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Abstract—Two hypothesizes concerning interaction of neutrons with nanoparticles and having appli-
cations in the physics of ultracold neutrons (UCN) are considered. In 1997, it was found that, upon
reflection from sample surface or spectrometer walls, UCN change their energy by about 10~7 eV with
a probability of 10~7—107° per collision. The nature of this phenomenon is not clear at present. Probably, it
is due to the inelastic coherent scattering of UCN on nanoparticles or nanostructures weakly attached
at surface, in a state of Brownian thermal motion. An analysis of experimental data on the basis of
this model allows one to estimate the mass of such nanoparticles and nanostructures at 107 a.u. The
proposed hypothesis indicates a method for studying the dynamics of nanoparticles and nanostructures
and, accordingly, their interactions with the surface or with one another, this method being selective in
their sizes. In all experiments with UCN, the trap-wall temperature was much higher than a temperature
of about 1 mK, which corresponds to the UCN energy. Therefore, UCN increased their energy. The
surface density of weakly attached nanoparticles was low. If, however, the nanoparticles temperature is
lower than the neutron temperature and if the nanoparticles density is high, the problem of interaction of
neutrons with nanoparticles is inverted. In this case, the neutrons of initial velocity below 102 m/s can cool
down, under certain conditions, owing to their scattering on ultracold-heavy-water, deuterium, and oxygen
nanoparticles to their temperature of about 1 mK, with the result that the UCN density increases by many

orders of magnitude. © 2002 MAIK “Nauka/Interperiodica”.

1. INTRODUCTION

A long storage of ultracold neutrons (UCN,
Vuen ~ 5m/s, Eyon ~ 1077 eV)in traps is useful in
fundamental-physics experiments. This application
of UCN motivates continuing attempts at eliminating
their extra losses in the trap wall. Let us recall how
the interaction of UCN with surface is described:
UCN are reflected from a uniform potential barrier,
which is formed upon averaging strong neutron—
nucleon interaction, with a critical energy Fj;, and
the corresponding critical velocity Vi;,. One observes
the total reflection if Vyen < Viim, but UCN can be
lost with a small probability because of their absorp-
tion by nuclei in the trap walls or because of their
upscattering in the trap walls to the energy region
around kT, where k is the Boltzmann constant and
T is the trap-wall temperature. UCN may penetrate
inside if Vyen > Viim. If the surface is immobile in
the laboratory frame, collisions are elastic. Otherwise,
UCN may change their energy.

An additional kind of the UCN escape mecha-
nism from gravitational spectrometers [1] due to their
scattering on surfaces of beryllium, copper, stainless
steel, and liquid fomblin oil was found and investi-
gated in 1997. The phenomenon consists in a small

“e-mail: nesvizhevsky@ill.fr

increase in UCN energy owing to their interaction
with surface. By analogy with the usual evaporation
process, such events will be referred to as the for-
mation of VUCN (Vaporizing UCN). The measured
characteristic probability of VUCN generation was
Pyucn ~ 1077=107° per collision. If the resulting
neutron energy is higher than the wall potential bar-
rier, then the neutron can penetrate into the wall
material, where it will be absorbed or upscattered;
if the wall is sufficiently thin, then it may penetrate
through it, as this was measured in [2]. A permanent
generation of VUCN presents a spectrum shaping
such that all above-barrier neutrons are removed. The
new escape channel, described below in detail, is in
line with the general hypothesis proposed in [3] to
explain anomalous UCN losses [4].

At the liquid-fomblin-oil surface, where the prob-
ability Pyycn has the highest value among all mea-
sured materials, this process was independently found
and studied in [5] and in other publications of this
group. Other research groups are expected to publish
later their papers, which also confirm the existence of
small changes in UCN energy in fomblin-oil-coated
traps. It is straightforward to assume that the phe-
nomenon of a small decrease in the UCN energy—it
found in [6] at liquid-fomblin-oil surface and in [1] at
solid-stainless-steel surface—has the same nature as
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the aforementioned phenomenon of a small increase
in the UCN energy.

