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Abstract:  In this paper, the obtained experimental results concerning creation of bulk elementary excitations (BEEs) in iso-
topically pure liquid “He at low temperatures ~60 mK are discussed. Positive rotons’ (R*-rotons) creation by a pulsed heater was
studied. Signals were recorded for the following quantum processes: quantum evaporation of “He-atoms from the free lig-
uid-helium surface by the BEEs of the liquid helium-II, and BEEs reflection from the free surface back into the bulk liquid. Typical
signals are shown, and ratios of signal amplitudes are evaluated. For long heater pulses from 5 to 10 ps, appearance of the second
atomic cloud consisting of evaporated “He-atoms was observed in addition to the first atomic cloud. It is thought that the first
atomic cloud of the evaporated helium atoms consists of very fast *He-atoms with energies ~35 K evaporated by positive rotons
with the special energies ~17 K (~2Ex~2x8.6 K with Ey representing the roton minimum energy) corresponding to the third
non-dispersive Zakharenko wave. The second cloud of slower *He-atoms was created by surface elementary excitations (SEEs or
ripplons) possessing the special energies ~7.15 K representing the binding energy. It was assumed that such SEEs can be created
by phonons incoming to the liquid surface with special energies ~6.2 K corresponding to the first non-dispersive Zakharenko wave,
which can interact at the liquid surface with the same phonons already reflected from the surface for long heater pulses. Also, some
pulsed-heater characteristics were studied in order to better understand the features of such heaters in low temperature experi-

ments.
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INTRODUCTION

It would be extremely useful to completely un-
derstand how the heaters used in low temperature
experiments behave, in order to improve their features
or to make other heaters with properties optimised for
the creation of phonon or roton excitations (in par-
ticular, R "-rotons). For example, it should be possible
to answer the question: are the rotons created directly
by a heater in liquid helium or are they created by
phonons that are initially injected by a heater (Brown,
1990). The question is very interesting, because it
asks about physical processes that occur at the
solid-liquid helium boundary, and one can try to an-
swer it by studying and analysing the properties of a
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heater pulse in the liquid helium at low temperatures
far from those of the heater. In addition, it is useful to
have a boundary far from the heater, at which the
excitations can reflect, or cause evaporation, in order
to gain additional information about properties of the
generated excitations. The interface between vacuum
and the liquid helium is the simplest possible bound-
ary that is apparent. At this interface, the bulk ele-
mentary excitations (BEEs) can be reflected back to a
bolometer in the liquid or liberate “He-atoms in the
so-called quantum evaporation process (Wyatt and
Brown, 1990; Tucker and Wyatt, 1990; Forbes and
Wyatt, 1990).

Probably, isotopically pure liquid helium is the
most popular condensed state matter, which can be
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readily liquefied and purified on the Earth compared
with the other condensed matter such as solids,
growth of which still requires microgravity conditions
in order to have very pure materials. It is preferable to
study liquid regarding the superfluidity phenomenon,
which is in many ways akin to the superconductivity
phenomenon (Landau, 1941) in some suitable solids.
It is obvious that the liquid helium-II is an isotropic
material, because the propagating velocity does not
depend on propagation direction in contrast to crystals,
which are interesting for their superconductivity in-
cluding high temperature superconductivity. However,
BEEs in the liquid travel ballistically that could show
difference in propagating velocity for BEEs travelling
for a very long distance. This can be avoided in mi-
crogravity experiments. It is noted that there is no sure
experimental evidence of significant change in the
propagating velocity of the BEEs in liquid helium in
experiments done under Earth conditions. It is
well-known that the propagating velocity in liquid
helium-II cannot be higher than ~250 m/s. However,
liquid helium-II represents a complex liquid, for
which several theories already exist. The next section
briefly reviews existing theories.

