of order (2D'/w)'/?] and the
acoustic wavelength A, in the vapor by

14+i
V iD7w

2D @

wy
a2
Al'l

[1+in(p—1) ] wa s i2aha; (26)
¢, is the specific heat of the vapor; o’ is the coefficient
of thermal expansion of the vapor; and D is the coeffi-

cient of thermal conduction of the liquid. The function

flwR) = wﬁcoth{wﬁ} —1, (27)

and the constant C can be expressed in the form C= (¢, /
¢,—1/2) under the condition (2D’/w)'/2<),, which is
usually satisfied at frequencies f <« 10'2 Hz.

The factor @ can be expressed in the form®

Q = 1—(pa?R?- 20/R) (K/3). (28)
The function @ is complex, At a definite frequency w
= g of the acoustic field, |@| is minimal, and in this
case w, determines the frequency of resonance pulsa-
tions of the vapor bubble. The frequency of the reso-
nance pulsations of the bubble radius in the general case
may differ from the characteristic frequency, and it is
determined by the condition of maximum of the ratio
|R,|/R. Therefore, in accordance with (23), the reso-
nance frequency w; is determined in general form by
the expression

2 (| K/Q oo =0. (29)
Usually, the frequency w, of characteristic pulsations is
very close to the resonance frequency w,. In the case
when ReK depends weakly on w, the resonance frequency
of the vapor bubble is equal to the characteristic fre-
quency, and it can be determined from the condition
Re® =0, For the resonance frequency, one can then
obtain the expression®®®

@} = (3/Re K — 20/R)/pR>. (30)

The dependences of the resonance frequencies on the

radii of vapor bubbles in liquid hydrogen and liquid heli-
um are given in Fig. 21.

1t should be pointed out that at frequencies w of the
ultrasonic field appreciably lower than the resonance
frequency w, the value of @ tends to unity, @ =1. In
this case, the theoretical treatment of the dynamics of
the vapor bubbles simplifies. In the experiments of
Refs. 34, 35, and 39, bubbles with sizes less than and
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greater than the resonance size were observed. In Ref.
35, in which liquid hydrogen was excited by an ultrasonic
field with frequency ~ 40 kHz, the bubbles grew to a size
of order 10%cm, i.e., they did not reach the resonance
value, which is approximately equal to 10~lem at that
frequency. In other experiments,3*% the frequency of
the ultrasonic field was ~ 300 kHz and exceeded the res-
onance frequencies of the observed bubbles. Note that
in such a case the absorption of ultrasound in the liquid
can increase considerably, and there may also be a
stronger interaction between individual bubbles, result-
ing in their combining.

To determine the mean radius RT} of the growing bub-
ble, it is necessary to solve the nonstationary problem
of the dynamics of the bubble in the ultrasonic field. In
the quadratic approximation in the framework of “pertur-
bation theory, the solution for the rate of change of the
mean radius in time is®” &2

PE 2
wmer ()1t (),
Im (oft;, T )
—

dr f[_;;

_239[ m Bl (1—3F5]-.—
x[—%+ “)]+‘%’m[mmmu—ﬁn

|@|2 L RIKE (), — (A +2) ().}

where Ap, is the static excess pressure of the liquid
defined by Apg=po—p,(Ty); F3 and F; are the functions
given by

(31)

expl—(+Dal g

B
3
I+ =V (32)

Fn=1'_"rn(!:’.'!ﬁju
0

If the expression in the curly brackets in (31) is
greater than zero, then the mean radius m increases
in time because of nonlinear mechanisms in the ultra-
sonic field which give rise to a new phenomenon in pul-
sations of vapor bubbles.**”® This phenomenon, which
has become known as rectified heat transfer,%%® char-
acterizes the growth of the vapor bubble due to the time-
averaged flow of heat into it from the liquid. It has a
certain analogy with the phenomenon of rectified gas
diffusion responsible for the growth of gas bubbles in
water under the influence of an ultrasonic field,% %

Let us consider the physical mechanisms that govern
the growth of vapor bubbles in an ultrasonic field due to
rectified heat transfer. We note first of all that if the
conditions of phase equilibrium are satisfied on the bub-
ble surface, the temperature varies in accordance with
(22) and (24) corresponding to the change in the pressure
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(18). When a bubble expands in an ultrasonic field, the
temperature on its surface satisfies T,<T,, and when it
contracts, T,>T,. The differences Ty— T, and T~
determine the temperature gradients on the bubble sur-
face. The heat flux into and out of the bubble is related
to the magnitude and direction of these gradients and
also the surface area of the bubble.

