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MATERIALS SCIENCE

Bubbles in superfluid helium containing six and eight
electrons: Soft, quantum nanomaterial

Neha Yadav', Prosenijit Sen?, Ambarish Ghosh'?*

The role of quantum fluctuations in the self-assembly of soft materials is relatively unexplored, which could be
important in the development of next-generation quantum materials. Here, we report two species of nanometer-
sized bubbles in liquid helium-4 that contain six and eight electrons, forming a versatile, platform to study self-
assembly at the intersection of classical and quantum worlds. These objects are formed through subtle interplay
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of the short-range electron-helium repulsion and easy deformability of the bulk liquid. We identify these nano-
metric bubbles in superfluid helium using cavitation threshold spectroscopy, visualize their decoration of quan-
tized vortex lines, and study their creation through multiple methods. The objects were found to be stable for at
least 15 milliseconds at 1.5 kelvin and can therefore allow fundamental studies of few-body quantum interactions

under soft confinements.

INTRODUCTION

Arrangement of interacting entities under different physical condi-
tions and geometrical constraints plays crucial role in determining
the structure and properties of self-organized systems. For most soft
materials, the assembly (1) can be understood within the frame-
work of classical physics, while quantum effects are readily evident
in molecular systems on solid substrates (2-4). Considering entities
not only interact with each other but also interact with the environ-
ment; it is natural to wonder how they self-assemble under flexible
(soft) confinements. In this regard, organization of electrons within
liquid helium is of great interest (see Fig. 1A) (5), where surface
deformations of a low surface tension liquid can be balanced by the
short-range quantum mechanical repulsion of electrons to the helium
atoms. In the simplest case, this results in the formation of nanometer-
sized bubbles in liquid helium (“He) containing single electrons. The
stability of the single-electron bubble (SEB) (6, 7) at zero pressure is
governed by the inward pressure due to surface curvature (P = 2o/R)
balanced by the outward pressure due to the electronic confinement
(P = n¥ienmR°), where h, m, 6, and R are Planck’s constant, mass of
a free electron, surface tension of liquid helium, and radius of the
SEB, respectively. The equilibrium radius R ~ 2 nm can be further
tuned by applying pressure to the liquid.

While cavities containing single electrons (SEBs) have been studied
extensively in the past, here, we report the first experimental obser-
vation of few-electron bubbles (FEBs): nanometer-sized cavities
within liquid helium containing multiple electrons, stabilized by
quantum confinement and surface curvature, with additional effects
due to interelectron electrostatic, quantum exchange, and correla-
tion interactions. The electrons are pushed to the cavity walls due to
electrostatic interactions and finding that their equilibrium config-
uration closely resembles the Thomson problem (8): determining
the equilibrium configuration of N charges constrained to move on
the surface of a sphere. A crucial additional aspect of the system
discussed here is brought about by the flexible and quantum-confined
nature (9) of the constraint condition, arising because of low surface
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tension of liquid helium. This results in highly nonspherical shapes,
such as the 3EB (FEB with three electrons) shown in Fig. 1B. The
equilibrium shape and electronic configuration are nontrivial, with
numerical predictions (10-12) shown in Fig. 1 (B and C) for FEBs
of different numbers (Z) of electrons. The sizes vary with applied
pressure and Z, e.g., the largest dimension of the 6EB at zero pres-
sure is ~10 nm. As shown in Fig. 1C, calculation predicts FEBs with
Z=3,6,8, 12 to be stable in a certain range of pressure. Note that it
was possible to find multiple stable configurations for a certain FEB,
e.g., the electrons in 8EB can exist in cubic, as well as rotated square
symmetries. These calculations suggest that FEBs with 6, 8, and
12 electrons could be stable at zero pressure and therefore observ-

able under standard experimental conditions. The lower range of

the pressure, e.g., —0.6 bars for 6EB, corresponds to the critical con-
dition for cavitation, where the bubbles become hydrodynamically
unstable and grow to macroscopic sizes. Our experimental method
is based on measurement of the critical pressure of cavitation, which
depends on the number of electrons within a certain FEB. For cali-
bration, we consider the critical pressure for cavitation of the SEB,
given by P, = —2.12 bars.

