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Measurement of the lifetime of excited-state electron bubbles in superfluid helium
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We report on the measurement of the lifetime of bubbles in superfluid helium that contain an electron in the
1P state. The 1P bubbles are produced by laser excitation of ground-state bubbles, and are detected by
ultrasonic cavitation. Our measurements show that the lifetime of these excited bubbles is much less than the
calculated lifetime for radiative decay and, hence, is determined by a nonradiative mechanism.
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I. INTRODUCTION

Electrons injected into liquid helium open up a cavity in
the liquid from which helium atoms are excluded.! These
so-called electron bubbles have been studied in many experi-
ments, principally through measurements of their mobility.
An electron bubble in superfluid helium is an interesting
quantum-mechanical system.”® The size and shape of the
bubble are influenced by the quantum-mechanical state of
the electron, whereas the wave function and energy of the
electron are, in turn, determined by the geometry of the
bubble. When illuminated by light of the appropriate wave-
length, the ground-state spherical (1) bubble can be excited
to different electronic energy states. The higher energy states
can relax back to the ground state by emission of a photon or
possibly by a nonradiative process. For radiative decay, the
lifetime is given by the expression®
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where ® is the frequency of the emitted photon, and
(1P|z|/1S) is the matrix element of the z coordinate of the
electron between the 1§ and 1P states that has azimuthal
quantum number zero. The radiative lifetime of the 1P
bubble has been calculated® and is found to be 44 us at zero
applied pressure, increasing to 71 us at —1.6 bar and to
48 us at 2 bar. As far as we are aware, there has been no
estimate of the nonradiative lifetime. In this paper, we report
on a measurement of the lifetime of the 1P state.

II. EXPERIMENT

The idea of the experiment is as follows. Electrons are
introduced into superfluid helium either by applying a large
negative voltage to a sharp tungsten tip or from a /3 source
immersed in the liquid. A CO, laser is used to excite elec-
trons to the 1P state.” These bubbles are detected using an
ultrasonic method.!® If a sound wave propagates through the
liquid and the negative pressure swing is sufficiently large,
an electron bubble becomes unstable and begins to grow
rapidly. The negative pressure that is needed to explode a
bubble containing an electron in an excited state is smaller in
magnitude than the pressure needed for a bubble in the
ground state.® As a result, it is possible to determine the
fraction of electrons that are in the excited state through a
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measurement of the probability of cavitation as a function of
the sound amplitude. Although the experiment is straightfor-
ward, in principle, the determination of the lifetime from the
quantities that are directly measured in the experiment is
complicated, relies on a number of assumptions, and requires
a numerical simulation.

Experiments were conducted in a stainless-steel cell that
was thermally connected to the pot of a recirculating He?
system. High-purity He* gas (99.999%) from a pressurized
cylinder was cleaned by passage through a 77 K cold trap
and then condensed into the cell. The temperature of the cell
was measured by a calibrated Ge resistance thermometer and
controlled by a metal film resistor heater. The cell was
mounted in an optical Dewar that had metal heat shields at
liquid-nitrogen and liquid-helium temperatures. Windows in
the heat shields and the outer vacuum can provide optical
access to the cell along paths that did not pass through the
liquid nitrogen or helium. Although some radiation from
room temperature with wavelength in the range that can ex-
cite electrons from the 1S to the 1P state is admitted into the
cell, the intensity of this radiation is negligible compared to
the intensity provided by the CO, laser.

The experimental cell contained a hemispherical piezo-
electric transducer (PZT) of outer diameter 2 cm, a metal
ring, and a tungsten tip, as shown in Fig. 1(a). The tip was
made by electrochemically etching a tungsten wire in a 10%
NaOH solution. The tip had a typical threshold voltage for
field emission between —500 and —1000 V. The current to
the ring was typically around 1 nA. The ring was placed
between the tip and transducer, and was connected through a
10'" Q resistor to an electrometer. This resistor served to
stabilize the current through the tip. The ring had an inner
diameter of 0.5 cm, an outer diameter of 1.5 cm and was
0.1 cm thick. A significant fraction of the electrons coming
from the tip went into the ring. The fraction that entered the
region below the transducer could be adjusted by applying a
dc voltage to the lower face of the transducer. Thus, the ring
made it possible to operate the tip with a voltage bias that
results in a stable emission current while at the same time
achieving the desired electron density in the region below the
transducer.