The first term in the curly brackets in (31) governs
the growth of the vapor bubble due to the nonlinearity of
the phase equilibrium curve, since (dT/dp?),<0. Phys-
ically, this has the consequence that during the expansior
phase of the bubble, when the heat flux is from the liquid,
the temperature gradient is in absolute magnitude great-
er than during the compression phase, when the heat
flux is into the liquid. Because of this, over the period
of the ultrasonic field there is a net average flux of heat
from the liquid to the bubble, and this leads to the evap-
oration of liquid on the surface and an increase in the
mean radius E("t_) of the bubble. The second term takes
into account the dependence of « on T, though its influ-
ence on the bubble growth is insignificant. The third
term determines the growth of the bubble caused by the
difference between the heat fluxes through its surface
during the expansion and contraction phases due to the
fact that during the expansion phase the surface of the
bubble is on the average greater than during the con-
traction phase. This mechanism is analogous to the one
observed for gas bubbles in an ultrasonic field growing
as a result of the phenomenon of rectified gas diffu-
sion.*”% The following terms also characterize growth
of the vapor bubble. The mechanism of this growth is
due to the release, on the average, of heat in the vapor
bubble as a result of the work done on it by the ultra-
sonic field. The mechanisms described by the last two
terms in the curly brackets of (31) hinder this growth of
the vapor bubble. The penultimate term takes into the
account the influence of the inertial terms of the equa-
tion of motion and determines the dynamic pressure ex-
cess of the liquid hindering the bubble growth in the ul-
trasonic field. This is important at high pulsation ve-
locities of a vapor bubble, which occur, for example,
when the bubbles have sizes near the resonance value.
The last term takes into account the static excess pres-
sure of the bubble ( Apy+20/R), which is the main hin-
drance to its growth, It is easy to see that this term
does not depend on the pressure amplitude P of the
ultrasonic field. Therefore, with increasing amplitude
Pm one can always reach a regime in which the growth
mechanisms predominate over the mechanisms of col-
lapse due to the static overpressure effects on the bub-
ble.

Equation (31) in the case of a small static excess
pressure can be simplified and its solution represented
in the form of multiple relations. For small vapor bub-
bles, when the first three terms in the curly brackets
of (31) are important, one can write the time dependence
of the bubble radius in the form

Rt~ 4", (33)

where A, is a constant. For liquid hydrogen, Eq. (33)
holds when R<7-10"% cm. For large bubbles the re-
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maining terms are important, and then

R(t) ~ Aqt, (34)

where A, is a constant. The constants A, and A, are
related to the amplitude and frequency of the ultrasonic
field and also to the thermodynamic parameters of the
liquid. They can be expressed in the form A,=C;p,,,
Ay=C,Vwp?, where in the case of liquid hydrogen at
To= 27 °K the two constants have the value C,~0,3.107"
cm®-dyn™- sec™/? and €,=0.7- 10 cm®. dyn"%. sec™?
(Ref. 61).

At bubble radii R exceeding the resonance values,
Ry, Tm, and of, are decreased by the increase in the
factor @, and therefore, above a certain size of the bub-
bles, the effects of rectified heat transfer are reduced
compared with the effects due to the overpressure, and
the bubbles cease to grow further, having reached a
certain asymptotic radius R.