SHORT REVIEW OF EXISTING THEORIES

There is much theoretical study of the quantum
effects in liquid helium-II, such as quantum evapora-
tion and quantum condensation. It is thought that the
most successful theoretical description of the pho-
non-roton energy branches of liquid helium-II was
represented by Dalfovo et al.(1995b) based on the
density-functional theory (DFT). However, even this
theory (Dalfovo et al., 1995b) representing an im-
provement of the other theories discussed by Dalfovo
et al.(1995b) does not take into account the backflow
effects, and there is significant discrepancy between
theory and experiments in the positive roton branch of
the BEEs energy spectra. Also, it was generally noted
by Dalfovo et al.(1995b) that theories and experi-
ments have no satisfactory overlap yet. Dalfovo et al.
(1995a) represents also one attempt to better under-
stand roton participation in the quantum evaporation.
Also, discussions concerning the role of quantum
effects, as well as about the theory of classical orbits,
can be found in (Dalfovo et al., 1995a) together with
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additional references for the subject. It is interesting
that the theory of classical orbits predicts no evapo-
ration from rotons with energies smaller than the
maxon energy (~13.85 K), because a barrier occurs at
the vacuum-liquid interface. On the other hand, it is
thought accounting for the role of the quantum effects
that only phonons and rotons with energies greater
than the maxon energy can give rise to evaporation.
Both are contradictory to each other and represent
forbidding theories, which forbid some BEEs to
propagate or to evaporate. Dalfovo et al.(1995a) give
the first calculation of the evaporation rates using a
many body approach accounting for several effects,
such as both a description of the structure of the liquid
surface (as well as the BEEs of the system) and a
quantum description of the scattering processes in-
volving elementary excitations at the surface, but
excluding inelastic channels (multi-phonons and
multi-ripplons). Dalfovo et al.(1995a) chose a slab
greater than 100x10'° m for their calculations, and
the binding energy Fy~7.15 K was chosen by Wilks
(1967) as the chemical potential. They treated liquid
as a condensed matter consisting of free *He-atoms
and also used holes and particles in their theory.
Probably, such thick slab is suitable for investigations
of any dispersive wave BEEs. However, it is already a
well-known fact that some BEEs with special ener-
gies can propagate for very long macroscopic dis-
tances. In addition, neutron scattering experimental
data showed that liquid helium-II consists of maxons
and rotons as free quasi-particles existing near the
maxon maximum and roton minimum, respectively,
but not of free “He-atoms. Moreover, it is thought that
the binding energy Ey~7.15 K relates to the evapora-
tion by surface elementary excitations (SEEs) of lig-
uid helium-II representing the single possibility, but
not the evaporation by the BEEs, for which there are
three binding energies (one in each energy branch,
according to recent theory (Zakharenko, 2005a)).
Indeed, the binding energy E,~7.15 K is close to the
ripplon-maxon energy (the SEEs chemical potential),
but they represent different phenomena. Therefore, it
is necessary to take both the maxon (~13.85 K) and
roton (~8.6 K) energies as some hybridized
chemico-nuclear potentials for such complex liquid. It
is noted that liquid helium-II is also treated as a neu-
tron liquid, because the roton mass at the roton
minimum approaches the mass of a free neutron, and
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the mass of a proton-electron pair and hence, the mass
of a free hydrogen atom.

Recent phenomenological theory (Zakharenko,
2005a) is based on the phenomenon called the
non-dispersive Zakharenko waves (Zakharenko,
2005b), as well as on the experimentally discovered
phenomenon mentioned in (Lardat et al., 1971) in that
there is an energy leak from one oscillation type into
another at crossing points of two phase velocities
corresponding to two different types of oscillations.
The existence of the non-dispersive Zakharenko
waves in the BEEs energy branches represents a solid
argument for the problem of some BEEs propagation
for very long macroscopic distances in the liquid
helium-II at low temperatures. Indeed, it is a
well-known fact in Acoustics that non-dispersive
waves can propagate for longer distances than dis-
persive waves in the same mode (energy branch).
Therefore, the recent theory (Zakharenko, 2005a)
does not forbid both dispersive and non-dispersive
waves to exist in the liquid. The two possible types of
dispersive waves, Co>Cy, and Cy<Cyy, exist in each
energy branch of the BEEs energy spectra, where C,
and C,, are the BEEs group and phase velocities,
respectively. Both dispersions occur in the BEEs
phonon branch due to the measured “backflow effect”
by Stirling (1983; 1985), in the BEEs negative roton
branch due to existence of maxon with negative ki-
netic energy and roton with positive kinetic energy at
the corresponding boundary of the branch and the
possible roton backflow effect as a product of a
complex hybridization of two quasi-particles, as well
as in the BEEs positive roton branch due to the unique
BEEs dispersion and the possible roton backflow
effect. It is noted that the backflow effects are small

ones giving significant rise in the system non-linearity.

It is also noted that there is the dispersion Vy=2V,, for
a free *He-atom, where ¥, and V,, are the atom group
and phase velocities, respectively. It is obvious that
any free quasi-particle can be in both real and
imaginary k-spaces (k=2m/4 is the wavenumber with 4
being the wavelength) that was also discussed by
Zakharenko (2005a), because their kinetic energy
depends on the wavenumber k as E=+h(+ik)*/(2m),
where 7 and m are the Planck’s constant and the
quasi-particle mass, respectively, and i=(—1)"? is the
imaginary unity. It is mentioned that the existence of
the non-dispersive Zakharenko waves in both quan-
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tum and layered systems was lost that resulted in
difficulties to correctly explain experimental data of
both quantum evaporation and condensation effects.
Zakharenko (2005a) discusses that the phenomenon
of energy leak between different oscillations men-
tioned by Lardat er al.(1971) is associated with the
binding energy that occurs in each BEEs energy
branch, where Vyn=Cop.