In some of the measurements [see Fig. 1(b)], we used a
Ni-63 B source to introduce electrons into the liquid. The
source was a foil (1.3 ¢cmX0.9 cmX0.005 cm thick)
clamped between two brass disks. The upper disks had an
aperture, 1.3 cm X (0.7 cm, through which electrons entered
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FIG. 1. Schematic diagram of the experimental setups that used
(a) a tungsten tip and (b) a radioactive source to inject electrons into
the helium.

the liquid. The effective activity of the source was 5 mCi.
The disks had an outer diameter of 1.5 cm and were 0.13 cm
thick. The disk-source system was placed about 0.5 cm be-
low the focus of the transducer. The voltage to the disks
could be altered to give the desired electron density in the
region between the transducer and the source. Usually, the
peak density of electrons was achieved by applying a small
negative voltage (=-15 V) to the source.

Injection by means of the tip has the advantage that the
number of electrons in the liquid can be controlled externally
during the experiment. In addition, a higher electron density
can be achieved than is possible with the radioactive source.
However, as discussed later, the tip has the disadvantage that,
in addition to 1S bubbles, it introduces a small number of
other objects of unknown structure.

The light from the CO, laser'! that was used to excite the
electron bubbles passed through a ZnSe window on the outer
can and through apertures on the 77 and 4 K heat shields.
The aperture on the 77 K shield was 0.3 cm X 0.5 cm, the
small size being chosen to minimize the amount of room
temperature radiation entering the cell. The light entered the
cell through a ZnSe window and, after passage across the
cell, was absorbed by the sapphire window on the opposite
side. The optical reflectivity of the sapphire at 10.6 wum
(wavelength of the CO, laser) was measured to be <1%.
Light pulses of duration 400 us were applied. The timing of
these pulses was arranged so that the pulse began 350 us
before the arrival of the sound pulse at the acoustic focus. In
estimating the intensity of the CO, laser light at the acoustic
focus, it was necessary to allow for the divergence of the
laser beam and for the losses due to reflection at the two
uncoated ZnSe windows that the light passed through before
entering the cell. The width of the light beam at the acoustic
focus was several millimeters, and hence the intensity varied
by only a very small amount over the region of the acoustic
focus. The size of the focal region is approximately one half
of the sound wavelength X (A=180 um).
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FIG. 2. Measurements of the probability of cavitation as a func-
tion of the voltage applied to the ultrasonic transducer. The triangles
in both the figures are data taken without CO, illumination. The
crosses are results when the intensity of the CO, illumination was
(a) 61 W cm™ and (b) 42 W cm™2. The solid curve and the circles
are the results of the simulation described in the text. The sound
frequency was 1.35 MHz, the transducer was driven for 14 cycles,
the temperature was 1.9 K, and the liquid helium in the cell was at
the saturated vapor pressure. Electrons were injected into the cell
using the tungsten tip.

For most measurements, we drove the transducer at its
fundamental thickness mode frequency of 1.35 MHz with an
rf pulse of duration 14 cycles. The 1f pulses applied to the
transducer had a repetition rate of 1/s. The peak-to-peak
voltage V..., of the last cycle of oscillation on the transducer
was measured using a digital oscilloscope. The typical stan-
dard deviation in the voltage measurement was <0.4%. The
pressure oscillation in the acoustic focus was assumed to be
proportional to V,. Usually around 200 pulses of voltage
Viean Were sent to the transducer. The ratio of the number of
explosion events to the number of applied voltage pulses
gave us the probability § of explosion. The cavitation
bubbles were detected using light from a He-Ne laser that
was focused into the region of the acoustic focus. When a
bubble exploded, light that was scattered by a small angle
was detected by a photomultiplier. The He-Ne laser light
entered and left the cell through Al,O; windows on the outer
can, fused silica windows on the 77 and 4 K shields, and
Al,O; windows on opposite sides of the cell.