Numerical solutions. Dependence of bubble dynamics
on the parameters of the liquid and the ultrasonic field

An analytic and a numerical solution characterizing
the growth of a bubble in liquid hydrogen are given in
Fig. 22. This shows the dependences of the relative
radii R/R, on the number of periods wt/2m of the ultra-
sonic field, where R, is the initial radius of the bubble.
The analytic solution was constructed in accordance with
(23) and (31), and the numerical solution found on a
computer for the original system of equations (13)-(22).
It can be seen from these results that in the numerical
solutions there are, besides the pulsation component
with the frequency of the ultrasonic field, pulsation
components with a higher frequency close to the reso-
nance frequency for a bubble of the given radius.

During the growth of a bubble, the resonance fre-
quency decreases and may approach the frequency w of
the ultrasonic field. At the same time, the amplitude
of the pulsations increases considerably and the bubble
ceases to grow. All this is well illustrated in Fig. 23,
which shows numerical solutions of the system of equa-
tions (13)-(17), (23), and (24) for a vapor bubble in an
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FIG. 22, Comparison of analytic and numerical solutions for
pulsations of a bubble in liguid hydrogen in an ultrasonic field
with frequency 50 kHz (Ref. 62) at T,=27°K, py=5.0 atm,
Apg~0,2 atm, Ry=5+10" cm, p,,=3.0 atm. 1) Analytic solu-
tion; 2) numerical solution.
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FIG. 23, Pulsations of vapor bubble in liquid nitrogen in an
ultrasonic field of different amplitudes at frequency 50 kHz
(Ref. 62) at Ty=77.35°K, pg=1.2 atm, Apy=0.2 atm, R,
=510 cm: 1) p,,=0.35 atm, 2) p,,=0.4 atm, 3) p,,=0,5 atm,

ultrasonic field of different amplitudes for the case of
liquid nitrogen.”® At a frequency 50 kHz of the ultra-
sonic field in liquid nitrogen, the resonance radius of

a vapor bubble is ~10"% cm, and for initial radius R,
=5.10"* cm this corresponds to R/R,=20. Figure 23
shows clearly that when the resonance radius is reached
the growth of the vapor bubble in the ultrasonic field
stops.

With increasing pressure amplitude p,, of the ultra-
sonic field, the rate of growth of the mean radius in-
creases, which corresponds to the analytic solutions
given above. Numerical solutions characterizing the
increase with time of the mean radius R(¢) of the vapor
bubble in liquid hydrogen under the influence of an ultra-
sonic field of frequency 40 kHz (Ref. 51) are given in
Fig. 24, from which it can be seen that with increasing
pressure amplitude of the ultrasonic field the rate of
growth dR/dt of the mean bubble radius increases.

Numerical solutions obtained at a given frequency of
the ultrasonic field can be generalized to the case of
other frequencies by using the self-similarity of the
solutions,® since the function

F (ot/2m) = fR2 (ot,2x) (35)

has a universal form that does not depend on the fre-
quency f in a certain range of the argument wt/27,
which determines the number of periods of the ultra-
sonic field. Numerical solutions for a vapor bubble in
liquid hydrogen for the same thermodynamic parame-
ters, the same pressure amplitude p, =2.0 atm of the
ultrasonic field, but different frequencies f are shown
in Fig. 25. It can be seen that if the solutions are rep-
resented in the form of the functions (35), the initial
growth sections coincide right up to hundreds of periods
of the ultrasonic field at different frequencies from 10
to 400 kHz. A deviation, which may be characterized by
the extent to which the self-similarity of the functions
(35) is violated, begins because of the influence of the
inertial terms of the equation of motion, which is mani-
fested in the excitation of characteristic (resonance)

Akulichev et al. 253



I L B

020 w0 6w wijzw
FIG. 24, Increase in the mean radius of a vapor bubble in
liquid hydrogen in an ultrasonic field of different amplitudes®
at Ty=26.15°K, py=4.6 atm, Ap;=0.5 atm, f=40 kHz, R,
=5+ 10" cm: 1) p,=2.0 atm; 2) p,,=2.4 atm; 3) p,,=3.0 atm.