RESULTS

Imaging FEBs with a planar transducer

The experimental setup is schematically shown in Fig. 2A. A nega-
tive voltage pulse was applied to the sharp tungsten tip (amplitude,
-1 to -2 kV; duration, 0.2 to 0.6 ms) to generate a discharge (details
in description of Fig. 3 and section S1) above the surface. Negative
potentials applied to the top ring and confinement cylinders ensure
a dense layer of electrons confined above the surface. The planar
ultrasonic transducer was driven at 1 MHz for 200 ps, which gener-
ated a pressure wave in superfluid “He at 1.5 K of amplitude propor-
tional to the transducer peak to peak voltage, V. Beyond a certain
Vr ~ 140 V, cavitation events could be detected where the bubbles
would grow to sizes (13) larger than 10 pm and thereby imaged
using a high-speed camera running at 10,000 frames/s (fps) (see
movie S1). The number of events occurring in the bulk (away from
transducer surface) averaged over 200 trials is plotted as a function
of Vr in Fig. 2B, which shows two distinct regimes. These corre-
spond to cavitation nucleated on two distinct objects, marked with
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Fig. 1. Structure of FEBs. (A) Interplay of quantum confinement balanced by surface curvature and applied pressure, determining the configuration of electrons inter-
acting with liquid helium. (B) Formation of a 3EB where the three electrons interact electrostatically and equilibrate within a deformed cavity. (C) Calculated shapes (not
to scale) and spatial arrangement of the electrons for FEBs (70, 17). Also shown is the range of pressures, where the respective FEBs are stable against small fluctuations.
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Fig. 2. Imaging and identifying FEBs. (A) Experimental setup: Voltage pulse applied to a sharp tungsten tip produced a discharge above the liquid surface. Potential
applied to metal rings and cylinders, denoted as top ring and confinement electrodes respectively, ensured that the surface was highly charged. A planar ultrasonic (US)
transducer was used to generate a pressure wave that induced cavitation on the FEBs. (B) Number of FEBs observed as a function of voltage applied to the ultrasonic
transducer, averaged over 200 trials. Two distinct thresholds can be observed suggesting two different species (shown by arrows) of FEBs (see inset). (C) Example cases of
locations of cavitation events (therefore, FEB positions) within the experimental volume at specified transducer voltages. (D) Snapshots of the experimental chamber of
observation window (5 mm by 3.5 mm), corresponding to a transducer voltage of 250 V showing FEBs to be located along curved paths inside the liquid, suggesting that
they were trapped on quantized vortex lines.
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Fig. 3. Stability of FEBs after cavitation. (A) Snapshots for the double pulsing experiment. The number of FEBs is far higher during the first ultrasonic pulse, implying
that cavitation destroys the FEBs. (B) Schematic of destruction of FEBs after cavitation through formation of multiple SEBs.

arrows as species A and B. The occurrence of species A of lower
cavitation threshold (~140 V; see Fig. 2C) was noticeably rarer
compared to species B (cavitation threshold, ~210 V). As de-
scribed later, we identified the species A and B as 8EBs and 6EBs,
respectively.

Example snapshots of the experimental volume are shown in the
insets of Fig. 2C. The image corresponding to V = 250 V showed
that the FEBs were positioned along a curved path, suggesting that
these may correspond to quantized vortex lines on which FEBs were
trapped. Few examples of photographs taken under similar condi-
tions are shown in Fig. 2D and in section S3, where the paths were
slightly different every time. The vortex lines, as expected, mostly
originated below the tungsten tip where the heat input and there-
fore thermal counterflow were maximum. At higher Vr, the number
of cavitation events increased, and it was not possible to see any
definite pattern on the location of the FEBs.

