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Abstract—Analyzing new experiments with ultracold neutrons (UCNs) we show that physical adsorption of
nanoparticles/nanodroplets, levitating in high-excited states in a deep and broad potential well formed by van
der Waals/Casimir-Polder (vdW/CP) forces results in new effects on a cross-road of the fields of fundamental
interactions, neutron, surface and nanoparticle physics. Accounting for the interaction of UCNSs with nano-
particles explains a recently discovered intriguing so-called “small heating” of UCNs in traps. It might be rel-
evant to the striking conflict of the neutron lifetime experiments with smallest reported uncertainties by add-

ing false effects there.
DOI: 10.1134/S1063774513050088

INTRODUCTION

Surface diffusion of atoms, molecules and clusters,
physically adsorbed in the potential well associated
with van der Waals and Casimir-Polder interactions
(vdW/CP) plays a key role in various phenomena in
physics, chemistry, biology, and in applications [1—4].
The interaction is affected at small distance by “close-
to-contact” effects depending on roughness and sur-
face state [5, 6]. Because of experimental limitations,
the precision studies are usually restricted to probes
having either molecular or macroscopic sizes. Here we
address the less extensively explored field of physical
adsorption of nanoparticles and discover qualitatively
new universal phenomena related to their sizes and
masses. Rigorous theoretical formalism describing
states of physically adsorbed nanoparticles and their
interaction with ultra-cold neutrons (UCNSs) [7—9] is
given in a longer article [10]; however general features
can be understood from arguments stated below. The
depth of the potential well affecting the motion of a
sufficiently small physisorbed particle near a surface is
proportional to the number of atoms in it, while the
thermal energy attributed to the particle does not
depend on the number of atoms and equals 3k BT/2,

where kj is the Boltzmann constant and 7 the temper-
ature. Thus a nanoparticle is found near the surface in
a deep and broad potential well in the normal direc-
tion. Nanoparticles in states with low quantum num-
ber n are strongly bound to the surface, therefore their
motion along the surface is difficult because of rough-
ness, surface defects, constrains, crystal steps, admix-

* The article was translated by the authors.

743

tures etc, which play a role of traps. Nanoparticles in
high— n states move easier along it, with the effects of
roughness and inhomogeneities mixing the two veloc-
ity components. Nanoparticles in high-n states might
form a two-dimensional “cloud”. The number of
states is so large that a nanoparticle exhibits typically a
quasi-classical motion fitting the conditions searched
forin [11, 33] for solving puzzles in UCN physics.

Here, we report on the theoretical justification for
the existence of levitating nanoparticles, new treat-
ment of the relevant existing UCN experimental data,
and the results of new dedicated experiments, which
provide evidence for levitating nanoparticles over solid
and liquid surfaces. We show that our theoretical
model describes all relevant existing and new UCN
data. To our knowledge there is no alternative model,
which could describe them. After a few reminders on
the vdW/CP potential, we describe scattering of UCN
on nanoparticles, discuss experimental results and
consider consequences of our findings.

THEORETICAL DESCRIPTION
OF PHYSICALLY ADSORBED
NANOPARTICLES

The shape of the potential is calculated using a gen-
eral expression involving only the scattering properties
of the two objects [12]. For example, the case of dia-
mond nanospheres above a copper plane has been
studied in great details in [13]. Electromagnetic waves
scattering on a plate is characterized by Fresnel reflec-
tion amplitudes, the form of which is fixed by the
dielectric response function € of copper. For frequen-
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cies @ lower than the plasma frequency ®,, copper
behaves as a good reflector. For larger frequencies the
reflection properties are poorer. When considering a
nanoparticle of vanishing radius, the electric dipole
approximation is sufficient. Calculations based on a
simple model for the dielectric function of diamond
containing only one resonance frequency ®,; repro-
duce the well-known vdW/CP energy. For distances
small compared to the plasma wavelength (136 nm for
copper), or the resonance wavelength (106 nm for dia-
mond), the interaction reduces to the commonly used

vdW formula with a power law R’ / [’ in the vicinity of
the surface, where R is the nanoparticle radius, and L
the distance of closest approach to the plane.