pulsations of the vapor bubble. As the frequency of the
ultrasonic field is raised, the corresponding resonance
radii of the bubbles decrease, and so do the limiting
radii to which the vapor bubbles can grow as a result of
rectified heat transfer. In this connection, it is of in-
terest to examine the numerical solutions given in Figs.
26 and 27 (Ref. 63). It follows from them that the char-
acteristic pulsations of bubbles of the same radius
(81072 cm) increase with increasing pressure ampli-
tude of the ultrasonic field and decreasing static pres-
sure excess. It follows from this that the increase in
the static excess pressure Ap, of the liquid and de-
crease in the amplitude p,, may increase the asymptotic
radius reached by a vapor bubble in the ultrasonic field.
At the same time, of course, there will be a decrease
in the rate of increase dR/dt of the mean radius of the
vapor bubble, and this must be taken into account when
one is selecting regimes of operation of ultrasonic bub-
ble chambers.

As was noted above, a vapor bubble grows in the
ultrasonic field because of the rectified heat transfer,
which is characterized by the time-averaged flux of heat
from the liquid to the bubble and determined by the tem-
perature gradient on its surface. The temperature dis-
tributions in the liquid around a bubble at different times
t, separated by equal intervals equal to 1/10 of the peri-
od of the ultrasonic field, so that the complete set of
distributions characterizes the change in the tempera-
ture during one period of the ultrasonic field, are given
in Fig. 28 (Ref. 63). In the top left of this figure, we
show the corresponding change in the radius of the bub-
ble during this period. This case is characterized by
strongly developed characteristic pulsations of the vapor
bubble, which in order of magnitude approach the values
of the forced pulsations. As can be seen from Fig, 28,
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FIG. 25. Growth of vapor bubbles in liquid hydrogen at differ-
ent frequencies of the ultrasonic field® at Ty=26.15K., p,
=4,6 atm, Apy=0,5 atm, and p,,=2,0 atm,
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FIG. 26. Pulsations of a vapor bubble in liquid hydrogen at
different amplitudes of an ultrasonic field with frequency 40
kHz (Ref. 63) at Ty=26.15°K, py=4.6 atm, Apy=0.5 atm.,

the characteristic pulsations of the bubble also begin to
be manifested in the distribution of the temperature near
the bubble. At certain instants of time, the tempera-
ture gradients may be completely determined by the
characteristic pulsations of the bubble when the heat
flux on its surface changes.

The initial temperature distribution shown in Fig, 28
corresponds to a bubble heated by 0. 5 °K relative to the
liquid, which was dictated by the choice of the initial
temperature condition on its surface, this leading to
stable numerical solutions. The stability of the numeri-
cal solutions also depends on the initial conditions re-
lating to the phase of the ultrasonic field. The numeri-
cal solutions found above were obtained when the pres-
sure of the ultrasonic field has the form

(36)

Pa = — Pm Sin ot.

If this pressure is given with a different initial phase ¢,

Pa = — P, sin (0f + @), (37)
the solutions are structurally unstable in certain regions
of variation of ¢. Different numerical solutions for a
vapor bubble in liquid hydrogen subjected to an ultra-
sonic field with different initial phases are shown in

Fig. 29 (Ref. 67). The bubble does not grow if the ini-
tial phase ¢ lies in the range from 0 to 0. 8, since it is
dissolved faster than the pressure decrease in the ultra-
sonic field can become effective. As the phase is varied
from 2 to 7 rad, the pressure reductions in the liquid
needed for the bubble to expand are also too small, and
when the phase varies from 7 to 27 rad the pressure of
the ultrasonic field compresses the liquid and, naturally,
the bubble does not grow. For the case shown in Fig.