Results of the experiment to investigate the stability of these ob-
jects upon cavitation are shown in Fig. 3. We applied two acoustic
pulses separated by 0.5 ms, and the results (see movie S2) show a
large reduction in the number of cavitation events occurring be-
cause of the second pulse. This contrasts with similar experiments
performed by Guo et al. (14), who found the same SEBs to be ex-
ploded for every acoustic pulse. Our results suggest (see Fig. 3B)
that the objects must be broken after the first pulse into objects with
higher cavitation threshold, most likely SEBs.

To identify the two species A and B shown in Fig. 2, we needed

to convert Vr into pressure wave amplitude. A possible calibration
technique was to use the cavitation threshold pressure (2.12 bars)
for SEBs. This required higher voltages, and beyond V1 ~ 650 V,
which was lower than the SEB threshold, the ultrasound transducers
broke because of large strains. To circumvent this problem, we re-
placed the planar transducer with a hemispherical transducer, which
focused the ultrasound to achieve pressure oscillations larger than
| Psgp | in a region of dimension of ~150 um. The same technique
has been used before to measure spinodal limit (15, 16) of liquid
helium, cavitation threshold of excited-state SEBs (17, 18), and SEBs
trapped on vortices (18, 19).

Summary of more than 300 experimental measurements (details
in section S4) with the hemispherical transducer is shown in Fig. 4,
where the pressure axis is scaled with respect to the SEB threshold
pressure, Psgp. The key finding is the detection of two species of
cavitation threshold at approximately 0.2 Psgp and 0.3 Pggp, respec-
tively. Their ratio (~0.67) matched with the threshold voltages (140
and 210 V; ratio, ~0.67) for the species shown in Fig. 2B. The critical
pressure for cavitation of multielectron bubbles (MEBs) under the
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Fig. 4. Cavitation threshold of FEBs. Plot of cavitation threshold pressure P./Psgg
for bubbles containing different numbers (Z) of electrons, showing species A and B
to be 8EB and 6EB, respectively. The solid green line corresponds to theoretical
P./Pseg for MEBs under classical approximation (25), while the solid red symbols
correspond to theoretical predictions on critical pressure of FEBs including the
effects due to quantum confinement.

classical (20) approximation (valid for Z > 100), where only electro-
static interactions are considered, is shown as comparison (green
line). We also show results from recent calculations that included
quantum confinement effects, as solid red symbols. The horizontal
bands correspond to measured limits of critical pressure for the two
objects A and B, and by comparing with the theoretical predictions,
we identify them to be 8EBs and 6EBs, respectively.

The underlying physical mechanism to form FEBs is not trivially
understood. As reported before (21-23), electrohydrodynamic in-
stability of liquid helium surface occurs close to the ca3pillary length
L. = 0.5 mm for critical electron densities 71y > 2 X 10°/m?, forming
large (>200 pm below Tj) MEBs containing more than thousand
electrons. In the present experiments, we could not observe the in-
stability of the charged surface, implying that the surface would
break at length scales (1) smaller than the experimental limit of de-
tection. This was >5 pm in bulk liquid, which further worsens near
the surface. In our experiments, surface instabilities of size A < 5 um
resulted in various micrometer- and submicrometer-sized cavities
containing multiple electrons. The stability of these MEBs and FEBs
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have been debated in the past (20, 24-28), and in this respect, our
experiments provide a definite answer: These microscale objects
continue to break into smaller pieces, until only two stable species
of FEBs (8EBs and 6EBs) survived in large enough numbers to be
detectable. Note that FEBs containing 12 electrons are also predict-
ed to be stable against small shape fluctuations; however, we have
not observed them in our experiments.