For nanoparticles of arbitrary size the quantum dis-
persion energy must be calculated by integrating the
phase-shifts corresponding to all modes of the electro-
magnetic vacuum. In particular, many Mie scattering
amplitudes (corresponding to many multipole com-
ponents beyond the electric dipole), contribute signif-
icantly to the effect when the particle is close to the
surface [12]. The exact solution for the interaction

energy predicts a smoother power law R/ L close to
contact with the surface, thus leading to a regular solu-
tion for the Schrodinger equation, in contrast to the
commonly used vdW formula.

We have analyzed the Schrodinger equation for the
quantum dispersion potential and will sketch our find-
ings here; details of the calculations are given in [10].
We found a large number of bound states with the

eigenenergies £, deeper than the characteristic ther-
mal motion energy 3k BT/2. If nanoparticles are
large enough, R ~ 1 nm, such states could be localized
at distances of up to a few nanometers to the surface.
The nanoparticle thus might fly over the surface while
levitating in high—» quantum states. More precise
statements depend on the population and thermaliza-
tion dynamics and are sensitive to the low—»n quantum
states spectrum. In contrast to high— # states, where
the nanoparticles stay essentially far from the surface,
the precise properties of low— n states depend on
close-to-contact details and in particular on the effect
of roughness. Consequences of this effect can be char-
acterized by using the methods developed for studying
the Casimir force between two metallic plates. The
probability of approach to close distances is reduced
by contact repulsion from the highest peaks of the
roughness profile [5], while the dispersion force is
affected by the distribution of approach distances due
to roughness [6]. Here we chose a simple parametric
approach: on top of the attraction calculated in [6], we
introduce contact repulsion so that the effective poten-
tial has a minimum at a distance equal to 1—3 nm for the
solid samples used. Because of the large number of
high—n quantum states for the bound nanoparticles, a
quasi-classical description of their motion in the
vdW/CP potential is sufficient. Thus, when UCN
bounce on the surface covered with levitating nano-
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particles, we essentially deal with events of Doppler
shift in UCN energy in the laboratory frame due to
their elastic (in the centre-of-mass reference system)
collisions with nanoparticles in high—»n quantum
states.

INTERACTION OF UCNS WITH PHYSICALLY
ADSORBED NANOPARTICLES

Due to extremely low temperature of UCN (< 1 mK),
small energy (<1077 eV), and low velocity (a few m/s)
UCNSs possess the unique property of total elastic
reflection from motionless surfaces at any incidence
angle. The probability of UCN loss per one bounce
might be quite low: theoretically predicted probabili-
ties of losses can as low as ~10~° (oxygen); the best
experimentally achieved values are approaching ~10~°
(oxygen, Fomblin). The dominant loss mechanisms
are nuclear absorption of UCNs and up-scattering of
UCNSs on phonons in the surface material. Even at the
ambient temperature the probability of up-scattering
is much smaller than the probability of coherent elas-
tic reflection. That is why UCNs can be stored in
closed traps for extended periods thus providing an
extremely sensitive probe for rare processes or weak
interactions. When studying UCNs storage in traps,
unusual inelastic scattering of UCNSs on trap surfaces
was discovered [14—18]. One calls this phenomenon
“small heating of UCNs” and such up-scattered neu-
trons Vaporizing UCNs (VUCN) in analogy to vapor-
ization of molecules. First measurements were fol-
lowed by studies of several research groups, which
essentially confirmed the initial observation, but sug-
gested controversial estimations of the VUCNSs pro-
duction rates.