R,107%cm
P = 5.1 atm
}

Y P VAT T, 1 P =4-Lam

0 \/\/V\/\’r wt/2m

FIG, 27. Pulsations of a vapor bubble in liquid hydrogen in
an ultrasonic field with frequency 40 kHz at different static
excess pressures (Ref. 63) at T(=26,15°K, p,=41 atm.
Pm=2.0 atm,
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FIG, 28. Temperature distribution in liquid hydrogen near a
pulsating bubble at different instants of time during one period
of the ultrasonic field (Ref. 63) at T(=26.15°K, pp=4.6 atm,
Apg=0.5 atm, f=40 kHz, p,=3,0 atm, Ry=8*10~ cm,

29, the bubble grows if the initial phase of the ultrasonic
field lies in the interval from 0.8 to 1.8 rad. Naturally,
with increasing pressure amplitude of the ultrasonic '
field, this interval expands, but in the limit it cannot be
greater than 7.

Comparison of theoretical and experimental results.
Further investigations of the dynamics of bubbles in
USBCs

The available experimental data on the behavior of
bubbles in USBCs are as yet insufficient for a detailed
comparison with the theoretical ideas so far developed,
though it is of interest to make what comparisons we
can. The results of calculation of the growth of the bub-
ble radius in a liquid hydrogen USBC with working pa-
rameters corresponding to the conditions when tracks
of ionizing particles were observed are given in Fig. 30
(Ref. 35). The calculations were made in accordance
with Eq. (31). They are shown in the form of the de-
pendence of the mean radius normalized to the length
(2D/w)' /2 of the thermal diffusion layer in hydrogen on
the number of periods of the ultrasonic field. Note that
for hydrogen at Ty= 27 °K the value of (2D/w)/? at fre-
quency 38,4 kHz is ~107* cm. In the experiments,
tracks of ionizing particles were observed after two

0
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FIG. 29, Variation in time of the radius of a vapor bubble in
liquid hydrogen for different initial phases (in radians) of

the ultrasonic field®" at Tg=24,6°K, po=3.4 atm, Apy=0.4 atm,
f=300 kHz, p,=2.5 atm, Ry=2+10" cm,

255 Sov. J. Part. Nucl. 8(3), May-June 1977

TTTT
cm—

FIG. 30. Comparison of cal-
culations with experimental
results for liquid hydrogen
USBC at Ty=27°K, pg~5.2
atm, Apy=0.35 atm, f=38.4
kHz, p,,=3.0 atm, (2d/w)}/?
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characteristic time intervals Af, (see Fig. 11), which
corresponded to 68 and 80 periods of the ultrasonic field.
In Table III, we give the radii of the bubbles and also
their densities on the tracks corresponding to these
growth intervals. It can be seen from this table that
with increasing ultrasonic field the bubbles combine,
so that during the course of time their density decreases.
A similar picture is also observed in ordinary bubble
chambers,® but in the ultrasonic field the processes of
combination take place more strongly since in this case
there are several specific mechanisms of combination
associated, for example, with Bjerknes, Koenig, and
other forces.?

Since the theoretical ideas so far developed corre-
spond to pulsations of isolated bubbles in the ultrasonic
field and do not take into account their interaction, it
would be of interest to study in more detail both experi-
mentally and theoretically the effects of this interaction.

Another problem requiring further investigation in the
dynamics of vapor bubbles in an ultrasonic field may be
concerned with the fact that, besides radially symmetric
pulsations, the bubbles may execute oscillations which
cause a loss of their spherical symmetry. Such oscilla-
tions may be responsible for the creation near bubbles
of microfluxes resulting in intense heat exchange with
the liquid. By analogy with the influence of these ef-
fects on the growth of gas bubbles in an ultrasonic
tield,® they may have an important influence on the dy-
namics of the vapor bubbles, increasing the average
rate of their growth.

When ultrasonic fields of high frequencies (higher than
200-300 kHz) are used in USBCs, the radii of the opti-
cally observable bubbles will correspond to the reso-
nance radii or exceed them. The velocity with which
the surface of the bubbles pulsating under these condi-
tions moves may be so large that it will lead to a strong
influence of the compressibility and viscosity of the
liquid and also to a strong manifestation of the interac-

TABLE III, Sizes and densities of bubbles on tracks of ioniz-
ing particles at different intervals of time during the growth in
an ultrasonic field.