It was reported that quantum and layered sys-
tems have dispersion, namely dependence of the
phase velocity Cp, on both the wavenumber and the
angular frequency. However, there is a possibility
when dispersion relations show presence of
non-dispersive Zakharenko waves, according to
(Zakharenko, 2005a). For instance, this can occur for
surface waves in layered systems consisting of a layer
on a substrate, where parameters of both media can
result in appearance of the non-dispersive Zak-
harenko waves in dispersion relations. It is
well-known that in the superfluidity theory by Landau
(1941), superfluid helium-II at low temperature be-
low the critical temperature 7,~2.17 K is described as
liquid with normal and superfluid parts. It is possible
to assume that liquid helium-II as a complex system is
somewhat the same as solid layered systems. There-
fore, it is possible to say that dispersion relations for
such complex system as liquid helium-II can have
non-dispersive Zakharenko waves. Indeed, inde-
pendence of the phase velocity Cp, of the BEEs on the
wavenumber £ in the liquid energy spectra can be
naturally shown by Eq.(1) for the dispersion Cyu(k):

™ =0, (1)

In addition to Eq.(1), Eq.(2) should be also ful-
filled for non-dispersive waves showing independ-
ence of the angular frequency w:

ph
—=0, 2
o 2

It is obvious that Eqs.(1) and (2) are fulfilled as
soon as one of them is true:

2 =0, 3)
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It is noted that for layered systems Cyg#0 and
Con#0. However, for quantum systems such as liquid
helium-II there can be Cy=Cpy=0 (Cy=C,n—0), for
example, for the Bose-Einstein condensation giving
dispersive  waves, because dC./dk£0. The
non-dispersive Zakharenko waves are readily recog-
nized in any dispersion relation representing the de-
pendence Cyn(k):

deh 1
m = Z(Cg -C,). 4)

Eq.(4) shows that the non-dispersive Zak-
harenko waves correspond to extreme points of the
dependence Cpn(k) with Cy=Cph. The same is true
for the second dependence Cpn(w) with Cy=Cpp:

%:& 1_& , (5)
do o C

g

Zakharenko (2005a) shows that in each energy
zone of the BEE energy spectra, namely in the phonon,
positive and negative roton branches, one corre-
sponding non-dispersive Zakharenko wave should
exist, because in each energy branch there are two
possible dispersions: Cy<Cpy and Cg>Cpp. It is noted
that for a free quasi-particle, for example, for a free
*He-atom propagating in vacuum, there is a constant
relationship between the phase and group velocities:

Ce=2Cph.
The work by Wyatt and Brown (1990) concerns
the quantum evaporation effect illuminating

*He-atoms evaporation from the liquid surface by
incoming BEEs created in the bulk liquid far from the
surface. However, their explanations of the quantum
evaporation effect, as well as of created incoming
BEEs, are incorrect. In their works (Tucker and Wyatt,
1994a; 1994b; 1994c; 1994d; 1994e; Wyatt et al.,
1989), they studied BEEs created by pulsed heaters in
low temperature experiments. However, they did not
state that the created propagating BEEs represent
non-dispersive waves that can be found in recent
alternative theory (Zakharenko, 2005a). Moreover,
they concluded that the created propagating BEEs are
so-called low-energy (1~2 K) and high-energy (~10 K)
phonons in the BEEs phonon branch. However, it is
impossible to have two non-dispersive Zakharenko
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waves in the phonon branch, because the phonon
backflow effect increases the phonon velocity, which
becomes zero at the maxon maximum. Wyatt ef al.’s
explanations (including those of Dalfovo, Pitaevskii,
Edwards, Inkson, et al.’s research groups that is col-
lective error in low temperature Physics relating to the
human factor) preclude existence of the first
non-dispersive Zakharenko waves (Cy=Cpy#0) in the
phonon branch due to the phonon backflow effect.
The other thing is that they still use the Landau’s
critical velocity Cy=C,y~60 m/s in the positive roton
branch. However, the third non-dispersive Zak-
harenko wave exists in the positive roton branch with
Cy=Cpn~190~200 m/s and energy (~17 K) that was
shown and discussed by Zakharenko (2005a), where
huge difference in explanations of such experiments
was highlighted. It is noted that Landau’s theory pre-
cludes BEEs existence with velocities less than the
velocity ~60 m/s so the Landau’s theory also relates to
forbidding theories.