Let us first give strong experimental motivation for
the existence of levitating nanoparticles above sur-
faces. In the following we will show VUCN spectra
that we calculated with a method sketched below using
the initial UCN spectrum and the spectrometer spec-
tral efficiency that we had measured experimentally. It
has been found in [18] that the count rate of VUCN
produced on stainless steel surfaces shows a sharp
increase as a function of the sample pre-heating tem-
perature, the so-called “temperature resonance”
shown in the left part of Fig. 1. On the right part of
Fig. 1 we show the surface density of nanostructures
measured with an Atomic Force Microscope (AFM)
as a function of temperature. These measurements
indicate an intense formation of nanostructures on the
surface which takes place precisely at the temperature
of sharp increase in the VUCN count rate. Nanostruc-
tures’ size increases monotonously as a function of the
heating temperature: a few particles at the ambient
temperature, intense growth of the number and size of
nanostructures below 350°C; further increase in size
but decrease in number of nanoparticles above 350°C
(some nanoparticles coagulate). While no alternative
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Fig. 1. (a) The probability of small heating of UCNs on surface of stainless steel samples is shown as a function of the temperature
of sample outgasing (pre-heating); the measurement is performed at 300 K. Black and white points show results of two indepen-
dent experiments using analogous samples. (b) The surface density of nanostructures with a radius of 6—7 nm (stars) correspond-
ing to the resonance enhancement in the efficiency of VUCN detection, observed in AFM. More details in the body text.

explanation has yet been proposed, we regard this as an
indication that it is due to levitating nanoparticles.

Let us now briefly describe the basic equations of
our model. The average differential cross-section of
the interaction of an UCN with a nanoparticle is [10]:

3/2
sl
dE  2mk,\2mtksT
0 ) Kmax 2n (1)
MV 2
x |dVexp| - dk, | d ko, V,E,0),
Jovexo[ 82 [ at [aols ko o0

min

with m, v,, k = mv, the neutron mass, initial velocity
and momentum and M and V' the nanoparticle mass
and velocity. The kinematically allowed area of inte-

gration [[ Ky, kmay |1 is determined by the conditions

mV —k,| <ky <mV +k,

2
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E is the energy transfer and k, = m|v, — I7| the inci-
dent momentum modulus in the center-of-mass
reference system. The Born amplitude f; of the
neutron nanoparticle scattering is fj (q) =
~2mRU,/q’ [hsin(qR/1)/(qR) - cos(qR/h)] where g
is the transferred momentum, and U, is the nanoparti-
cle-neutron optical potential. To estimate relevant
nanoparticle radii, we use the above formalism and

follow the general approach from [11]: 1— R should
not be too small, otherwise the coherent interaction

cross-section is too low (as d6/dE ~ RG), and 2— R
should not be too large, otherwise nanoparticles are
too heavy; thus their thermal velocity is too small, ¢ is
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too small, and VUCNSs could not be found in the win-
dow of efficient VUCN detection.

We first apply our method to the small heating of
UCNs on solid surfaces, where we have estimated in

several manners the effective radius R of nanoparticles
contributing to the observed inelastic process. The first
sample [16, 17] we consider is powder of diamond
nanoparticles with radii of 1—10 nm, on a copper sur-
face, or above “sand” of diamond nanoparticles. We
estimate the effective radius by the following three
methods. 1—Using measured shapes of the differen-

tial VUCN spectra leading to R cr? = 9.4 + 0.4 nm.
2—Using measured temperature dependencies of the
count rates of detected VUCNs which gives

D temp

diamona = 9.5 1 0.6 nm; 3—Using the measured size
distribution of nanoparticles: R% %% = 8.5+ 0.5 nm.

diamond
Agreement between these independent estimations is
convincing keeping in mind that they are not very sen-
sitive to such parameters as the nanoparticle size and
shape distribution, clustering, surface roughness,
impurities etc. In contrast, if one abandons the “free
levitation” model and “tunes” one critical parameter
alone in the formulas given above, say R, by 10—20%,
theoretical predictions largely contradict the data.
Strictly speaking, there is no reason then, why all these
estimations of R are equal, or even comparable.
Another measured sample is nanoparticles appearing
on stainless steel surface due its thermal treatment [17,
18]. Again, the two independent estimations of the

= 6.3%0.3
aver. size

Ry iniess sieer = 0.6 £0.3 agree. The effective masses of
diamond and stainless steel nanoparticles estimated
above are equal, thus providing an additional test of
validity of our model.

radii R spectrum

stainless steel

effective and
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Fig. 2. VUCN count rate in a.u. on a Fomblin HVAC 18/8
surface as a function of temperature. The circle indicates
the data at ambient temperature (the total probability of
small heating is 10~ per wall collision); open squares show
data measured when cooling the sample down, and open
circles correspond to data measured when warming the
sample up.