Experimental data taken under different experimental
conditions along with the results of numerical simulations to
be described in Sec. III are shown in Figs. 2-5. Figure 2
shows the results obtained with liquid helium at 1.9 K under
the saturated vapor pressure (SVP) and driving the trans-
ducer at its fundamental frequency of 1.35 MHz. By exciting
the third harmonic of the transducer, we also made a mea-
surement at 4.25 MHz at SVP. Results are shown in Fig. 3.
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FIG. 3. Measurements of the probability of cavitation as a func-
tion of the voltage applied to the ultrasonic transducer. The experi-
mental conditions were the same as in Fig. 2 except that the fre-
quency of the sound was 4.25 MHz and the transducer was driven
for 20 cycles.

Measurements at this frequency are more difficult because
after cavitation occurs, the bubbles do not grow to as large a
size as they do at 1.35 MHz, and hence are harder to detect.
Figure 4 shows measurements made at 1.35 MHz with a
static pressure in the cell of 0.83 bar. In Fig. 5 we show data
taken at 1.4 K and SVP using the radioactive source to inject
electrons.

III. NUMERICAL SIMULATIONS

Consider first the situation when there is no CO, illumi-
nation so all electron bubbles should be in the 1S state. In
this case cavitation first begins to occur when the negative
pressure at the focus reaches a critical pressure of Pfg.
Above the voltage needed to produce this pressure, the prob-
ability of cavitation should increase rapidly as the applied
voltage is raised because the region around the focus in
which the pressure swings below P{g becomes larger. There
is then a greater chance of an electron bubble being con-
tained within this volume. The rate at which the probability

< O x D
x & &
x

0.8
0.6

0.4

PROBABILITY

0.2

0 K (‘x‘xo . L »
32 34 36 38
TRANSDUCER VOLTAGE (V)

FIG. 4. Measurements of the probability of cavitation as a func-
tion of the voltage applied to the ultrasonic transducer. The experi-
mental conditions were the same as in Fig. 2, except that the CO,
intensity was 42 Wem™2, the pressure was 0.83 bar, and the elec-
trons were injected into the cell using the radioactive source.
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FIG. 5. Measurements of the probability of cavitation as a func-
tion of the voltage applied to the ultrasonic transducer. The experi-
mental conditions were the same as in Fig. 2, except that the CO,
intensity was 61 Wem™2, the temperature was 1.4 K, and the elec-
trons were injected into the cell using the radioactive source.

increases will be more rapid if the number density of the
electrons is large. Consider now the data in Fig. 2. It can be
seen that there is no cavitation when the transducer voltage is
below 23.7 V. The probability then rises slowly up to a volt-
age of around 24.6 V and then begins to rise much more
rapidly and quickly becomes close to unity. We believe that
the rapid rise in the range above 24.6 V is due to 1S electron
bubbles and that the slow rise in the probability below this

voltage is due to some other objects 1S of much lower den-
sity. It is possible that these other objects are electron
bubbles that are attached to quantized vortices, but we have

not been able to prove this. The 1S bubbles are only seen
when electrons are injected using the tip and have not been
detected when the radioactive source was used.

To estimate the number of normal 1S bubbles and 1S
bubbles, we proceeded as follows. We first estimated the
spatial variation of the sound field around the focus. Let the
peak-to-peak voltage driving the transducer be V,,, and let
Tyan D€ the time that it takes for the vibration of the trans-
ducer to damp out when it is not driven. When the transducer
is driven at resonance, its oscillation amplitude A(z) at time ¢
builds up according to the relation