Wyatt and Brown (1990) noted that negative
rotons cannot be created by such heater used in the
experiments. In order to explain their experimental
results on atom evaporation by BEEs, they also used
the binding energy Ey~7.15 K by Wilks which is for
SEEs, but not for BEEs. For BEEs there are three
binding energies, one in each BEEs energy branch,
that was discussed above. However, Brown and Wyatt
applied E, (~7.15 K) for both BEEs phonon and roton
branches to explain their experimental results con-
cerning the quantum evaporations by BEEs. As the
result, they have assumed the quantum evaporation
process as one BEE phonon to one *He-atom process
and that positive rotons with energy (~2E,~14 K) can
evaporate two helium atoms, which is incorrect. The
alternative theory (Zakharenko, 2005a) states that two
positive rotons (the Cooper pairing phenomenon)
with Cy=Cpy~190~200 m/s and energy ~17 K corre-
sponding to the third non-dispersive Zakharenko
wave can evaporate one ‘He-atom fulfilling the en-
ergy conservation law. That is natural because posi-
tive rotons possess wavelengths which are several
times less than the line size ~1x10"'" m of a *He-atom.
It is obvious that the one BEE to one *‘He-atom
quantum evaporation process exists only in the nega-
tive roton branch, because the second non-dispersive
Zakharenko wave, as well as an evaporated “He-atom
has energy ~12 K.
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Liquid helium-II is also treated as a neutron
liquid due to the presence of the roton minimum,
because the roton mass is close to the mass of a free
neutron, as well as to the mass of a proton-electron
pair. It is noted that the Landau’s superfluidity theory
is a macroscopic theory, with which Landau has
shown difference between the first sound (density
oscillations) and the second sound (pure temperature
waves) using many simplification in his macroscopic
theory. Therefore, the evaluated velocities for the
first, second and fourth sounds are u;=(dP/dp)"*~250
m/s with P and p being pressure and density at con-
stant  entropy, respectively, w=u;/3'°  and
us=u1(py/p)"* with pq being the superfluid component
of the density p. It is noted that this gives u4=u; at low
temperature with ps=p. However, it is thought that
there is hybridization in each BEEs energy branch on
a microscopic level. This is so because neutrons and
proton-electron pairs of condensed “He-atoms in the
liquid can be coupled with the ones of neighbour
atoms. It is thought that coupling among particles
within each four-particle system (two neutrons and
two proton-electron pairs, which show a free
*He-atom dispersion law as soon as they propagate in
vacuum) is much stronger than that between (among)
neutrons or/and proton-electron pairs of adjacent
four-particle systems (FPS). Therefore, such con-
densed state can result in complex motions, such as
wave motion of an FPS as a whole, as well as wave
motion of each particle of the FPS. Indeed, such
complex motions are very small and can result in
rotations and/or oscillations of FPSs showing their
own hybridized motions in each BEEs energy branch.
It is thought that as soon as a quasi-particle (neutron
or/and proton-electron pair) in an FPS receives an
additional impulse from a quasi-particle of a
neighbour FPS, whose local temperature, as well as
local density, will be changed until it is passed further.
This manifests existence of thermal excitations. It is
well-known in high-energy Physics that very large
energy (therefore, temperature) is required in order to
find out about oscillation types in smaller quasi-par-
ticles consisting of larger quasi-particle (for example,
atom—neutron—quark). Such representation of the
BEEs nature is close to the Glyde and Griffin (1990)’s
treatment of the BEEs energy spectra with
hybridizations occurring in each BEEs branch. Also,
huge difference in explanation of experimental data

concerning the quantum condensation process be-
tween the work by Brown and Wyatt (2003) and re-
cent alternative theory (Zakharenko, 2005a) will be
reported in the future. It is noted that Brown and
Wyatt (2003) found that positive rotons are created by
helium atomic beams but negative rotons cannot be
created by the beams, while negative rotons (the
second non-dispersive Zakharenko waves) should be
first created.

From this viewpoint, it is possible to state that
the high-energy phonons are phonons with energy £
greater than the energy £z, of the first non-dispersive
Zakharenko wave (Zakharenko, 2005a) (E>Ez=6.17
K, according to (Stirling, 1983; 1985), and even
Ez~7 K according to (Brown and Wyatt, 2003) that
can depend on the liquid temperature). Now it is
possible to classify the BEEs in liquid helium-II,
according to the recent theory (Zakharenko, 2005a):

The phonon branch (the so-called first sound)
consists of (1) the low-energy phonons with energies
E<E7,~6.17 K, which possess dispersion Cy>Chpp; (2)
the high-energy phonons with energies £>E7,~6.17 K,
which possess dispersion Cy<Cpp; (3) the first
non-dispersive Zakharenko wave (Cye=Cy20) with
energy E71~6.17 K.

The negative roton branch (the so-called second
sound) consists of (1) the low-energy R -rotons with
energies E<Ez~12 K, which possess dispersion
Co>Cop; (2) the high-energy R -rotons with energies
E>E7>,~12 K, which possess dispersion Cg<Cpp; (3)
the second non-dispersive Zakharenko wave
(C=Cp#20) with energy Ez>~12 K.

The positive roton branch (the so-called fourth
sound) consists of (1) the low-energy R -rotons with
energies E<Ez3~17 K, which possess dispersion
Cy>Cyp; (2) the high-energy R"-rotons with energies
E>E73~17 K, which possess dispersion Coy<Cpn; (3)
the third non-dispersive Zakharenko wave (Cy=C;,#0)
with energy Ez3~17 K.

Therefore, this experimental paper uses the re-
cent alternative theory (Zakharenko, 2005a) for ex-
planation of obtained experimental data, but not any
forbidding theories discussed above. It is thought that
Nature forbids nothing in this case, and there is the
so-called human factor to explain observed experi-
mental results. The recent theory (Zakharenko, 2005a)
is based on propagation of the corresponding
non-dispersive Zakharenko waves in each energy
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branch, which can bring energy of the BEEs created
in the bulk liquid far from the liquid surface up to the
vacuum-liquid interface, while the other dispersive
waves spread their energy in the bulk liquid.

