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The formation of quantum vortices by two mutually perpendicular waves excited on the surface of superfluid
helium has been observed. The interaction of negative charges injected under the surface of He-II with the
vortex flow of the liquid, which is formed by surface waves at frequencies from 20 to 49.9 Hz, in the tempera-
ture range of 1.5—2.17 K has been studied experimentally by analyzing the current distribution detected by
vertically oriented segments of a receiving collector. The efficient capture of injected charges by quantum vor-
tices has been observed at a temperature of 7= 1.5 K, which leads to a significant redistribution of currents
between segments of the receiving collector. Charges leave traps on quantum vortices at temperatures near
T= 1.7 K. With a further increase in the temperature, injected charges are scattered on vortex flows of the
normal component, which are generated by surface waves.
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1. INTRODUCTION

In this work, we study the interaction of injected
negative charges (negatively charged electron bubbles
in liquid “He) with vortex flows, which are generated
by nonlinear waves propagating on the surface of liq-
uid helium. A vortex flow generated by waves in nor-
mal liquid He-I at 7 > 2.17 K is classical and is
described by the Navier—Stokes equation. Vortex
motion at temperatures 7'< 2.17 K involves the normal
and superfluid components. The feature of the super-
fluid component is the quantization of the circulation
of the velocity of the liquid [1]. A quantum vortex is a
topological defect, which ends on the surface of liquid
helium or on the walls of a vessel; i.e., quantum vorti-
ces usually extend from a wall to a wall of the experi-
mental vessel or from the wall to the free surface of the
superfluid liquid [2]. Quantum vortices in the form of
rings can also be formed, e.g., at the fast motion of
injected charges in helium [3]. The reconnection of
intersecting quantum vortices results in the formation
of complex structures such as vortex bundles [4].

The properties of quantum vortices were experi-
mentally studied mainly in the restricted geometry
where the liquid did not have a free surface [5, 6].
However, the interaction of quantum vortices with the
free surface of the superfluid liquid has been recently
considered in [7], where the dynamics of charged

nanoparticles interacting with quantum vortices end-
ing on the free surface of the liquid was studied. Two
types of particle trajectories and the related vortex
structures were revealed: vertical linear vortices whose
one end attached to the bottom of the vessel and half-
ring vortices moving along the free surface of the liq-
uid.

In the experiments reported in [8], it was shown
that two mutually perpendicular standing waves on the
surface of a classical liquid form a periodic structure—
checkerboard—of vortices with opposite vorticities.
The period of this lattice is equal to the length of the
surface wave A. Vortices penetrate into the bulk of the
liquid, and the vorticity Q decreases with the depth z
according to the exponential law Q ~ exp(—z/(,),

where {, is the penetration depth of the wave. In the
case of the excitation of standing capillary or gravita-
tional waves on the surface of superfluid He-1II, it
could be expected that the interaction of waves leads to
the formation of loops of quantum vortices, which
begin and end on the free surface of the superfluid liq-
uid, in addition to usual classical vortices, which are
excited in the normal component of the liquid [7].

To study features of vortex structures formed by
waves on the surface of superfluid He-1I, we chose a
method used in [9]. An electron injected in liquid
helium forms a spherical vacuum cavity (“bubble”)
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with a radius of about 20 A at saturated vapor pressures
[10]. The negative charge at low temperatures 7'<
1.5 K is localized on a quantum vortex in a potential
well with the depth AU estimated from 50 to 130 K
according to [11—14]. However, with increasing tem-
perature, the lifetime of the charge in the trap should
decreases exponentially as T ~ exp(-AU/T). Infor-
mation on the structure of the vortex system and on
the interaction of charges with quantum vortices can
be obtained by varying the directions of motion of
charges in the liquid [15].

Thus, negative charges injected in superfluid
helium interact with quantum vortices and can be used
as probe particles to detect quantum vortices and to
study their properties [5].