Interval of time
during growth . Denaity of
Number of periods Radius R, bubbles,
msec of ultrasonic field 10°% em cm™
1.9% 68 0.2-0.5 30—40
2,08 80 0.5-3.0 7-18
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tion of the bubbles. Then, as a result of the coalescence
of the bubbles, their density on the tracks may be re-
duced to a single bubble per wavelength, as was ob-
served in the experiments of Refs. 29, 39, and 41.

4. ASPECTS OF THE CONSTRUCTION OF USBCs
AND POSSIBILITIES FOR THEIR USE

Formation of ultrasonic fields in USBCs

We have considered above two ways of producing an
ultrasonic field in USBCs—by means of a focusing ultra-
sonic system and by means of planar ultrasonic radia-
tors. As can be seen in Fig. 14, the ultrasonic field
produced by a focusing system is characterized by spa-
tial inhomogeneity, which leads to differences in the
density of the tracks along their length (see Fig. 15).

In some cases, for example, when an USBC is used as

a detector-cum-target, such an inhomogeneity is not
important. However, for high quality detection of tracks
it is clearly better to generate the ultrasonic field by
means of planar radiators. Experiments show®™% that
even in this case it is difficult to obtain the required
uniformity of the ultrasonic field. If the amplitude p,,

of the ultrasonic pressure only slightly exceeds the
threshold value p,,... (as, for example, in the case of
liquid hydrogen), then a large part of the working volume
of the USBC is insensitive to ionizing radiation. This
was clearly demonstrated by the experiment of Ref. 35,
the results of which are presented in Fig. 19. The
beam of pions from the accelerator had a cross section
with characteristic diameter of about 6 cm before it
entered the bubble chamber, but in the ultrasonic field
the region sensitive to the particle beam measured only
about 2-3 cm. Only some of the particles, those moving
near the axial line of the radiating system where the
pressure amplitude of the ultrasonic field was maximal,
were detected. In this connection, it is evidently expe-
dient to generate plane standing waves in the USBC by
means of antenna systems composed of many individual
radiators on whose surface one can adjust the pressure
amplitude by applying different voltages.

A field of plane standing waves has a shortcoming due
to the fact that in the transverse direction, along the
planes of the nodes of the standing waves, there are re-
gions which are insensitive to the ionizing radiation. If
the ultrasonic wavelength is of the order of several cen-
timeters, this region is fairly large, and particles mov-
ing through it will not be detected in the chamber. In
this case, one can use combined ultrasonic antenna sys-
tems that produce fields of standing waves in mutually
perpendicular directions. It is helpful to use them in
large USBCs, in which one would not want to use very
high frequencies in order to avoid appreciable absorp-
tion of the ultrasound during its propagation.

Repetition rate of USBCs. Temperature control

As we have noted above, for an USBC operating under
a many-period pulse regime, a repetition rate of about
50-100 cycle/sec was in practice achieved for a time of
~10 min. At present, no experimental data are avail-
able on operation in a single-period regime when the
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growth of the cavitation nuclei to visible size and their
complete collapse takes place during a single period of
the ultrasonic field. In such a regime, one may achieve
the maximal repetition rate of the USBC (for example,
up to 10° cycles/sec), this being determined solely by
the ultrasound frequency. However, as the calcula-
tions**®® show, for operation in the single-period re-
gime one requires appreciable pressure amplitudes of
the ultrasonic field, exceeding 1 atm for liquid helium
and reaching 7-10 atm for liquid hydrogen. If such a
problem can be solved in the case of liquid helium, for
liquid hydrogen it is at present extremely difficult to
achieve a pressure amplitude of ~ 10 atm in a field of
plane standing waves,

To ensure stable operation of USBCs under conditions
when the maximal repetition rate is achieved, it is im-
portant to have an effective system of temperature con-
trol. Since the principal dissipation of heat takes place
within the ultrasonic radiators, its removal is an im-
portant problem. In this connection, the USBC construc-
tion proposed in Ref. 71 warrants attention; in it, it is
proposed that the ultrasonic radiator be placed in a ther-
mostatically controlled box that is separated from the
working volume and filled with a medium having a high
cavitation threshold.