Thus, UCN were expected to be upscattered on
surfaces to energies in the region around kT (that
is, about 1072 eV at room temperature or at liquid
nitrogen temperature). Such upscattering was actu-
ally measured in [7, 8] and in other experiments. The
total probability of this process is usually 107°—10~*
per collision with the surface. The “tail” of such an
energy distribution at energies of about 10~7 eV has
to be negligible. In all models, the probability of such
a scattering process is much lower than 1071°. How-
ever the probability of upscattering to this energy
region appeared to be surprisingly high (Pyucon ~
10*7—10*5), commensurate with the probability of
normal upscattering to the energies around £7'. The
nature of this phenomenon has to be clarified. More-
over, a simultaneous investigation of VUCN gen-
eration and UCN anomalous losses is of interest,
since these two phenomena have similar experimental
manifestations.

These small changes in the energy of UCN, which
occur in their interaction with trap walls, are probably
due to the thermal motion of nuclei forming the wall
potential. However, the mechanism that is respon-
sible for the transformation of this thermal motion
into the spreading of UCN spectrum is not clear. The
point is that the interaction of neutrons with nuclei is
a quantum process, and the corresponding potential
results from the interaction of neutrons with a large
number of nuclei even when these nuclei are at rest.
When the nuclei move, we have a quantum problem
of many interacting bodies, and even methods for
solving such a problem are still under discussion.

The reflection of UCN from a flat surface was con-
sidered in a series of theoretical studies of Barabanov
and Belyaev [9]. The changes in the energy of UCN
in their quasielastic reflections from the surface cor-
responded to values measured in experiments. How-
ever the probability of VUCN generation due to the
reflection of UCN from a flat surface was estimated to
be much lower than that measured in experiments.

In Section 2, we consider the hypothesis that
VUCN are generated owing to the inelastic coherent
scattering of UCN on nanoparticles or nanostruc-
tures weakly attached at the surface in a state of
thermal motion. In this case, the problem is much
simpler because of the assumption that the inter-
action of UCN with surface nanoparticles involved
in the thermal motion is the dominant mechanism
of transformation of the thermal motion of atomic
nuclei in walls into small changes in the UCN
energy. As a result, the problem becomes equivalent
to the well-known quantum-mechanical problem of
two bodies—that is, to the problem of a neutron—
nanoparticle collision that is elastic in the c.m. frame
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of the colliding particles. General ideas of additional
UCN losses due to small particles at the surface
were formulated earlier, for instance, in [10, 11]. In
[10], clusters of molecules were considered. In [11],
it was indicated that UCN could aid in identifying a
new particle with a long-range potential and a weak
coupling to surface. In any case, the nanoparticles
temperature is obviously equal to the trap temper-
ature T in the range 10'—10% K. The UCN energy
corresponds to Tycn ~ 1 mK. Ultracold neutrons
increase preferentially their energy in collisions with
such “warm” nanoparticles. The probability of such
inelastic UCN scattering on the surface is small,
since the surface density of such weakly attached
nanoparticles is small.

However, the mathematical problem of neutron—
nanoparticle interaction can in principle be inverted:
the interaction of “warm” neutrons with ultracold
nanoparticles of temperature about 1 mK can cool
down the neutrons. If the density of weakly attached
nanoparticles is high (not only do these nanoparticles
cover the surface, but they also fill the volume) and if,
during cooling of neutrons, the probability of their ab-
sorption and 3 decay is low, then the neutron density
increases. This process can allow, for the first time,
the equilibrium cooling of neutrons down to the UCN
temperature. It is analyzed in Section 3.

In order to produce UCN, one first uses nuclear
fission in nuclear reactors, which releases neutrons
of energy about 107 eV. The energy of neutrons in
pulsed sources based on proton accelerators is com-
mensurate with that in reactors. However, the cooling
of neutrons by a factor of about 108! is achieved just
owing to a few tens of their collisions with nuclei in
reactor moderators (hydrogen, deuterium). The en-
ergy transfer is very efficient, and the neutron losses
during the cooling process are low because the mass
of moderator nuclei is equal to (or about) the neutron
mass. However, a further cooling does not occur: the
lower the neutron energy, the larger is the neutron
wavelength. When it becomes commensurate with
the distances between the nuclei of the moderator, the
neutrons do not “see” individual nuclei any longer—
they are just affected by average optical potential of
the medium. The neutron energy becomes lower than
the bounding energy of atoms in the medium. A fur-
ther cooling of the neutrons due to their interaction
with collective degrees of freedom (such as phonons)
is less efficient than the moderation of the neutrons
due to their collisions with nuclei. However, it allows
the cooling of the neutrons to the energy range of
cold neutrons (about 1073 eV). But this is insufficient
for the cooling of the main portion of the neutrons
to the UCN energy region [12—15]. The idea of neu-
tron cooling on ultracold nanoparticles as proposed
in Section 3 in this article consists in reproducing
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Fig. 1. Neutron energy and temperature ranges that correspond to various moderators, along with a few examples of physical