Our first experiments were carried out at tempera-
tures of 7= 1.8 and 2.3 K [9]. It was shown that the
formation of vortex structures by standing waves on
the free surface of liquid helium results in the deviation
of particles from the initial trajectory in an applied
electric field due to scattering on vortex flows appear-
ing in the bulk of the normal component. The interac-
tion between waves on the surface of liquid helium
leads to the generation of mainly classical vortices.

One of the aims of reported experiments is to detect
the generation of quantum vortices by nonlinear waves
propagating on the surface of superfluid helium by
studying the interaction of injected negative charges
(electron bubbles) with vortex structures generated by
capillary or gravitational waves in the He-II layer in a
wide temperature range down to 1.5 K.

2. METHOD

Studies were carried out in a helium optical cryo-
stat, where a chamber with an experimental cell was
placed in the vacuum cavity. The chamber was con-
nected to the helium cavity of the cryostat through a
copper rod. The working cell was a 50 X 50 X 30-mm
rectangular parallelepiped with six electrically isolated
faces (Fig. 1). Liquid helium was condensed into the
chamber from an external transport Dewar vessel
through a capillary. To remove impurities, helium was
passed through a finely porous copper filter cooled to
4.2 K. The working temperature of the experimental
cell could be varied from 4.2 to 1.5 K by pumping the
helium vapor from the helium cavity of the cryostat.

The sketch of the experimental cell is presented in
Fig. 1. The upper face of the cell was made from a
2-mm transparent quartz plate whose bottom was
coated with a semitransparent metal film. A point
source of charges 3 mm in diameter (/ in Fig. 1) was
placed on one of the vertical metal fased above its cen-
ter. The source of charges was electrically connected to
the face on which it located. A composite recording
collector consisted of five 9 X 30 mm segments (3 in
Fig. 1) was placed on the face adjacent to the face with
the source. Each segment was connected to an inde-
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Fig. 1. (Color online) Sketch of the experimental cell:
(1) source of charges, (2) plungers, and (3) composite
receiving collector.

pendent current amplifier, an electrical signal from
which was guided through an analog-to-digital con-
verter to a computer.

As in [9], to excite waves on the surface of helium,
we used two plane wave generators (plungers 2in Fig. 1),
which were parallel to free adjacent vertical faces at a
distance of 3 mm from the wall. The plungers were
driven by electromagnetic actuators to which an ac
voltage was supplied from a two-channel functional
generator. They oscillated in the horizontal plane at a
frequency specified by the external generator.

The voltage to the faces of the cell was supplied
from five independent dc voltage sources with a com-
mon ground electrode. This allowed us to induce
driven electric fields with a given configuration in the
bulk of the liquid in order to control the motion of
injected charges from the source of charges / to the
composite receiving collector 3. The time dependence
of the current on various segments of the collector was
measured before the application of the pump, in the
presence of the wave pump, and after the removal of
the pump. To suppress the effect of random and elec-
trical noise and to separate a constant component of

the current in each sector of the collector segment /;,
we performed the Fourier filtering of the recorded
dependences at low frequencies.

3. EXPERIMENTAL RESULTS

Figure 2 presents temperature dependences of the

currents /,(7T") recorded in the sectors of the collector
in the absence of the wave pump. The voltages
o =—100V, Uy, = =50V, Uy, = —100 V,
and U, = 0 V were applied to the faces of the cell. It is
seen that the current mainly flows in the central 0

and —1 segments of the collector. A smooth decrease

(]SOUI‘CE =
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in the currents /,(T") with increasing temperature is
due to a change in the viscosity of He-I1I. Low-fre-
quency noise on the /,(T) curves is caused mainly by
uncontrollable vibration of the charged He-II surface
in the experimental cell.

Figure 3 shows the distribution of currents over the
segments of the receiving collector in He-II at a con-
stant temperature of 7= 1.5 K at the application of the
wave pump with the frequency f, = 49.88 Hz at the
140th s and its removal at the 290th s. The distribution
of dc voltages on the faces of the cell is the same as that
in Fig. 2. The vertical dashed straight lines mark the
times of switch-on and switch-off of the ac voltage on
the actuators of the plungers. At the pump frequency
Je=49.88 Hz, the length of the standing capillary wave
excited on the surface is A = 0.2 cm (wavenumber
k =31.4 cm™'). According to estimates presented in
[9], when the ac voltage with an amplitude of 4 =
7000 mV was supplied to the actuators of the plungers,
the amplitude and steepness of capillary waves were
H=0.003cmand kH = 0.05, respectively.