EXPERIMENTAL CONFIGURATION

In this low-temperature experiment done at
temperatures below 100 mK of isotopically pure lig-
uid helium-II, the Au-thin-film heater, which can
excite the BEEs, is located in the liquid as shown in
Fig.1. A small experimental cell (line sizes ~100 mm)
with liquid helium was successively cooled down to
the temperatures below 100 mK by well-known dilu-
tion refrigerator techniques (Betts, 1989; Lounasmaa,
1974). There are three detectors representing thin
films of superconducting zinc on a glass substrate,
two of which (the bolometers B; and B,) are situated
above the liquid-vacuum interface. The bolometers B,
and B, are thus situated in order to detect *He-atoms
evaporated by the BEEs, which can reach the liquid
surface. The third bolometer B; is positioned in the
liquid and detects the BEEs reflected from the surface
back into the bulk liquid. The bolometers B; and Bj,
as well as the heater H, are situated at the same angle
10° to the liquid surface normal (Fig.1), while the
bolometer B, is positioned at angle ~35° to the surface
normal. It is necessary to note that both the bolome-
ters B; and B, in vacuum, as well as the bolometer B;
in the liquid, are situated at the same distance ~7 mm
from the point O of the incoming BEEs created by the
heater H in the liquid as shown in Fig.1. The distance
between the heater H and the point O at the vac-
uum-liquid interface is about 15 mm. Both the
bolometers and the heater used in this experiment
have the same work area ~1 mm” for BEEs detection
and excitation, respectively. Details on collimators in
Fig.1 used in this work in order to improve such low
temperature experiments, can be found in (Williams
et al., 2002). The collimators represent apertures with
diameter ~1 mm and are for bolometer protection
from additional signals which can reflect from many
places due to the small experimental cell used in such
experiments, in which suitable liquid helium-II ener-
gies below 100 mK can be reached. Created BEEs are
travelling in the liquid for distance ~5 mm up to the
first collimator and ~4 mm between the first and

second collimators as shown in Fig.3c in (Williams e¢
al., 2002).

The BEEs created by the heater H are travelling
in the liquid up to the point O at the interface, where
some BEEs can evaporate ‘He-atoms travelling al-
ready in vacuum up to the bolometers B; and B,, and
some BEEs can reflect from the interface back into
the liquid towards the bolometer B;. A fraction of the
BEEs can also take part in interactions between the
BEEs and SEEs (ripplons) at the interface that will be
discussed below. The ripplon detection evidence
(probably, indirectly) created by a pulsed heater in the
bulk liquid helium-II and detected by a bolometer
situated at the vacuum-liquid interface will be re-
ported elsewhere later.

Vacuum
Liquid helium

Collimators

Fig.1 The experimental arrangement for both the
heater H and the bolometers B,, B,, and B;

QUANTUM EVAPORATION AND REFLECTION
OF THE BEES

Some typical detected signals from long heater
pulse widths (5 ps, 10 us) are shown in Figs.2, 3, and
4 from the bolometers B, B,, and Bs, respectively.
The typical signal of “He-atom evaporation in Fig.2
has its peak at time ~140 ps with the time of first
arrival being ~120 pus. It is noted that the BEEs time
of first arrival is ~110 ps, and the BEEs have gone the
same distance ~22 mm (Williams et al., 2002) which
corresponds to the distances ~15 mm travelled by
BEEs in the liquid plus ~7 mm distance gone by
*He-atomic beams in vacuum shown in Fig.1. The
evaporation signal shown in Fig.2 has quite a long
decay tail extending up to 250 us. It is very interesting
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that the beginning fraction of the signal between the
first arrival time and the peak has an inflexion point of
about —0.9 mV (shown by symbol 2). This suggests
that there are two different clouds of *He-atoms
overlapping each other and that they are travelling
with each other in vacuum from the liquid surface up
to the bolometer B;. Therefore, the inflexion point
shows the first arrival time of the second cloud of the
helium atoms. It can mean that the cloud of the slower
helium atoms with the first arrival time at the inflex-
ion point could correspond to the atom evaporation by
BEEs participating in some complex processes at the
interface that results in appearance of suitable ener-
gies, which are equal to the binding energy Ey,~7.15 K
(Wilks, 1967).

Signal (mV)
LLLys
[\S] —_ (e} el

|
—
9%}

0 100 200 300 400 500
Time (us)

Fig.2 The typical signal detected by the bolometer B,
with the heater power attenuation —23 dB and the heater
pulse width S ps

The first ‘He-atomic cloud with quicker
*He-atoms could correspond to the atom evaporation
by the R'-rotons with suitable energy E~17 K, ac-
cording to (Zakharenko, 2005a). The first arrival time
from the bolometer B, is ~110 ps, because the helium
atoms can travel a shorter distance through vacuum
from the liquid surface up to the bolometer B,. A

typical signal from the bolometer B, is shown in Fig.3.