A(t) = CVtran[] - CXp(— Z/Ttran)]’ (2)

where C is a constant. To determine 7,,, we drove the trans-
ducer for a long time at some fixed amplitude and then re-
corded the voltage appearing on the transducer as a function
of the time after the drive was turned off. The results for 7.,
were 5.4 and 2.2 us for the 1.35 and 4.25 MHz modes, re-
spectively. These damping times correspond to Q values of
23 and 30 at the two frequencies. To calculate the pressure
field in the vicinity of the acoustic focus,'*> we used the
method described by O’Neil.!? In this approach, the sound
amplitude at any point 7 in the liquid is calculated by adding
up contributions propagating to r from each point on the
surface of the transducer. Then allowing for the variation of
the transducer amplitude with time as given by Eq. (2), we
obtain an estimate for the pressure in the vicinity of the
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acoustic focus'? as a function of 7 and t. The experimental
data gives the value of the threshold transducer voltage Vi
(24.6 V) at which the pressure swing at the focus first be-
comes large enough to cause 1S bubbles to explode. To de-
termine the value of P{¢ at 1.9 K, we made measurements of
how Vllrin varied with the static pressure in the cell. Assuming
that the pressure swing at the focus is proportional to the
transducer voltage, we can use these data to find Pﬁs and the
value of the coefficient C appearing in Eq. (2). This then
makes it possible to know the sound field in the vicinity of
the acoustic focus as a function of time ¢, position 7, and
transducer voltage. The value obtained for P{q was —1.62 bar
at 1.9 K. Similarly, the value for Pjy was obtained to be
—1.85 bar at 1.4 K. These values are in good agreement with
the earlier measurements of Classen et al.'”

For any given voltage V.., applied to the transducer, we
can then calculate the total volume vg(Vy,,) in the vicinity
of the acoustic focus within which the pressure goes below
the critical pressure P{g at any time during the application of
the sound pulse. For the 1S bubbles, the critical pressure is
estimated as P{g X (23.7/24.6)=-1.56 bar. We then calculate
the corresponding volume vg(Vy,,) for these objects. We
next make a trial guess at the number densities n(1S) and

n(1S) of the 15 and 1S objects. The probability that there are

no 18 or 18 bubbles close enough to the acoustic focus to
explode is then

exp[— n(IS)UIS(Vtran) _n(lg)vlg(vtran)]- (3)

The probability that cavitation occurs for this applied voltage
is then

1 —exp[-n(15)015(Vigan) = 1(1)015(Vigan) 1.~ (4)

The values of n(1S5) and n(1S) are then adjusted to give a
best fit to the data as shown in Fig. 2. These fits gave

n(18)=2.7% 108 cm™ and n(15)=2.3 X 107 cm™>. The same
procedure was also used for the data (shown in Figs. 3-5).
For the data shown in these figures, a good fit could be

obtained without allowing for any contribution from 1S
bubbles.

We now consider the analysis of the data in Fig. 2 that
were taken in the presence of illumination. Let the cross
section for the 15— 1P transition be o, the light intensity /,
and the 1P lifetime 7. Then the number density n(1P) of 1P
bubbles and the density n(1S) of ground-state bubbles should
vary with time as

1 1
o”nE%P) _ ;—Zn(lS) ~ n( 7-P) )
n(1S n(1

where w is the frequency of the incident photon. Note that
there is no term in these equations arising from stimulated
emission. This is because almost immediately after a bubble
is excited to the 1P state, the shape and size of the bubble
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changes.'* After this time the photon energy required to
cause stimulated emission has shifted by a large amount and
so the CO, radiation cannot enhance the rate at which 1P
bubbles relax.

Under steady illumination the ratio of the number densi-
ties of excited- and ground-state bubbles is

n(1P) _lor

n(1S) ~ fo’ ™

When planning the experiment, we had assumed that the
lifetime of the 1P bubbles might be limited by radiative de-
cay and, therefore, we anticipated a lifetime of around 40 us.
If this were the situation, the lifetime would be significantly
greater than the duration of the sound pulse (10.4 us for the
measurements at 1.35 MHz) and also considerably less than
the length of time during which light was applied before the
application of the sound. Consequently, under these condi-
tions the ratio of n(1P) to n(1S) should be as given by Egq.
(7). This equation predicts that the population of excited- and
ground-state bubbles becomes equal for an intensity of

hw

Lip=—. (8)
oT

For a cross section of the order of 10715 cm?, a photon en-
ergy of 0.117 eV, and a lifetime of 40 us, the intensity 7, is
0.5 W cm™. In preliminary experiments, we found that for
an intensity in this range, only a small percentage of the
bubbles were in the 1P state. This indicated that the actual
lifetime is considerably less than the radiative lifetime.