phenomena involving UCN and even slower neutrons.

the principle of neutron cooling in reactor moderators
via multiple collisions. However, the scale is differ-
ent: the sizes are greater by a factor of about 102,
which increases the energy range of application of this
mechanism by a few orders of magnitude. The energy
and the temperature scales, which correspond to the
mechanisms being considered, are shown in Fig. 1.
[t should be noted that such a UCN source is based
on the principle of UCN density accumulation as in a
superthermal source [13] but not on the use of UCN
flux from a source in the flow-through mode.

In conventional sources used to select UCN, ther-
mal equilibrium is not achieved. Sources are much
hotter than UCN. Only a very small portion of the
neutrons is used—other neutrons are lost. Actually,
these are sources of cold or very cold neutrons (VCN),
and experimentalists have to select a narrow fraction
of a broad energy spectrum. For instance, the most
intense flux of UCN is now produced in a liquid-
deuterium source placed within the core of the high-
flux reactor at the Institute Laue—Langevin (ILL)
[12]. It increases the UCN flux by a factor of about 102
in relation to that available anyway in a reactor in the
thermal equilibrium spectrum. Only a fraction of the
neutron flux of about 107 is actually used then. On
the other hand, the cooling of neutrons on ultracold
nanoparticles could provide a further neutron cooling
in a significant energy range, thereby increasing the
neutron density available for experiments.

2. ARE VUCN PRODUCED
ON SURFACE NANOPARTICLES?

2.1. Description of the Model

Let us assume that inelastic coherent UCN scat-
tering on nanoparticles or nanostructures that are

weakly attached at the surface and which are per-
manently in a state of random thermal motion is the
dominant mechanism through which the energy of
UCN undergoes small changes in their interaction
with the surface. In contrast to the general quantum-
mechanical problem of UCN reflection from many
moving nuclei, this model allows a radical simpli-
fication, which reduces the general problem to that
of a UCN collision with a moving nanoparticle, this
collision being elastic in the ¢.m. frame of the two
particles. In contrast to the general problem, the pro-
posed model does not obviously describe any features
of UCN interaction with the surface other than the
aforementioned mechanism of small changes in the
UCN energy.

Within the proposed model, no assumptions about
the size distribution for such objects at the surface
is needed for explaining experimental results. The
nature of the interaction itself provides a selection of
the particle size d that is important in experiments
and which corresponds to the neutron wavelength X,,,
which is related to the neutron velocity V;, as

63 63
V. [m/s] Vuen(m/s]”
(1)

Thus, we conclude that, if, on one hand, d >
Aucn, then such particles are too slow; therefore,
the change in UCN velocity, AVyen, is too low and
can hardly be measured. If, on the other hand, d <«
Aucn, then such particles are too small and there-
fore the probability of their interaction with neutrons
Pyuycn is too low, since neutrons diffract around such
nanoparticles. Only if

An[nm] or Aycn[nm] =

(2)

dop =~ Xucn,
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then corresponding VUCN can easily be measured,
both owing to their relatively high energy and owing
to the high probability of such a process.

Moreover, we do not need any hypothesis about
special features of the interaction of nanoparticles
with the surface. The probability of inelastic UCN
scattering on strongly bound particles (or merely on
a flat surface) is too small because of the smallness
of their vibration amplitudes. In a rather general case,
VUCN are produced on rigid small objects weakly at-
tached to the surface. Nanoparticles can move along
surface and (or) oscillate about equilibrium points
with a large amplitude. Weak coupling of nanopar-
ticles to the surface is natural because, usually, only
a few atoms in nanoparticles interact simultaneously
with the surface: the interatomic interaction is small
at distances longer than about one angstrom, and any
actual surface is rough on a nanometer scale.