Formation of FEBs

We experimented with two types of electron sources: field emission
tungsten tips and radioactive beta source (15 mCi; Ni-63 foil). For
the former, high-voltage pulses were applied to a sharp tungsten tip
placed (see Fig. 3A) above the liquid surface. Similar experiments
on MEBs were reported (29, 30) before, where the duration of the
voltage pulse was ~30 to 50 ms, allowing enough time for the electro-
hydrodynamic instability to grow and form MEBs. In current ex-
periments, pulse widths were too short (~0.6 ms) to form large
MEBs, but instead, we detected FEBs by cavitation. We applied (see
inset of Fig. 5B) voltage pulse with an amplitude of -1.2 kV and a
duration of 0.2 ms to the tip, followed (variable delay) by an ultra-
sound drive (acoustic pulse width, 10 us) applied to the transducer. The
number of FEBs reduced as delay increased, and at long delays, SEBs
could be observed (see section S5). By comparing the threshold volt-
ages, we could identify the FEB species to be 6EBs. Even if 8EBs were
present, their numbers would be significantly lower, consistent with
the observations made with the planar transducer (see Fig. 2B).

One necessary condition to observe large number of FEBs was the
appearance of a glow around the tip, suggesting corona discharge.
The emitted light was measured by a photomultiplier tube as func-
tion of time, as shown in the top inset of Fig. 5B. The variation of
cavitation probability S of the 6EBs as function of delay t,, suggest-
ing that FEBs were formed during the discharge (see section S1).
The variation S(t4) after fitting with a double exponential suggests
two relevant time scales, with the former (~130 us) matching with
the response time of the high-voltage electronics and therefore re-
lated to the rate of generation. The latter (~7 ms) is more interesting
and puts a lower limit on the lifetime of the 6EBs. This is deter-
mined by either the applied electric field or flow of the normal fluid
present in the experimental chamber dragging the bubbles away from
the surface or alternately provides the intrinsic lifetime of the 6EBs.

The formation of the 6EBs due to the corona discharge is
discussed in Materials and Methods. The large current (about
microampere) during the discharge can produce very large surface
electron densities, which, in turn, can break through microscopic
dimples on the liquid surface and thereby carry the electrons into
the liquid through SEBs and FEBs. Analogous (but opposite) cases
with liquid metal ion sources (LMISs) have been observed in the
past, where micro- and nanoscale droplets (31) were formed along
with the ions injected from the tip. However, the presence of corona
discharge and strong flux of electrons impinging on the surface
significantly complicates the present system. The 6EBs could be
observed as high as 2 K, although the experimental conditions to
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Fig. 5. Mechanism of formation of FEBs. (A) Schematic of the experimental setup using field emission and hemispherical transducer to form 6EBs. (B) Inset shows mea-
surement of the light emitted by the tip as function of time. Also shown is the cavitation probability of the 6EBs (at V1 corresponding to Posc = 0.9 bars) as a function of
delay, along with a double exponential fit. (C) Schematic of the experimental setup using a beta source and hemispherical transducer to form 8EBs. (D) Probability of
cavitation as function of pulse width for different values of V; showing that a minimum duration of acoustic pulse was necessary to generate FEBs. (E) Cavitation proba-
bility as a function of Atyymp for various Vpymp is plotted. Inset shows schematic of the pump-probe experiment to drive the transducer at Vpump for duration Aty mp after
which a probe pulse was used to detect the FEBs. (F) Schematic of the proposed mechanism in which undulation of length scale A of the charged surface couples with the
applied ultrasound. The red arrows show coupling of the electrons (red circles) to the surface oscillation (green arrows).
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achieve corona discharge changed because of the different vapor
pressure at higher temperatures.

We performed a control experiment to check whether the im-
pact of ultrasound with the charged surface can play a role in the
generation of FEBs. The results, as shown in section S6, suggest that
the presence of ultrasound was not necessary to create the FEBs
if the corona discharge was present. However, as discussed next,
under certain conditions, it was possible to create 8EBs using ultra-
sound, where either the tip or a radioactive beta source was used to
create a charged helium surface.