The distance between the point O and the bolometer
B; is ~7 mm. It is thought in this work that the signal
in Fig.3 is due to the atoms evaporated by the
R "-rotons with energies E~17 K corresponding to the
energy of the third non-dispersive Zakharenko wave.
In addition, the “heterodyne signal” in Fig.2 is due to
the evaporation by both the R -rotons and the pho-
nons because there are two clouds of the helium at-
oms. On the other hand, the evaporated signal shown

in Fig.3 corresponds to the atom evaporation only by
the suitable positive rotons (E~17 K). It is thought
that it is necessary to improve quantum evaporation
experiments by increasing the distance gone in both
the liquid and vacuum.

Signal (mV)

0 100 200 300 400 500
Time (us)

Fig.3 The atomic signal detected by the bolometer B,
with the heater power attenuation —20 dB and the heater
pulse width 10 ps

There are two reflected signals from the liquid
surface shown in Fig.4. To observe two reflected
signals was very surprising. The BEEs injected by the
heater in the liquid with pulse length 10 ps and power
attenuation —23 dB reach the liquid-vacuum interface
and reflect back into the bulk liquid. The reflected
signals are detected by the bolometer B; situated in
the liquid. Both the heater and the bolometer B are
situated at the same angle 10° to the surface normal.
The distance between the point O and the bolometer
B3 is ~7 mm. The first large sharp peak of the re-
flected signal shown by symbol 1 in Fig.4 can cor-
respond to the first type of the BEEs (phonons,
namely the first non-dispersive Zakharenko wave)
with the velocity Cp=Cy~250 m/s (Zakharenko,
2005a), but not low-energy phonons with energies
E~(1~2) K (Tucker and Wyatt, 1994a; 1994b; 1994c;
1994d; 1994¢; Wyatt et al., 1989). The low-energy
phonons with dispersion Cy>Cy, and energies E<Ey,
do not evaporate helium atoms from the liquid surface,
because their energy is unequal to the binding energy
Ey~7.15 K (Wilks, 1967). It is assumed that the
binding energy FEj, corresponds to the crossing point
between the SEEs phase velocity and the straight-line
dependence of the phase velocity of a free *He-atom.
It is thought that the binding energy Ej, represents the
minimum energy for the quantum evaporation proc-
ess by SEEs, while there are also three binding ener-
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gies, one in each BEEs energy branch for the evapo-
ration by BEEs. Hence, it is assumed that only pho-
nons with energy E~Fy, and possessing dispersion
Cg<Cpp, can evaporate the helium atoms. This is pos-
sible due to the fact that the non-dispersive Zak-
harenko waves (phonons) with energy Ez~6.17 K
(which is close to the binding energy Ey~7.15 K
(Wilks, 1967)), can bring their energy to the liquid
surface, where phonons can interact with ripplons, as
well as with already reflected BEEs for long heater
pulses resulting in possible energy increase. Indeed,
the BEEs can interact with the ripplon gas that is
localised at the liquid surface and can be experimen-
tally observed. Therefore, the original incoming BEE
signal can be changed at the liquid surface due to the
interactions. This means, that at the liquid surface,
there are several events with an initial phonon signal:
a large fraction of the phonons with E#E,, is reflected
back to the bulk liquid; a fraction of the phonons
reaching E=F, at the surface due to interactions with
both reflected BEEs and SEEs can evaporate the he-
lium atoms up to the vacuum.

-0.2

-0.4

-0.6

Signal (mV)

0 100 200 300 400 500
Time (us)
Fig.4 The generated by the heater H and detected by the
bolometer B; reflected signals from the liquid surface for
the heater pulse width 10 ps and the heater power at-
tenuation —23 dB. Here the sharp mean phonon peak is

labeled by symbol 1. Symbol 2 shows the second weak
signal

The second peak in Fig.4 indicated by the sym-
bol 2 could also correspond to the other type of the
BEEs (positive rotons), a small fraction of which
could be reflected from the liquid surface back into
the bulk liquid (that must be verified in the next ex-
periments). Note that the presence of this peak gives
an additional surprise. That can mean that a very
small fraction of this BEEs type can be reflected from

the liquid surface. However, it is also possible to
suggest that it corresponds to some noisy reflected
signal. The other suggestion is that the reflected frac-
tion of the second weak signal will be increased rela-
tive to the first big signal, when the BEEs will travel
for greater/smaller distances from the heater up to the
liquid surface and back into the bulk liquid. It could
be so because the reflection of the BEEs from the
liquid surface was not widely studied in this direction.
It is also noted that Wyatt et al. have never shown
reflected BEEs signals together with atomic signals
evaporated by the BEEs. Furthermore, there are no
detailed experimental data for studying reflections
from different solid surfaces.

EXPERIMENTAL RESULTS AND DISCUSSIONS

The signal amplitude depends approximately
linearly on the heater pulse width that is shown in
Fig.5. This is true over a wide range of heater pulse
widths, from 0.1 pus to 10 ps. The gradient for in-
creasing the amplitudes is dependent on increasing
the heater pulses to about 10° pV/s**. For heater pulse
lengths below 0.1 ps, there is a deviation of the
measured signal amplitudes from the linear ap-
proximation. Further shortening of the heater pulses
caused the measured signals to drop rapidly to zero
amplitude (in the case of heater power —23 dB).