When the pump was switched on, the collector cur-
rent was redistributed mainly between three segments.
The current /,(7) in segment 0 decreased from 390 to
=50 fA, the current /_,(f) in segment —1 increased to
=400 fA, and the current /_,(¢) in segment —2 also

increased slightly. The total collector current [/, =
640 fA remains almost the same. After the pump was
switched off, the currents detected in segments

returned to almost the initial values.

Figure 4 presents the temperature dependences of
the currents /,(T") in the segments of the collector that
were recorded upon a smooth increase in the tempera-
ture of the liquid from 1.5 to 2.17 K at a rate of
~16 mK/min for 1850 s under the continuous wave
pump with the frequency f, = 49.88 Hz. It is notewor-
thy that the distribution of currents over the segments
in Fig. 4 in the temperature range of 7= 1.5—1.7 K
qualitatively coincides with the distribution shown in
Fig. 3. With a further increase in the temperature in
the narrow range of 7 = 1.68—1.75 K, the current I
increases sharply, whereas the current /_; decreases
abruptly.

The inset of Fig. 4 presents the semi-log plot of
currents of negative charges I, and I_; versus the
inverse temperature 1/7 in the temperature range of
T= 1.68—1.75 K. The straight lines are the depen-
dences I ~ exp(zA/T), where A = 121 K.

As seen in Fig. 4, the distribution of currents over
segments in the presence of the pump at temperatures
above 2.0 K again noticeably changes compared to the
distribution of currents in the absence of pump in
Fig. 2. The current in the central segment of the col-
lector I,(7T) decreases to 80 fA at 7= 2.17 K, whereas

the current /_,(7) in segment —1 increases to 330 fA.
The smooth decrease in the total current /(7)) and
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Fig. 2. (Color online) Temperature dependences of cur-

rents

of negative charges /;(T") reaching segments of the

collector upon a smooth increase in the temperature of
He-II in the temperature range of 7= 1.5—2.17 K in the
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Fig. 3. (Color online) Effect of the wave pump with the fre-
quency j;, = 49.88 Hz on the distribution of currents over
segments of the receiving collector in He-II at a constant
temperature of 7= 1.5 K. The vertical dashed straight lines
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Fig. 4. (Color online) Temperature dependences of cur-

rents

of negative charges detected by segments of the col-

lector under the wave pump with a smooth increase in the
temperature of He-1II from 1.5 to 2.17 K. The inset shows
the semi-log plot of currents of negative charges /,(7) and
1_{(T) versus the inverse temperature 1/7 in the tempera-
ture range of 7= 1.68—1.75 K. The straight lines are the

dependences I ~ exp(£xA/T), where A =

121 K.
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the currents /(7) and I_;(7T) with increasing tempera-
ture above 1.9 K can be due to an increase in the den-
sity of the normal component and the kinematic vis-
cosity coefficient of liquid helium near 7, [9, 16].

We note that currents in other segments of the col-
lector in the temperature range of 1.7—2.17 K hardly
changed in the presence of the pump.

4. DISCUSSION

As shown in [17], the distribution of the steady ver-
tical vorticity on the surface and in the bulk of the lig-
uid Q(x, y, z), which is formed by two mutually per-
pendicular standing waves on the surface of the liquid,
can be described by the sum of two terms differing only
in multipliers:

Q(z) = e + V2" H H ok’
xsin(Q) sin(kx) sin(ky).

(1)

The first term is the vorticity caused by the Stokes drag
and the second term is the Euler vorticity due to the
nonlinear interaction between waves.

The Stokes drag-induced vorticity is formed on the
surface and in the bulk of liquid helium in the time of
establishment of the standing wave. This time in our
experiment is equal to the double time of traveling of
the wave from the wall to the wall of the cell =1 s [18].