Small heating of UCN on liquid Fomblin oils has
been observed as well [14—16] but no detailed spectral
measurements have been performed. In view of the
above evidence we assume that this phenomenon
might be due to collisions of UCNs with levitating
Fomblin oil nanodroplets. This mechanism would
complement the known effects due to surface capillary
waves [19] and surface thermal fluctuations [20]. We
mention but not analyze here other hypotheses on ori-
gin of VUCN [21—23]; as they do not provide quanti-
tative predictions and/or do conflict with experiments.
While solid nanoparticles are characterized by long
formation and evolution times, the number and size of
levitating liquid nanodroplets [31, 32] could rapidly
change with temperature, or other conditions like
pressure, as they are governed by equilibrium of per-
manent formation of nanodroplets from vapors, and of
their evaporation and coagulation.

To compare these models, we measured VUCN
count rates as a function of temperature, shown in
Fig. 2. Although our model does not describe explic-
itly the number of nanodroplets as a function of tem-
perature, it is natural to assume that this number
decreases with falling temperature as the Fomblin oil
vapor pressure above surface, in analogy to the present
data. Alternative interpretations of neutron small-
heating, such as the hypothesis of thermal fluctuations
of the surface [20], and the hypothesis of capillary sur-
face waves [10], seem to contradict these experimental
results, as they propose either too low absolute proba-
bilities [20], or/and inverse temperature dependence
of the probability [19]. In contrast, our model gives the
correct qualitative behavior and reasonable values.

CRYSTALLOGRAPHY REPORTS

NESVIZHEVSKY et al.

H
] _ = '
¥ 3
Habs a“,
. .5
e L iee— R R
R F:
A

Fig. 3. Layout of the Big Gravitational Spectrometer
(BGS): (/) sample, (2) gravitational barrier, (3) entrance
valve, (4) UCN monitor detector, (5) UCN absorber, (6)
VUCN detector, and (7) exit valve. The principle of the
procedure to measure small energy transfers is sketched in
the insert on the left side. From bottom to top (in scale):
initial differential UCN spectrum (the mean energy is
31 neV, the half-width of the spectral mono-line is 3 neV),
adead-zone of 3neV insensitive to VUCNSs, the differential
and integral (dashed line) spectra of VUCN. The differen-
tial efficiency of VUCN detection is calculated using pre-
cisely measured values of UCN and VUCN storage times
as a function of their energy; decrease in the detection effi-
ciency, caused by partial losses of neutrons in samples, is
taken into account.

In order to assess this question more precisely we
have calculated the VUCN spectrum within our model
and compared it to results of a new dedicated precision
study of small heating of UCNs on solid and liquid
surfaces in our precisely calibrated spectrometer BGS
shown in Fig. 3. Measurements of small changes in
energy of UCN in this spectrometer are based on the
following principle. The energy of UCN is defined by
the height of its maximum raise in the Earth’s gravita-
tional field; thus it can be expressed in energy or height
units. Using an absorber placed above the storage ves-
sel, and a neutron guide entering the vessel at some
height above its bottom, one can form a narrow UCN
energy line with the mean energy 31 neV and the half-
width 3 neV. The maximum energy in this mono-line
is below the height of the gravitational barrier by 3 neV.
If the energy of UCN increases during their storage
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(they are “converted” into VUCN), such neutrons can
overcome the gravitational barrier and reach the
detector. The differential efficiency of VUCN detec-
tion is calculated using precisely measured values of
storage times of UCN and VUCN, as a function of
their energy.