Upon formulating the model, we will now justify
its statements and estimate its parameters.

2.2 Justification of the Model and Estimation
of Its Parameters

(i) Let us show that the thermal motion of nanopar-
ticles or surface nanozones of diameter d equal to the
UCN wavelength Aycn at a characteristic velocity of
Voen &~ 3m/s, d ~ Aycx ~ 20 nm, just corresponds
to a change of AVyen ~ 1 m/s in the UCN velocity,
a value that was measured in[1, 5, 6].

In thermodynamic equilibrium at a temperature T,
the mean energy of about k7'/2 is associated with
each degree of freedom of a particle. For a nanopar-
ticle of mass M, this allows one to estimate its mean
velocity component Vj, parallel to the momentum-
transfer direction:

Vi ~ VKT /M. (3)
The mass of a spherical particle of density p is
3
M =~ %. (4)

The change in UCN energy is equal to the doubled
nanoparticle velocity:

AVyen = 2V ()
Thus, the mean change in the UCN velocity is
E— 2kT
AVuen = 2y —5; (6)
pd

that is, it is just about 1 m/s.
(ii) How large is the mass of the particles that are
responsible for the measured phenomenon? Equa-

tions (3), (5), and (6) give the mass of M ~ kT/V2 ~
107 a.u.
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(iii) Let us show how the nanoparticle diameter
that is of importance in experiments is chosen. If d <
Aucn, then the scattering probability is too low and
depends strongly on the nanoparticle diameter:

PN
XUCN) ’ )

This is so because neutron scattering on a nanopar-
ticle is a coherent process; therefore, the scattering
cross section is proportional to the square of the
number of nuclei in the nanoparticle, this number in
turn being proportional to the cube of the nanoparticle
size.

Equation (6) shows that, if d > Aycn, the change
in UCN velocity is too low, so that such VUCN can
hardly be measured.

(iv) Let us show that the scattering of UCN on
strongly bound nanoparticles corresponds to a low
probability Pyycn. The limiting case is that of a piece
of material belonging to a flat uniform surface and
having a total mass M and a diameter of d ~ Aycn.
In the Debye approximation, the quantum zero-point
mean-square displacement of such a particle as a dis-
crete unit in the direction perpendicular to the surface
plane is

Pyucn ~ (

VD
h g(v) 3h
X% = Sdy = ——
(XL 82 M / v v 1672 Mvp’ (8)
0
2
where g(v) = — is the phonon density of states and

3

VD
vp is the Debye cutoff frequency. Evidently, we have
\/(X2)0 <107* A. At a finite temperature T, the
surface displacement (Debye—Waller factor) is larger,

but it is still at least as small as |/(X?)T < 1073 A.

Since /(X% )T < Xycn and since the vibration fre-

quency is much higher than the characteristic fre-
quency of about 108 Hz, which is equal to the recip-
rocal quantum-mechanical time of UCN interaction
with the surface, the interaction is of the quantum
nature: it is mainly elastic (in the absence of trivial
vibrations of the walls), but, with a low probability,
inelastic. The probability of such inelastic reflection
can be estimated as the square of the ratio of the am-
plitude of wall vibrations to the neutron wavelength
[16, 10]. Evidently, the corresponding value Pyucn
is much less than the measured probabilities; there-
fore, thermal vibrations of strongly bound nanos-
tructures cannot produce the experimentally observed
phenomenon.

(v) The opposite case is that of a free nanoparti-
cle (a particle of mass about 107 a.u. at room tem-
perature can ascend at an altitude of about 3 cm
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Fig. 2. Interaction of nanoparticles with the surface. The
points of attraction of nanoparticles to the surface are
indicated by solid arrows. The directions of motion are
shown by dotted arrows.

in Earth’s gravitational field) or that of weakly at-
tached nanoparticle (it may diffuse along surface or
oscillate with a frequency of about 108 Hz and with
the amplitude commensurate with its size). In this
limit, the interaction cross section is nearly equal to
the geometric cross section of the nanoparticle if the
condition in (2) is satisfied. In all these cases, the
probability Pyycn can be estimated as the relative
area coated with such “active” nanoparticles. One
“active” nanoparticle of size about 20 nm on a square
area of size about 20 ym provides the value of Pyycn
that was measured in [1]. In such collisions, UCN
change the energy of nanoparticles by a negligible
value of AEycn =~ 1077 eV =~ AE),. Figure 2 illus-
trates the phenomenon under discussion in an ideal-
ized way.