The generation of vortex motions in the bulk of the
superfluid liquid due to the nonlinear interaction
between waves occurs in the surface viscous sublayer,
which is a source of turbulence. Under the wave pump
with the frequency f, = 49.88 Hz, the depth of the vis-
cous sublayer on the surface of He-II at 7= 1.5 K is
about & = \/v/m=5x10"" cm [19], which is much
smaller than the length of the capillary wave A =
0.2cm and the amplitude of excited waves H =

0.003 cm. Turbulence penetrates into the bulk of the
viscous liquid in the characteristic viscous time

Tyis = (2v£k y! = 5.5 5. The vorticity at times 7 > Tyis
after the wave pump is switched on and off varies by
the exponential law Q, ~ exp(—/T,;) [20].

Figure 5 presents the dependence of the character-
istic time T, on the wavenumber k (the pump fre-
quency f,), which is obtained by the approximation of
the exponential function exp(—#/7,) of the experimen-

tal dependences /,(f) upon the switch-on and switch-
off of the pump at five resonance frequencies. The

times T, presented by red circles in Fig. 5 are obtained
by averaging over four measurements at each of the
frequencies. The solid line is the calculated depen-

dence of the viscous time T, on the wavenumber T,;; =
Qvk*)™

It is seen that the characteristic time T, decreases
with increasing frequency and is close to the viscous
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Fig. 5. (Color online) Characteristic time of current varia-
tion T, versus the wavenumber k of the pump wave at 7=
1.5 K: experimental points and the dependence T3 =

(2vk?)~" shown by the line.

time T,;. Errors in the calculated 1, values are due to
high bias currents caused by the vibrations of the sur-
face of the liquid.

As mentioned above, after the pump is switched
on, the lattice of vortices in the form of a checker-
board (1) consisting of vortices having pairwise oppo-
site vorticities appears on the surface of liquid helium.
The density of the normal component at a tempera-
ture of 7= 1.5 K is about 11% of the total density of
liquid helium; consequently, the vorticity excited in
the superfluid component should play dominant role
in the excitation of vortex flows in He-II. It can be
assumed that quantum vortices begin on one vortex of
the checkerboard on the surface and end on the neigh-
boring vortex with the opposite vorticity; i.e., loops of
quantum vortices are formed under the surface. In this
case, according to the principle of minimum energy,
the length of the charged vortex should be close toA/2,
which can lead to the formation of separated direc-
tions under the surface along which loops of quantum
vortices are primarily located and the density distribu-
tion of quantum vortices under the surface becomes
anisotropic.

To estimate the density of quantum vortices that
are formed under the surface, we write the circulation
of the velocity of the vortex motion of the quantum
liquid in the form

r= I curlvds = n’t )

5 m
where integration is performed over the area S,
curl V= Q is the vorticity, 4 is the Planck constant, m
is the mass of the He-4 atom, and #» is the number of
vortices on the area S. Therefore, the density of quan-

tum vortices in the order of magnitudeis N ~ Q/ (ﬁ) .

m
The vorticity of the vortex of the lattice on the surface
of the liquid under the pump with a frequency of
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49.88 Hz estimated by Eq. (1) is Q = 3 s~!. Then, the
average density of quantum vortices under the surface
of superfluid helium is in the order of magnitude

N~Q/ =103 cm2.
m

The electric field F presses negative charges mov-
ing in liquid helium to the free surface of the liquid.
The upward vertical component of the force eF at the
distance z, under the surface becomes equal to the
repulsive force of the image of charges [21]:

eE = &’ /167;me (€, — €,)/€.(8; +€,). (3)

As a result, a quasi-two-dimensional charged layer
of negative charges with the density 6 = 107 charges/cm?
(the dielectric constants of liquid “He and of saturated
vapor are g =1.057 and g, =1.00, respectively)
appears in liquid He-II in the vertical electric field
with the strength £ = 10 V/cm at the distance z;, =
100 nm from the surface. This estimate does not
include the possibility of the quantum tunneling of
electrons from vacuum bubbles to vapor; i.e., it is
assumed that the quasi-two-dimensional charged layer
of negative charges with the density 6 ~ 107 charges/cm?
formed under the surface screens the vertical compo-
nent of the applied electric field, and the average dis-
tance between electron bubbles in the layer is =3 um.
We note that the quasi-two-dimensional charged layer
is located in the viscous sublayer where the vorticity
appears [8].