The short lifetime considerably complicates the analysis
of the experiment. The photon energy required to excite the
1S bubble to the 1P state depends on the pressure. Thus,
during each cycle of the sound wave, the absorption cross
section changes by a significant amount. This cross section is
largest when the pressure is around 1 bar and is small when
the pressure is negative. Consequently, in order for cavitation
to result from the explosion of a 1P bubble, the bubble has to
be excited when the pressure is positive and survive until the
pressure has become large and negative. Because of this
variation of the cross section with pressure it is necessary to
perform a numerical simulation in order to analyze the ex-
perimental data.

As a first step, we calculated the 1.S— 1P cross section.
The energy E|gq_;p to excite from the 1S to the 1P state has
been measured by Grimes and Adams'” as function of pres-
sure for positive pressures at 1.3 K. Grimes and Adams, also
Maris,® have calculated E;g_;p on the basis of a simplified
model and obtained good agreement with the experimental
data. The calculation of Maris also predicts the variation of
E|s_p in the negative pressure regime. We have modified
this calculation slightly to allow for the small difference in
the surface tension between the temperature of the Grimes
and Adams experiment (1.3 K) and the temperatures at
which the measurements of the present experiment (1.9 and
1.4 K) were obtained. The result for E;g_;p is shown in Fig.
6. Recently, Maris and Guo'® have calculated the line shape
for the 1S— 1P transition, taking into account the effect of
zero-point and thermal fluctuations on the shape of the elec-
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FIG. 6. Calculated photon energy E;s_;p required to excite the
1S to 1P transition as a function of pressure at 1.9 K (solid line)
and 1.4 K (dotted line).

tron bubbles. The calculated line shape at 1.3 K was in ex-
cellent agreement with the experimental results of Grimes
and Adams. We used the same method together with the
estimate for E;q_;p to obtain the absorption cross section for
the CO, laser energy of 0.117 eV as a function of pressure at
1.9 and 1.4 K. The results are shown in Fig. 7.

We then used these results to perform a computer simula-
tion to compare to the measured cavitation probability in the
presence of illumination. For the total density n of electron
bubbles per unit volume [n=n(1S5)+n(1P)], we use the value
of n(1S) measured in the absence of CO, laser radiation.!”
We assume trial values for the 1P lifetime 7. We then place
electron bubbles at random positions in the vicinity of the
acoustic focus with a density n. For each bubble in turn, we
then simulate the effect of the applied CO, laser radiation.
We start the simulation at the time that sound first arrives at
the focus (r=0). At this time, each bubble is randomly as-
signed to be either in the 1S or the 1P state with probability
consistent with the equilibrium distribution given by Eq. (7).
We choose a simulation time step of &t=10"" s. At each time
step there is a probability P,q_;p of the bubble making a
transition to the 1P state, given by

N w ~ (4] [+)]
(=) (=] (=) (&) [&]
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FIG. 7. Calculated cross section for the 1S5 to 1P transition for
photons of energy 0.1167 eV as a function of pressure at 1.9 K
(solid line) and 1.4 K (dashed line).
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Pis_ip= %&- 9)

The probability of return from 1P to 1S per unit time is
Pip_1s=0t/ 7. At each time interval, we use in Eq. (9) the
cross section o calculated for the instantaneous value of the
pressure at the position of the bubble. We continue the simu-
lation until the pressure oscillations have decayed to the
point that the negative pressure swing does not become more
negative than Pjp. If at any time, the bubble is in the 1P state
and P <P{p, or the bubble is in the 1S state and P<Pig,
then the bubble will explode. In this case, the result of the
simulation is that cavitation occurs and we then move on to
simulate another random distribution of electrons. If the
bubble does not explode, we proceed to perform a simulation
for the other bubbles. If none of the bubbles explode, then
cavitation does not occur.