Fig.6 represents the dependence of both the re-
flected signals measured at the bolometer B; and the
measured signals at the bolometer B; for helium atom
evaporation on the heater pulse width in the range
0.05 ps to 10 ps. The heater power attenuation of —23
dB was constant corresponding to 200 times attenua-
tion of an original heater pulse. Linear behaviour
occurs for the measurements of signal amplitudes at
the bolometer B3, which detects reflection from the
free liquid surface. The gradient of the amplitude
decreases with the heater pulse length at a rate of
~230 pv/s’ # Ttis clearly seen that the dependence is
approximately linear over a wide range of heater
pulses from 0.02 ps up to 2 us. For longer heater
pulses of between 2 pus and 10 us, the dependence has
a lower gradient. This may be already a long cloud of
bulk elementary excitations injected by a heater in the
liquid, in which can be angular dependence of inter-
actions, namely decay. On the other hand, it is possi-



Zakharenko / J Zhejiang Univ Sci A 2007 8(7):1065-1076

ble that for long pulses the tail of a long pulse incident
on the free surface may interact with the earlier part
that has already been reflected from the free surface.
Figs.2 and 4 support this assumption of reflected
signal scattering at the vacuum-liquid interface, be-
cause there are two atomic clouds travelling in vac-
uum (shown in Fig.2) and cut-like reflected signal
(shown in Fig.4). This may be the determination of
“long pulse width” for a pulsed heater. If it is true,
there should be a significant dependence of heater
long pulses on the angle of incidence of a long pulse
to the surface normal. In this case the angle of inci-
dence is 10°.

1000

100 E=

Signal amplitude (LV)

P A

10 HEHH H
0.1 1 10
Pulse width time (ps)

Fig.5 The log¢/log;y scale linear dependence of signals
detected by the bolometer B, on heater pulse length time
for two different power attenuation —20 dB (rectangles)
and —23 dB (triangles)

The dependence of the bolometer B; measured
signal amplitudes on the bulk elementary excitations
to evaporation of the helium atoms on the heater pulse
width is more complicated than the case of reflected
signals detected by the bolometer B; shown in Fig.6.
However, there is similar behaviour in both cases of
long heater pulses in the range 0.2 ps to 10 ps. The
heater pulse width time 2 ps is the threshold one for
the onset of non-linearity for the signals from the
bolometer B, and bolometer B;. Below 2 us signals
from the bolometers B; and B; are proportional to
pulse width. However, the linear region of the meas-
ured signals from the bolometer B; is due to the in-
flexion point about heater pulse 0.7 ps. For shorter
pulses less than 0.2 ps, a dramatic drop occurs. The
straight-line region of the measured signals from the
bolometer B; shown in Fig.6 represents the best
working range of the heater, in order to obtain a de-
pendence of BEE creation on the heater pulses.
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Fig.6 The log,¢/log,, scale dependence of signals detected
by the bolometer B; (circles) and by the bolometer B;
(rectangles) on the heater pulse width time

The power-law dependence of measured signals
on the heater power is shown in Fig.7. The decreasing
signal amplitude corresponds to attenuation of the
heater pulses from —23 dB down to —41 dB. This rapid
change of the signal amplitude occurs for the signals
from both the bolometers B, and B, that is shown by
two parallel black lines. Note that both the bolometers
B and B, are situated above the free liquid surface, in
order to detect evaporated helium atoms, but the
bolometer B; was positioned in the liquid, in order to
detect reflected bulk elementary excitations. Also,
shown in Fig.7 is the result for the measured signal
amplitude from the bolometer B; showing smaller
power-law dependence. Indeed, the slope of this lin-
ear dependence for the reflected signal amplitude is
essentially less than that for the signals of atom
evaporation that are shown in Fig.7 by the grey

Signal amplitude (uV)

PR P P PR .IE
-38 -3 30 26 22

Power attenuation (dB)

E 1.
—42
Fig.7 The power-law dependence of signal amplitude

detected by the bolometers B; (rectangles), B, (circles),
and B; (triangles) on the power attenuation
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straight line.