(vi) In an intermediate case of slightly stronger

binding (vese > 10% Hz and /(X?)T < Xycn), the
population of such objects at the surface must be
higher than the probability Pyucn of VUCN gener-
ation in order to fit measured Pyycn values. It should
be noted that the population of such “active” particles
seems to have a reasonable value, since the popula-
tion of any nanostructures, structural irregularities, or
nanoparticles of the required size on an actual surface
is much higher than that. These were measured by
using an atomic-force microscope at the surfaces of
all samples that were actually used in the experiments
reported in [1].

(vii) Let us analyze the predictions of this model.

As follows from Eq. (6), AVyen ~ T/2; therefore,
AFEycen ~ T if Vay < Vueon. These dependences are
better satisfied for smaller velocity of the thermal mo-
tion of nanoparticles and larger values of the UCN
wavelength.

The probability Pyycn depends on the number
of active weakly attached nanoparticles. The depen-
dence Pyycn(T) is smooth if the coupling in the di-
rection of large-amplitude motion (along the surface)
is small.
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Equation (6) also indicates that AVyyen ~ p~1/2;

that is, the smaller the nanoparticle density, the larger
the change in the UCN velocity. By the way, the den-
sity p can be calculated by using experimental data or
can be obtained by comparing experimental data with
calibration measurement involving nanoparticles of
known density.

In addition, AVyen ~ d—3/2; for the optimal ratio
of the nanoparticle diameter to the UCN wavelength
[see Eq. (2)], this yields AVien ~ Vg

Equation (6) estimates the upper boundary of the
VUCN spectrum due to the wave properties of neu-
trons as they tunnel “around” too small nanoparti-
cles. The penetration of neutrons “through™ nanopar-
ticles above their potential barrier provides an alterna-
tive upper boundary of the VUCN spectrum. Known
values of the critical velocity for various materials
can provide additional information for verifying the
present hypothesis or for identifying the particle ma-
terial if the validity of the present model would be
established. The actual value of AV, . is the smallest
value of these two. Of cause, a quantitative analysis of
experiments within the present model requires more
careful calculations than the above estimations.

2.3. Qualitative Analysis of Experimental Results

This hypothesis assumes an universal reason for
VUCN generation on surfaces of different materials;
in fact, relevant measurements were performed for the
surfaces of stainless steel, fomblin oil, beryllium, and
copper [1, 5], with the generation probability being
scattered by one to two orders of magnitude.

From [1], it follows that, at solid surfaces, the
generation probability Pyycn(T') at a temperature
of 400 K is not considerably higher than that at
a temperature of 300 K. New data [12] showed a
rather smooth temperature dependence Pyycon(T)
for beryllium and copper samples in the temperature
range 100—300 K. On the other hand, the mobility of
any nanoobjects at fomblin-oil surfaces (and, accord-
ingly, the Pyucn value) must be much higher than
that at solid surfaces. Also, Pyycn must increase
strongly at higher temperatures owing to a decrease
in the oil viscosity.

The present model is compatible with the mea-
sured values for the low energy transfer of AFycn ~
1077 eV.

[t assumes higher values of AFEycn for greater
initial values of Fycn. Such a trend was actually
found in [1] for a stainless-steel surface.

The Doppler shift in energy could be both positive
and negative. A negative shift was in fact found in
[6, 1]. The probability of such a process depends on
the phase space available to VUCN. As might have
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been expected, measurements showed much a higher
probability for heating than for cooling.