Obviously, it is hardest to remove the heat in large
USBCs (larger than 1 m), in which it is necessary to use
ultrasonic generators of high power to excite the ultra-
sonic systems. In this case, the only way to operate the
USBC is clearly in a pulsed regime.

USBCs with memory. On the possibility of realizing a
“controllable” regime

As theoretical investigations show (see, for example,
Fig. 24), the rate of growth of the bubbles due to recti-
fied heat transfer in the ultrasonic field is slower, the
smaller is the pressure amplitude p,,. It is a reasonable
conjecture that when an ultrasonic field is excited with
pressure amplitude p,, slightly exceeding the threshold
value p,,..r, the cavitation nuclei will grow at a very
slow rate. At a certain amplitude p,, ~p,,... the bubbles
may pulsate in the ultrasonic field for a considerable
time without reaching visible size,”® i.e., at this
amplitude the USBC may “remember” the tracks of the
ionizing particles. Such a regime is of interest from
the point of view of selecting useful events. To a cer-
tain extent, it is analogous to a controllable regime with
the only difference that in this case the chamber operates
in a waiting regime with a certain small pressure am-
plitude of the ultrasonic field, which must be increased
at the right time, and after observation of the event of
interest the field is reduced again to the original value.

In Ref. 22, an attempt was made to establish to what
extent such a controllable regime is possible; in a
Freon bubble chamber under the working conditions 7'y
=26 °C and py=p,= 23 atm, an ultrasonic field of frequen-
cy 25 kHz and amplitude p, =5 atm was generated. Un-
der these conditions, and under the influence of the ul-
trasound and y rays from a *°Co source, the liquid was
mechanically stressed in the chamber and the working
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volume photographed and then the procedure was re-
peated without ultrasound. If the ultrasonic field can
increase the time of existence of the cavitation nuclei,
then in the first regime one should observe more bub-
bles than in the second. However, in the experiment
this was not observed, which could be explained by the
fact that pressure amplitude p,, was almost two times
smaller than the threshold value p,, for Freon under
these conditions.,

On the possibility of using USBCs in “hybrid”
installations

As we said above, there has recently been consider-
able development in high energy physics of hybrid in-
stallations that combine the advantages of bubble cham-
bers and electronic methods of detection with fast re-
sponse.

In a hybrid system the bubble chamber is used as a
sensitive target, which permits one to determine with
high accuracy the coordinates of the interaction vertex
and also the angles of emission and the momenta of
secondary particles with short ranges. The remainder
of the system consists of spark, wire, and drift cham-
bers, Cerenkov spectrometers, etc., which must carry
out a preliminary analysis and selection of detected
events, and then send a command for photographing of
the events of interest and measure the energy and kine-

matic parameters of the secondary high energy particles.

As was pointed out in Ref. 38, bubble chambers in
hybrid systems must have a repetition rate not lower
than 50 cycle/sec, and the characteristic size of the
working volume must be more than 10 cm. In addition,
the walls of the chamber in the direction of exit of the
secondary particles must be thin. It follows from the
results given above that already at the present state of
their development USBCs can satisfy the requirements
for chambers used in hybrid systems,

CONCLUSIONS

On the basis of the results of investigations reviewed
here, we can say that the construction of ultrasonic bub-
ble chambers is basically possible. I USBCs are to
become working instruments, it will be necessary to
solve many technical tasks and problems, which, how-
ever, are no longer of a fundamental nature at the pres-
ent time. Their solution largely depends on the develop-
ment of ultrasonic technology, which we may expect to
solve problems such as the development of new high ef-
ficiency piezoceramic materials for low temperature
liquids, a technology for preparing composite radiators
for USBCs, the construction of ultrasonic systems with
uniform distribution of the field amplitude over a sur-
face, and so on.
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