Note that we do not make any allowance for the motion of
the bubbles. Under the influence of the electric field in the
part of the experimental cell near to the acoustic focus, the
bubbles move with drift velocity typically of the order of
1 cm/s. Hence, the distance they travel in the time that the
sound wave is applied is very small compared to the acoustic
wavelength.

The simulation is repeated for 2000 different random dis-
tributions of electrons, and from the results we obtain the
probability of cavitation. This is then repeated for a series of
values of the transducer voltage to create a plot of the
simulated cavitation probability Sg,, as a function of V.
Finally, the value of 7 and P{, are adjusted so that the
results of the simulation are in best possible agreement with
experiment. The best agreement with experiment was with
P{p=—1.30 bar at 1.9 K and Pjp,=-1.48 bar at 1.4 K. The
values of 7 that gave the best fit with experiment for the two
intensities shown in Fig. 2 were 55 and 53 ns, respectively.

We then made a similar analysis for the data taken at
static pressure 0.83 bar (shown in Fig. 4) and obtained a best
fit for 50 ns. Note that for the data shown in this figure the
radioactive source was used and so there was no possible

complication arising from 1S bubbles. For the data at
4.25 MHz (see Fig. 3), the best fit for 7 was 45 ns. Note that
at this frequency the acoustic wavelength is three times
smaller and so the effective volume of the acoustic focus is
27 times smaller. As a result, for a given electron density the
probability of cavitation is smaller by a factor of 27 and the

contribution from the 1S bubbles cannot be clearly seen.
Analysis of the data taken at 1.4 K (shown in Fig. 5) gives a
lifetime of 48 ns.

Because the lifetime is determined by comparison of the
data to the result of a complex numerical simulation, it is
hard to make a serious estimate of the uncertainty. The life-
time as determined from the data shown in Figs. 2-5 was
found to have the values 55, 53, 50, 45, and 48 ns, respec-
tively, giving an average value of 50 ns with a rms fluctua-
tion of 4 ns. However, we recognize that there may be some
unknown source of systematic error that affects 7 as deter-
mined from each data set in approximately the same way.

IV. DISCUSSION

The agreement between the values of 7 obtained from the
different measurements is very encouraging. The agreement
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between the results obtained at 1.9 and 1.4 K suggests that
the lifetime is independent of temperature. It would have
been interesting to make measurements down to lower tem-
peratures, but it is difficult to obtain a high density of elec-
tron bubbles at low temperatures because the mobility in-
creases rapidly as the temperature is lowered.'3

We have implicitly assumed in making the simulations
that the lifetime 7 can be treated as approximately constant
over the pressure range from around 1 bar, the pressure at
which light is absorbed, to the explosion pressure. To some
limited extent this assumption is supported by the fact that
measurements at different frequencies and ambient pressures
give the same values for 7. Possibly a better test of the as-
sumption that 7 is constant could be made by using a differ-
ent wavelength to excite the bubbles so that the maximum
absorption would occur at a different pressure.

We are unaware of any calculation of the nonradiative
lifetime for electron bubbles in helium, although there is ex-
tensive literature regarding the nonradiative decay of excited
states of impurity atoms and ions in classical liquids.!” The

PHYSICAL REVIEW B 72, 054512 (2005)

key question is how does the electron energy get transferred
to the degrees of freedom of the liquid. The energy that the
1 P state has to lose to return to the 1§ state is estimated to be
0.04 eV or 460 K.?° This is sufficient to create more than 50
rotons, and we do not know how to calculate quantitatively
the relaxation rate for such a high-order process. Alterna-
tively, one could perhaps consider the transfer of the energy
from the electron to one or more atoms on the surface of
the bubble or to one of the vibrational modes of the bubble
surface.
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