Further, we assume that moving charges can be
trapped by quantum vortices because the temperature
of He-1II in the working cell is below 1.7 K. One quan-
tum vortex with the length A/2 = 0.1 cm, which is
located at the distance z, from the surface, can trap up
to 300 electron bubbles. If the average density of quan-
tum vortices generated by the wave pump is N =
103 cm—2, the density of charges trapped by vortices
can reach o, = 3 X 105 cm~2, which is almost a factor
of 30 smaller than the density of free untrapped
charges 6 ~ 107 cm™? in the quasi-two-dimensional
layer. As a result, electron bubbles moving from the
source of charges to the collector in He-II cooled
below 1.7 K can be scattered on charged quantum vor-
tices. In other words, when the wave pump is switched
on, in addition to the excitation of ordinary classical
vortices in the bulk of the normal component of super-
fluid He-1I, quantum vortices are also formed in the
superfluid component of He-II and can be trapped by
negatively charged electron bubbles at temperatures
below 1.7 K, as previously shown in experiments [9].
The formation of complex bubble—quantum vortex
structures in a Bose—Einstein condensate was studied
in detail in [22].

The inset of Fig. 4 presents semi-log plots of the
currents /, and /_, as functions of the inverse tempera-
ture 1/7 in the temperature range of 7= 1.68—1.75 K.
This temperature range was passed in a time of more
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than 200 s. Since the rate of increasing temperature is
low and the time of capture of the charge in the trap at
T = 1.68 K and at a comparable density of quantum
vortices is ~10 s [14], it can be assumed that the distri-
bution of charges in traps is quasi-equilibrium. The
density of trapped charges G, is proportional to the
lifetime of charges in a trap on the quantum vortex T,
and can be described by the exponential function 6, ~

exp(—A/T). A sharp change in the currents /;(T) at
temperatures near 1.7 K is due to the processes of
escape of negative charges from traps on quantum vor-

tices. It can be assumed that deviations A/; of the cur-
rents I, and /_, from the initial values under the varia-
tion of the temperature near 1.7 K are proportional to
the density of charges on quantum vortices G,; i.e.,

Al; ~ exp(—A/T). Straight lines in the inset are expo-
nential dependences with A = 121 K. This estimate of
the depth of the trap is quite close to the estimate of
the depth of the potential well A = 132 K obtained in
experiments [12], where the average capture time of
negative charges in traps on quantum vortices in He-11
were measured at temperatures near 1.7 K. The close-
ness of two estimates of activation energies and the
coincidence of temperature ranges confirm our
assumption. Since the probability of capture of the
charge by the trap at temperatures above 7= 1.7 K is
small [11—14], quantum vortices in He-1II are electri-
cally neutral. Consequently, the scattering of negative
charges on vortex flows in He-II at temperatures
above 1.7 K is primarily due to the drag of mobile
charges by vortex flows in the normal component,
which is a mechanism considered in [9].

5. CONCLUSIONS

To summarize, it has been experimentally estab-
lished for the first time that the interaction of two
mutually orthogonal standing waves on the surface of
superfluid He-II at temperatures below 1.7 K results in
the formation of quantum vortices near the surface;
these quantum vortices can trap injected negative
charges (electron bubbles with a radius of about 20 A),
which were pressed to the surface of the liquid by the
external electric field. The scattering of free charges on
charged vortices leads to change in the direction of
their motion under the surface of the liquid in a static
electric field. The capture of negative charges by quan-
tum vortices becomes insignificant at temperatures
T=1.7-2.17 K, and after the application of the wave
pump on the surface, charges moving in the electric
field are scattered mainly on vortex flows generated by
surface waves in the normal component of superfluid
He-II.
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