As shown in Fig. 5C, we applied negative potential of 500 and
200 V to the source and the top ring, respectively, which ensured
that the surface was charged. In this particular experiment, we used
a radioactive source, so the overall densities of SEBs were lower,
limited by the activity of the beta source at 5.5 x 10® primary
electrons/s and electrons produced by secondary (32) ionization.
A crucial observation in these experiments was that the FEBs
were detected only when the acoustic pulse width was increased
beyond 50-ps cycles. In addition, the probability increased with the
pulse width. This is shown in Fig. 5D, with data shown for different
values of V1. As shown in section S7, these features were not ob-
served for experiments with the tungsten tip, where shorter pulse
widths were used. From the minimum Vt where FEBs are observed,
we could detect the presence of 8EBs. Note, this does not exclude
the presence of FEBs with higher critical pressure (e.g., 6EBs).

While an increase in occurrence of FEBs with acoustic pulse
width can be caused by a continuous flux of FEBs entering the
acoustic focus, the same cannot explain existence of a threshold in
the pulse duration. We performed a control experiment (see section
S8) with the hemispherical transducer placed with its axis parallel to
the surface. No FEBs were detected in this configuration, which
suggested the impact of ultrasound with the charged surface gener-
ated the FEBs.

To confirm this further, we designed an experiment to decouple
the role of ultrasound between generation and detection of FEBs.
As shown in the schematic of Fig. 5E, we drove the transducer at
Vpump for varying duration Atpump after which a probe pulse (mag-
nitude, 110 V; duration, 200 us) was used to cavitate (and therefore
detect) the FEBs. The choice of Vjuyp was based on two main con-
siderations. First, beyond certain V1 > 85 V, we could observe the
formation of mist, similar to experiments reported before (33, 34).
Note that the liquid level was present approximately 3 mm above the
acoustic focus, implying distribution of acoustic radiation pressure to
deform the charged surface (see section S9 for more details). Second,
the 8EB threshold at —0.42 bars corresponded to V1 = 35 V at the
hemispherical transducer. This ensured that Vymp < 35 V may be
able to perturb the surface and therefore contribute toward generation
of FEBs but could not induce cavitation on the FEBs present around
the acoustic focus. The results shown in Fig. 3E conclusively prove
that a minimum drive amplitude and duration were necessary for to
produce FEBs, which were subsequently detected by the probe pulse.

The physical mechanism proposed in the model is shown in Fig. 5F
and in Materials and Methods. Undulations of length A of the liquid
surface can couple with the ultrasound frequency wy =~ \o/(pA%),
which corresponds to deformations A ~ 0.4 um for the fundamental
mode. The surface electrons have very high mobility (~4 m*/V-s) at
1.5 K, implying that electrons move synchronously with the surface
undulations. The coupling of the electron motion with the ultra-
sound induced fluctuations can result in parametric instability of
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the charged superfluid surface, resulting in the formation of FEBs.
The induced surface undulations were smaller at lower Vr, imply-
ing longer time for these few micrometer-sized instabilities to grow.
Subsequently, they carry electrons into the liquid, break into smaller
pieces, and lastly result in the formation of stable FEBs.

DISCUSSION

Our experiments suggest the existence of two stable species of FEBs,
validated by experiments performed with different ultrasound trans-
ducer geometries and electron sources. The formation of 6EBs was
more abundant with the tip (corona discharge) experiments, while the
8EBs were readily formed by ultrasound induced parametric insta-
bility of the surface, where the surface was charged by either the tip
or the radioactive source. This difference was probably due to dif-
ferent initial conditions in which they were generated and merits
further theoretical investigation. The nonobservation of objects with
lower cavitation threshold suggests that electron bubbles with higher
number of electrons are unstable against small fluctuations or their
number density is immeasurably low. Note that the FEBs trapped on
vortex lines will remove kinetic energy from the superfluid, which
will reduce the magnitude of their cavitation threshold. This differ-
ence is expected to be less than 2% for 6EBs and 8EBs and therefore
not considered. However, entrapment on vortices can provide fur-
ther stabilizing effects, due to the (negative) Bernoulli pressure (20)
acting on the bubbles. Last, it is interesting to ask whether FEBs
have been observed in previous experiments. The requirement of
a charged surface to observe these objects and their decoration along
vortex lines excludes phenomena such as cavitation due to Penning
ionization of dimers (35, 36) or deposition of energy due to high-
energy primary electrons (37). Of relevance are the 13 species of exotic
ions (38, 39), which are negative-charged objects observed under
similar discharge conditions that moved faster than SEBs. The struc-
ture of exotic ions is not yet settled (40), and FEBs could be a likely
candidate. In the future, measurement of cavitation threshold and,
therefore, size of the exotic ions and/or estimating the mobility of
the FEBs can provide a definite answer to this question.