[tis often stated that, if UCN gain in energy owing
to any thermal motion, the energy scale around kT is
involved. This is not true in our case since UCN leave
traps just after the first event(s) of increase in energy,
when no thermal equilibrium of UCN with walls has
not yet been achieved. The energy change depends
on the nanoparticle velocity, which is small since it is
associated with a relatively massive object of energy
about kT

A few factors complicate experiments of this kind.
If Vuen — Var > Viim, then Pyucen is low. If AEyen
is too low, such VUCN could hardly be distinguished
from UCN because of a finite energy resolution of
spectrometers. If AFycn is too high, then a poor
storage time for such VUCN in spectrometers re-
duces significantly the detection efficiency. If Fycen +
AFEycn > Eyum, the efficiency is negligible. These
reasons make difficult quantitative analysis of many
previous experiments with UCN. Therefore, a dedi-
cated study of small changes in the UCN energy in a
well-optimized spectrometer is required.

3. CAN COOLING ON NANOPARTICLES
PRODUCE UCN?

A new method for producing UCN consists in
the equilibrium cooling of VCN owing to their many
collisions with ultracold nanoparticles made from
low-absorbing materials (D2 O, Do, O, etc.) down to
the temperature of these nanoparticles of about 1 mK
during the diffusion motion of these neutrons in a
macroscopically large ensemble of nanoparticles. The
principle of equilibrium cooling allows an increase
in the neutron phase-space density in contrast to
the method of discrimination of a narrow energy
range out of a warmer neutron spectrum. The use
of nanoparticles provides a sufficiently large cross
section for coherent interaction and an inhomogene-
ity of the moderator density on a spatial scale of
about the neutron wavelength; they also shift the
energy-transfer range far below a value of about
1073 eV, a characteristic limit for liquid and solid
moderators. Many collisions are needed since the
nanoparticle mass is much higher than the neutron
mass; therefore, the energy transfer to nanoparticles
and nanostructures is difficult. A large number of col-
lisions constrains the choice of materials: only low-
absorbing ones are appropriate. The nanoparticles
temperature should correspond to such a minimal
neutron energy down to which neutrons can still be
cooled by this method. The diffusion motion of neu-
trons in the ensemble of nanoparticles allows one to
minimize the thermalization length and, accordingly,
to increase the achievable UCN density. The cooling
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itself is provided by the interaction of neutrons with
individual degrees of freedom of weakly bound or free
nanoparticles, as well as by the excitation of collective
degrees of freedom in ensembles of nanoparticles,
such as vibrations and rotations, and also by the
breaking of internanoparticle bonds.

Upon formulating our main ideas, we will now
proceed to justify them within the simple model of free
nanoparticles and to estimate the model parameters.

3.1. Model of Free Nanoparticles and Estimation
of Parameters

(i) Let us estimate the loss of neutrons due to their
capture in nuclei during their cooling in a gas of free
molecules. At low temperatures, all gases become
liquid (helium) or solid. Therefore, a consideration of
neutron scattering on free molecules at temperature
of about 1 mK is only the first step in analyzing neu-
tron interaction with nanoparticles. From the theory
of neutron cooling in reactor moderators, it follows
that, for an isotropic angular distribution of scattered
neutrons in the c.m. frame, the cooling of neutrons
in gases of free atoms (or molecules) with an atomic

mass A is efficient if
V;
>In| — 9
n(w)’ (9)

where V; is the initial neutron velocity and Vy is the
final neutron velocity. It should be noted that the
coherent-scattering cross section oy, is independent
of the neutron velocity, while the absorption cross
section o, is proportional to the reciprocal neutron
velocity:

Ocoh
Ao ans

Jabs(vn) ~ O-abs(VO)VO/VTr (10)

This circumstance limits the minimal velocity Vipin
that can be achieved owing to the cooling of neutrons
in a free molecular gas even at zero temperature. On
the other hand, the losses of neutrons are negligible
when the neutron velocity is higher than this “danger-
ous” limit. The condition in (9) constraints the list of
candidates to a very few: deuterium, oxygen, probably
carbon, or a combination of these atoms. The table
compares different materials for nanomoderators. The
cooling of neutrons down to velocities even lower
than that presented in the table is not efficient, but,
fortunately, such neutrons have already been cooled
sufficiently in order to trap them.

