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Observation of Exploding Electron Bubbles in Liquid Helium
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(Received 17 June 1996)

Electrons in liquid helium become trapped in bubbles from which the liquid is excluded. By app
a negative pressure to the helium, we are able to make these bubbles explode. The pressure
this occurs is in reasonable agreement with theoretical expectations. [S0031-9007(96)01031-9]

PACS numbers: 67.40.Yv, 47.55.Bx
s

tro
ich
rs

fac
al

d
su

s
t is
le
e

ore

the

th
tiv
arg
e.
th
rd

rt

ure
er
th

g
ile

en
ient
ctric
ius
into
as
m
the
in
ing

ize
A

cus,
s of

is
hey
ave
ed
ic
ces,
nts

not
hin
gth.
cus

he

at
ves
When an electron enters liquid helium, it experience
repulsive potentialV0 of approximately 1 eV [1]. As a
consequence it is energetically favorable for the elec
to become localized within a spherical volume from wh
the helium is nearly completely excluded [2]. As a fi
approximation one can consider that the energyE is the
sum of the zero-point energy of the electron, the sur
energy of the bubble, and a volume energy proportion
the applied pressureP, i.e.,

E ­
h2

8mR2 1 4pR2a 1
4
3

pR3P , (1)

whereR is the bubble radius,m is the electron mass, an
a is the surface energy per unit area [3]. At zero pres
the radius at which the energy is a minimum is

Rmin ­

µ
h2

32pma

∂1y4

. (2)

This radius is 19 Å atT ­ 0 and increases slightly a
the temperature goes up. In writing down Eq. (1), i
assumed that the energy of the electron is much
than the barrier heightV0, so that the penetration of th
electron into the bubble wall is unimportant. In a m
sophisticated theory, several other effects can also
included such as the polarizability of the liquid and
finite width of the liquid-vapor interface [3].

Application of a positive pressure naturally makes
equilibrium size of the bubble decrease. A nega
pressure expands the bubble and for a sufficiently l
negative pressurePc the bubble becomes unstable; i.
the energy is a monotonically decreasing function of
radius. This is indicated in Fig. 1. It is straightforwa
to show that the pressurePc is given by

Pc ­ 2
16
5

µ
2pm
5h2

∂1y4

a5y4. (3)

This critical pressure is approximately22 bars atT ­
0 K. If a pressure more negative thanPc is applied to the
bubble, it will grow without limit. In this Letter we repo
the first observations of these explosions [4].

The liquid helium was contained in a low temperat
optical cell that was filled with helium from a gas cylind
at room temperature. Electrons were introduced into
liquid by means of a 10mCi 204Th b source. On enterin
the liquid the electrons lose energy by ionization wh
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they travel at high velocity and then form bubbles wh
they reach the end of their range. To produce a trans
negative pressure we used a hemispherical piezoele
transducer (PZT) ultrasonic transducer of inner rad
0.64 cm to generate and focus 560 kHz sound waves
a small volume. The duration of the sound pulses w
29 ms. Theb source was located approximately 0.3 c
below the acoustic focus, and on the opposite side of
focus from the transducer. If an electron bubble is
the region of the acoustic focus and the pressure sw
is large enough, the bubble will explode and grow in s
to the point that it can be observed by light scattering.
He-Ne laser beam was passed through the acoustic fo
and the light that was scattered was detected by mean
a photomultiplier tube.

The average density of electrons in the liquid
determined by a balance between the rate at which t
are injected by the source and the rate at which they le
the liquid. The rate at which they leave is determin
by their drift velocity under the influence of electr
fields arising from the space-charge or external sour
and may also be influenced by diffusion, or by curre
in the liquid. With the 10mCi source that we have
used, the density of electrons is such that there is
always an electron close to the acoustic focus, i.e., wit
a small distance compared to the acoustic wavelen
Consequently, even when the pressure swing at the fo
exceedsPc, an explosion does not always occur. T

FIG. 1. The energy of an electron bubble in liquid helium
zero temperature as a function of radius. The different cur
are labeled by the pressure in bars.
© 1996 The American Physical Society
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experiment consisted of applying a series of acous
pulses and measuring the probabilitySof observation of a
large (i.e., exploded) bubble. Results of measureme
of this type are shown in Fig. 2, where the acous
amplitude is measured in terms of the ac driving volta
Vac applied to the transducer. In these measureme
the density of the electrons could be changed by a st
electric field produced by the application of a dc volta
Vdc to the inside surface of the hemispherical transduc
i.e., to the surface adjacent to the acoustic focus.