Thomson problem is relevant to many problems of practical signifi-
cance ranging from structures of viruses (41, 42) and other supra-
molecular assemblies, to arrangement of colloidal (43, 44) particles
and aerosols in confined (45) spaces. The novel nanomaterial re-
ported here simultaneously incorporates soft and quantum effects
to the Thomason problem. The decoration of quantized vortex lines
by FEBs could provide a simpler experimental platform in imaging
quantum turbulence (46) due to the ease of continuous generation
and easier observation, which can be advantageous over visualiza-
tion techniques based on SEBs (14) and hydrogen crystallites (47).
We believe that FEBs could be particularly useful as few body quan-
tum simulators, incorporating both charge and spin (48) interactions.
It may be possible to store the FEBs in a radio-frequency (RF) Paul
trap, similar to previous studies (30, 49) with MEBs, and to investi-
gate them over an extended duration.

MATERIALS AND METHODS

Electronics and imaging system for the cavitation experiments
To drive the piezoelectric transducer hemispherical or planar
transducer with a resonance frequency of 1 MHz, we used a RITEC
Gated RF amplifier (GA 2500A). The duty cycle of the instrument is
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0.1%, but the maximum pulse width that can be obtained is 200 s,
limited by the hardware. To amplify longer pulse widths, we have
used Thorlabs HVA 200, which could provide pulse durations longer
than 10 ms, with the maximum amplitude of 80 V. In the imaging
setup, light-emitting diode (LED) array or collimated high-power
LED was used for the illumination. We installed a 100-mm convex
lens at the 4-K radiation shield whose focal plane was at the center
of the experimental chamber. To collect the light, an infinity cor-
rected tube lens (Edmond MT1) with a focal length of 200 mm was
used near the 300-K window. The combination of the convex lens
and the tube lens helped in focusing the central plane of the cham-
ber at the imaging sensor. The magnification of this optical system
was X2 . We have used either Photron SA4 or Mini Cam for record-
ing the high-speed videos. The frames per second varied from
10,000 to 225,000 fps depending on the experimental requirements.
For cavitation measurements, we only consider events in the bulk
and not events that occur very close to the surface of the liquid or
the ultrasonic transducer.

Generation of FEBs with the tungsten tip

The typical voltages applied to the tip (amplified using Trek ampli-
fiers), placed in helium vapor above the liquid surface, were in the
range of 1.2 to —1.8 kV for 0.2 to 0.6 ms. Both SEBs and FEBs were
detected only when a red/orange discharge was observed. A mini-
mum amplitude and width of the voltage pulse were necessary to
observe the discharge, which, in turn, were functions of tempera-
ture. We believe that the large current (about microampere) emitted
by the tip during the discharge was responsible for the injection of
electrons in the form of SEBs and FEBs into the liquid. While direct
injection of electrons with energy higher than 1 eV in the form of
SEBs is conceivable, the formation of FEBs through the same mech-
anism would require much larger number of electrons reaching the
same region of the surface concurrently. To estimate the relevant
parameters, we consider a current I concentrated over a circular
region of radius L. The surface density (n;) of electrons could be
estimated by equating the incoming rate of electrons against the
surface current, which, in turn, is determined by the surface elec-
tron mobility (us) and space charge-limited electric field (E;) parallel
to the liquid surface, given by: # = nseusE Accordingly, one