The comparison is shown in Fig. 4 for several dif-
ferent physical systems, i.e. ultra-diamond (R ~ 2.5 nm)

and sapphire (R ~ 10 nm) nanoparticles with broad
size distribution, thin (1 pm) and thick (a few mm)
layers of Fomblin oil HVAC 18/8, and naturally grow-
ing nanoparticles on a copper surface. We calculated
integral VUCN spectra and corresponding VUCN
count rates as a function of the absorber height taking
into account the measured differential spectrometer
efficiency. Clearly all integral spectra are equivalent
within statistical accuracy showing that there is a uni-
versal behavior for these very different physical sys-
tems. This is a natural consequence of our model. In
fact, the sensitivity of the spectrometer is sharply
shaped to some nanoparticle mass, which, in turn,
depends on the initial UCN energy range and the win-
dow of the spectrometer sensitivity. However, within
the peak resonance sensitivity, there is a slight depen-
dence on the mass distribution, which we show in
Fig. 4. If the size distribution is known, the corre-
sponding uncertainties are small. Note that our sim-
plified model assumes at this stage that UCN scatter

VUCN count rate, a.u.
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Fig. 4. VUCN count rate as a function of neutron energy,
expressed in UCN raising height in the Earth’s gravita-
tional field, in cm. Circles show results measured with var-
ious solid nanoparticles: diamond, sapphire, copper; all
these results agree within statistical accuracy. Rhombi
indicate data measured with a Fomblin oil sample; they
agree with the data on solid nanoparticles. Four lines cor-
respond to our model calculations of VUCN spectra on the
Fomblin surface, for four hypotheses on the size distribu-

tion of nanodroplets: ((R/ Ro)_l where/ =1, 2, 3, 4 from top
to bottom. The lines and the data are normalized to equal
count rate at infinite height.
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on spherical uniform and distant nanoparticles; rota-
tions, precise shape and non-uniformity of nanoparti-
cles, as well as effects of interference with surface are
disregarded here. Concerning the results for Fomblin
oil, they give evidence that the dominant mechanism
of small heating of UCN on Fomblin oil surface in our
experiment is UCN scattering on levitating nanodrop-
lets.

CONCLUSION

The present study was motivated in part by the
unsatisfactory status of the neutron lifetime »n experi-
ments which show large and so far unexplained dis-
crepancy between results with smallest reported
uncertainties [24—26]. This contradiction has been
discussed with far-reaching consequences of an even-
tual shift of the mean world value for fundamental par-
ticle physics and cosmology [27—29], but only a single
study has tried to verify independently the validity of
the measured results [30]. All these experiments use
UCN traps with Fomblin-oil walls, and assume con-
servation of UCN energy. However using our data and
model, it is easy to show that a major fraction of UCNs
do change their energy, so that their loss rate is differ-
ent from the assumed values and major false effects
might arise. In particular, as the rate of forming Fom-
blin-oil nanodroplets depends on experimental condi-
tions, the basic idea of these experiments is compro-
mised: the geometrical and energy methods of UCN
loss extrapolation cannot be applied without reserva-
tions. Nanodroplets production rates depend on
parameters not properly controlled like pre-history of
the Fomblin oil treatment or vacuum. In particular,
the UCN loss probability would be different in large
and small traps; it would also evolve in time. The task
of estimating reliable corrections to » values goes
beyond the scope of this article.

An attractive application might consist in studying
vdW/CP interaction between levitating nanoparticles
and surfaces. Corresponding corrections to the inte-
gral VUCN spectra account for ~10% even in the
present study, and could be increased due to optimiza-
tion of experimental parameters. Surface potentials
define distances of levitating nanoparticles to surfaces.
As UCN can scatter inelastically twice on the same
nanoparticle, before reflection from the surface and
after reflection, VUCN spectra are affected by dis-
tances of nanoparticles to the surface.

Adsorption of atomic clusters is used for decorating
surface defects, boundaries, step edges, grain bound-
aries, and elastic strain fields. In contrast, UCNs are
sensitive to nanoparticles in motion above defect-free
zones, thus giving us access to nanoparticle mobility.
In levitation, nanoparticle mobility is very high; on the
other hand chemical interactions largely reduce it thus
giving us access to chemical properties of nanoparti-
cles and surfaces. In an analogous way, one could also
measure clectrostatic effects.
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