When a large dc negative voltage is applied (Vdc ­
2200 V), the density of electrons in the vicinity o
the acoustics focus is small. In this case the cavitat
probability is low until the ac drive voltage is increased
around 200 V. At this point there is a rapid rise inSwhich
results from the homogeneous nucleation of bubbles
the liquid, i.e., the formation of bubbles by homogeneo
nucleation independent of the presence of electrons.
smaller negative bias and for positive bias the elect
density is increased. One can then see in the data a c
threshold at an ac voltageV c

ac of approximately 100 V.
At this level of drive to the transducer, the pressure sw
is large enough to explode an electron bubble, but onl
the bubble is precisely at the acoustic focus. For lar
drive voltages the probabilityScan be written as

S ­ 1 2 expf2nysVacyV c
acdg , (4)

wheren is the number density of electrons in the liqu
and ysVacyV c

acd is the volume of the liquid around the
acoustic focus in which the maximum negative press
swing exceeds the value required to explode an elec
bubble. From calculations of the variation of the sou
field in the vicinity of the acoustic focus [5], one ca
make a theoretical estimate of the dependence ofy on the
ratio of Vac to V c

ac. The solid curves in Fig. 2 are fits to
the experimental data based on Eq. (4) using the elec

FIG. 2. The probabilityS of cavitation as a function of the
voltage Vac applied to the transducer. The results are
different electron densities in the helium resulting from t
application of dc electric fields as described in the text. So
curves are fits to the data based on Eq. (4).
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densityn as an adjustable parameter. The agreemen
excellent considering the uncertainty in the estimate
ysVacd. The fit values ofn range from825 000 cm23 for
Vdc ­ 127 V to 10 400 cm23 for Vdc ­ 2200 V.

It is difficult to calculate the magnitude of the pressu
swing at the acoustic focus from the piezoelectric and
chanical characteristics of the transducer [6]. To overco
this problem we have made measurements similar to th
shown in Fig. 2 as a function of static pressurePstat ap-
plied to the liquid. These data give the threshold volta
V c

ac required to explode a bubble at the acoustic focus
functionPstat. The derivativedV c

acyPstat can then be use
as a factor to convert applied voltage to minimum press
Pmin at the focus according to

Pmin ­ 2V c
acysdV c

acydPstatd . (5)

This assumes, of course, thatPmin is linearly proportional
to Vac. This assumption is supported by the observat
that over a static pressure range in whichV c

ac changes by a
factor of 2, the relation betweenV c

ac andPstat is reasonably
linear [7]. Using this calibration we can then determine
solute values for the pressure required to explode an e
tron bubble, and the results as a function of temperature
shown in Fig. 3. The solid curve is the theoretical pred
tion from Eq. (3) using the surface tension as measure
Iino et al. [8]. The agreement is reasonable, but sugg
that the theory could perhaps be improved through the
of a more accurate calculation of the energetics of the e
tron bubble allowing for penetration of the electron wa
function into the helium, polarizability of the helium, et
We are currently attempting to make calculations to inc
porate these effects.

Finally, we report two other interesting effects whi
have been observed in these experiments. So far t
have only been studied qualitatively. Below the thresh
voltage needed to explode an electron bubble, the pr
bility of observation of cavitation is very small (less th

FIG. 3. The pressurePc at which electron bubbles explode
a function of temperature. The solid curve is calculated fr
the theoretical result Eq. (3).
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2%), but is nonzero. These “rare events” are unaffe
by the application of static electric fields. They cease
occur when a small metal plate is placed as an obstac
the direct line between the source and the acoustic fo
These observations suggest that the rare events arise
high energy electrons which pass through the acousti
cus at the same time that the sound pulse is present. T
electrons deposit energy along their track, and this en
can locally raise the temperature of the helium and re
in nucleation of bubbles. The rate of these rare even
in rough agreement with what is expected based on
interpretation [9].

A second effect occurs at low temperature. As
temperature is lowered below 1 K, there is a sud
decreasein the voltageVac that is required to produc
visible bubbles. In addition, the results become somew
irreproducible; i.e., the measured values of the probab
S depend on the time that has elapsed since the pre
acoustic pulse. One interesting possibility is that th
effects come about because the electron bubbles are
trapped on quantized vortices. An electron trapped
a vortex should explode at a somewhat smaller nega
pressure because of the circulation of the superfluid aro
the vortex. However, we have not yet made a quantita
estimate of the pressure at which this should occur.
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