Comparing with previous dependencies of the
measured signals on the heater pulse width and the
heater power, there is a more complicated dependence
of the measured signals when the pulse energy of the
heater was kept constant by simultaneously changing
both the heater power and the heater pulse width time.
The results of these measurements are shown in Table
1. The first two columns list variation data of the
heater pulse width from 10 ps down to 0.02 ps and the
heater power attenuation from —30 dB to -3 dB, re-
spectively. The measured signals at the bolometer B;
(signals were reflected from the free liquid surface
back to the bulk liquid helium) have a clear single
maximum at the heater pulse width 0.5 ps and the
heater power attenuation of —16 dB. However, for the
measured signals from the bolometer B, (evaporation
of the helium atoms) there are both maximum at 1 ps
& —20 dB and minimum at 0.2 pus & —13 dB with
rapid increasing in signal amplitude down to pulses of
0.2 us & —13 dB, while for the measured signals from
the bolometer B, (helium atom evaporation, too) there
are two equivalent maximal values both at 0.5 us &
—16 dB and at 0.2 us & —13 dB with a slight decrease
of the maximal value down to pulses of 0.02 us & —3
dB. The maximum signal from the bolometer B; is
less then half of the one from the bolometer B;. The
behaviour of the measured signals from the bolometer
B, is more complicated than the one from the
bolometers B, and B;. There is a general increase of
the signal amplitude from the bolometer B, (Table 1),
from its lowest value at 10 us & —30 dB to the highest
value at 0.02 us & —3 dB. However, there is a local

Table 1 The signal features measured by the bolometers
B,, B,, and Bj; for the constant heater pulse-energy (us

and dB)

Pulse  Power . . . .
width attenuation B)-signals B,-signals Bs-signals Ratio
W @ BV W) V) ABAB)

10 =30 30 360 126 12.00
5 -26 80 708 235 8.85
2 =23 322 800 400 2.48
1 =20 970 970 659 1.00
0.5 -16 1800 665 842 0.37
0.2 —-13 1810 598 553 0.33
0.1 -10 1770 740 500 0.42
0.05 -6 1750 1330 400 0.76
0.02 -3 1650 2000 320 1.21
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maximum at 1 ps & —20 dB and a local minimum at
0.2 us & —13 dB. This is well-correlated with the data
from the bolometer B;, from which there is the
maximal value at the heater pulse power 0.2 us & —13
dB (Table 1).

Fig.8 compares signals obtained from the
bolometers B; and B, for heater pulses 0.05 us to 10
us at heater power —23 dB. The ratio of signals has a
clear minimum at the heater pulse power 0.13 us &
—23 dB. The value of the minimum ratio of the meas-
ured amplitudes is A(B,)/A(B;)~0.3. This value agrees
with the minimum value of ratios found during the
constant heater power runs. Thus, at the constant
energy pulse 0.1 pus & —13 dB there is a minimum
value of ratios A(B,)/A(B;) in the last column of Table
1 that increases for both the shorter and the longer
heater pulses, when pulse energy is kept constant.
That gives the boundary between short and long
heater pulses, which indicates the start of additional
energy incoming to the bolometer B, for the long
heater pulses.

Ratio A(B,)/A(B))

e
=

0.1 1 10
Pulse width time (ps)

Fig.8 The dependence of the signal amplitudes’ ratio on
the heater pulse width time at the constant attenuation
—23 dB in the heater power

CONCLUSION

For long heater pulses, two clouds of the helium
atoms evaporating from the liquid surface were ob-
served in the quantum evaporation process shown in
Fig.2. The reflected signal in Fig.4 leads to the con-
clusion that the first atomic cloud, consisting of very
quick helium atoms shown in Fig.2 by symbol 1, was
evaporated by the positive rotons with suitable ener-
gies ~17 K, while the second atomic cloud of slower
helium atoms, shown in Fig.2 by symbol 2, was
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evaporated through a complex process in which there
are interactions of incoming phonons of energy ~6.17
K with reflected phonons and ripplons resulting in
energy apparently related to the binding energy
Ey~7.15 K. In addition, it is possible that amplitudes
of the heater long pulses for excited BEEs are greater
than those excited by heater short pulses. Therefore,
dispersive BEEs of the heater long pulses can travel
for longer distances, because BEEs damping time
could depend on initial amplitude of excited disper-
sive BEEs. Additional experimental results concern-
ing BEEs creation and propagation in the bulk liquid
helium-II at low temperatures can be found in (Zak-
harenko, 2007), in which the Cooper pairing phe-
nomenon is also shown.

The experimental results discussed in this work,
concerning investigations of heater long pulses, must
be more widely studied in the future, using wide
verifications in both distances gone by excited BEEs
in the liquid (as well as by helium atoms in vacuum)
and heater long pulses. Moreover, for the future the
distances should be as long as possible in order to
improve experimental results, because created helium
atoms are very quick (~380 to 400 m/s), according to
(Zakharenko, 2005a). The presence of the second
cloud of the helium atoms, that was detected only at
the bolometer Bj, but not at the bolometer B, in Fig.1,
showed the possibility to detect the atoms at angles of
the bolometer B, less than 10° to the surface normal.
Also, in this report of the experimental results, many
factors have been shown to affect the BEEs created by
pulsed heaters. It has been shown that it is possible to
optimise the operating conditions of the heaters to suit
various circumstances. The possibility to know in
advance where the heaters have linear regimes of
work is useful. Indeed, there are threshold heater
pulse width times and inflexion points originating a
linear fraction of the dependence and linear behaviour
around, respectively. It can be useful to carry out the
investigations widely for particular cases, in order to
completely understand the features of heaters in low
temperature experiments, and to try to obtain a heater
parameter of possible influence on generated BEEs.
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