estimates the surface density ng = 1 = L3 to be ~2 x 10"*/m? for
use

typical experimental parameters, I = 1 pA and L = 1 mm. At this
large ns, macroscale electrohydrodynamic instabilities are expected
to form but over much longer time scales (>30 ms). On the other
hand, one may consider a microscopic undulation of length A
which could become unstable when the electronic pressure (%2 = )
exceeds the pressure (2") due to the surface tenswn Accordmgly,
one can estimate a typlcal instability length A = 2= ~ 4 um for
typical experimental parameters. In addition, relevant to this phe-
nomenon, for ion injection from LMISs, additional microscale and
nanoscale droplets can get injected from multiple locations, includ-
ing back end of the Taylor-Gilbert cone. It is possible that analogous
phenomena can further contribute to the direct injection process
of the FEBs described here.

Ultrasound-induced generation of FEBs

We describe a simple model to understand how the impact of ultra-
sound with the charged surface can lead to generation of FEBs. The
equation of motion of the surface modes uy could be expressed as

Yadav etal., Sci. Adv. 2021; 7 : eabi7128 9 July 2021

M + 0X () ux = 0, where the role of ultrasound was to modify the

mode frequency ® 2y = wo(l + hcoswgt). Here, wy is the angular
frequency corresponding to the ultrasound at 1 MHz, and a¢h
corresponds to coupling of the ultrasound with charged surface
waves We express the frequency of the uncoupled mode ; = gk +

+E7Kk% e "Ekz where p is the density of liquid helium, €
1s the dlelectnc constant of the liquid, & is the large (50) surface
displacement induced by the ultrasound, #, is the surface density of
electrons, and e is the charge of an electron. The couphng of the
charged surface with ultrasound was expressed as wgh = "@;p fC
The important limits of this model were the surface electron density
to be less than the critical density (n, < f1¢rit) and the electron-ripplon-
ultrasound coupling term f. < 1, signifying that local densities cannot
exceed much more than #1y.

The physical mechanism proposed in the model is shown in
Fig. 3F. Undulations of length A of the liquid surface can couple
with the ultrasound frequency wy = o/(pA?), which corresponds
to deformations A ~ 0.4 um for the fundamental mode. The surface
electrons have very high mobility (~4 m*/V-s) at 1.5 K, implying that
electrons move synchronously with the surface undulations. The
parameter & varied linearly with the transducer voltage, which could
be estimated from the threshold of mist formation, corresponding
t0 Emax = 0.73 As at Vi = 85 V. Here, A; = 230 um is the wavelength
of the ultrasound. The strongest parametric resonance occurs
for wave vector k, at which o = 4w02(§, 11e, k), corresponding to an

instability length scale A, = i—“ ~ \]&E 8% was determined primarily
P P

by the & term and only slightly affected by the magnitude of n,. We
propose that these microscopic instabilities (A, ~ few micrometers)
carry electrons into the liquid, possibly break into smaller pieces,
and lastly result in the formation of stable FEBs. These would fur-
ther move under the action of applied fields or can get trapped on
vortex lines.

The physically permissible highest value of h = ne ; IZ fi=3x107

occurs at fo = 1, k = kp (A, = 3.5 um) and 71, = A Under the condi-
tions h <« 1, we can estlmate the growth time (51) of the instabilities

-1 _ hwoy _ e*n?
T4 T dewgp

expected is slower for smaller surface undulations and lower mag-
nitude of the electron-ripplon-ultrasound coupling. The corre-
sponding experimental parameters were identified as the threshold
duration Atyump of the pump pulse of amplitude Vpump at which
FEBs were generated, also shown in fig. S9. The experimental and
theoretical results were comparable for f, < 1, which was consistent
with the physical picture presented here. The coupling term f; in-
creased with higher &, which is also reasonable considering that
more electrons would flow in and out of larger surface undulations.
The occurrence of FEBs varied with the level of the liquid present in
the experimental chamber in scale of the sound wavelength A, and
this was reasonable considering that the surface undulations were
strong function of the ultrasound drive.

as T

fC assuming no dissipation. The growth, as

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabi7128/DC1
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