(ii) Evidently, a decrease in the thermalization
length increases the density of cooled neutrons.
This condition requires a significant increase in the
neutron-scattering cross section in moderators; this
may be achieved by assembling of molecules (or
atoms) into nanoparticles. The cross section for the



406

Estimates of the minimal velocity to which neutrons can

cooled down in a gas of free atoms, molecules, or nanopar-
Ocoh

ticles of various materials [m =1]
Molecule/atom Vinin, M/$
D, Dy ~0.4
D,O ~1.0
0, Oy ~24
CO2 ~ 10.0
C ~ 16.0
Be ~ 20.0

interaction of neutrons with nanoparticles is propor-
tional to the square of the number of molecules in
a nanoparticle, while the absorption cross section is
in direct proportion to the number of molecules in
a nanoparticle. (If 7 ~ 1073 K, then absorption is
supposed to be the only alternative to the cooling
of neutrons. This assumption is surely correct if the
low-energy upscattering of UCN [1, 5] is actually
responsible for anomalous losses of UCN [4] and if
other unknown phenomena are not involved.) With
increasing the nanoparticle size, there arise two fac-
tors that compensate each other. (A) The number of
collisions needed for cooling neutrons is proportional
to the nanoparticle mass M. (B) The ratio of the
coherent-scattering cross section to the absorption
cross section is also proportional to the nanoparticle
mass, aé‘gh/a%s ~ M. Therefore, the condition in
(9) for the efficiency of cooling is valid until the
nanoparticle size becomes so great that scattering
proves to be anisotropic; that is, if d < A, then

M
Ocoh ., Y9coh

MoM " Aoqps

(11)

[f the neutron velocity is higher or if the nanopar-
ticle size exceeds these limits (or if both these con-
ditions are satisfied), the angular distribution of scat-
tered neutrons is directed forward. This change in the
angular distribution of scattered neutrons increases
the relative importance of absorption. The condition
in (11) is not valid in this case, since the coherent-
scattering cross section increases more slowly than
in proportion to N?; also, the energy transfer per
collision decreases. Therefore, the velocity range for
neutrons that can still be cooled down is restricted
from above by some velocity Viyax.

(iii) Thus, the neutron velocity range Vipin—Vinax
in which the cooling at ultracold nanoparticles is
efficient is restricted from both sides: the minimal
velocity Vinip is restricted by neutron absorption in the
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nuclei of a nanoparticle material, while the maximal
velocity Vinax is restricted by a decrease both in the
interaction cross section and in the energy transfer.
The broader this range of acceptable velocities, the
greater the resulting increase in the neutron phase-
space density.

(iv) Let us show that the range of acceptable
neutron velocities in the model of free nanoparticles
is broad. An estimate of Viy;, is independent of the
nanoparticles size, since the condition in (11) is al-
ways valid if d < X,,. But the neutron wavelength is
proportional to the reciprocal neutron velocity (1) and,
in the low-velocity limit, is just large at the last stage
of the cooling. Thus, only the nanoparticle material
specifies the value of Vi,in, which can be estimated as

Ocoh
_ 12
Ao aps ( Vmin) ( )

that is, it can be as low as about 1 m/s (see table).

On the other hand, the quantum-mechanical
problem of neutron interaction with a nanoparticle
must be solved in order to estimate Viax. This is
beyond the scope of the present study, but I am going
to address the problem in a forthcoming publication.
However, Vyax can be estimated. Let us use the
following model: The distance between nanoparticles
is three times greater than the nanoparticle diameter;
that is, the relative volume of about 1.6% is occupied
by nanoparticles. Therefore, neutrons can resolve the
variation in the density of nuclei in such a moderator.
The macroscopic scattering length in such a moder-
atoris:

1 (3d)°A*m2 _ 108A%*m}

NMgM " eon M2

Al ~

-~ Jcohp2d3 - (13)
Under the assumption of an isotropic angular dis-
tribution of scattered neutrons, the thermalization
length L is greater by a factor equal to the square
root of the number of scattering events needed for
thermalization:

M 80A2m)/?
Lo Al = 222 T
M, UcohP3/2d3/2

The thermalization length for heavy-water nanopar-
ticles in this simplified model is

(14)

40
(d[nm])3/2"

A reasonable moderator size of 10 cm corresponds to
the nanoparticle diameter of about 2.5 nm or [see Eq.
(2)]to the initial neutron velocity of about 25 m/s. The
efficiency of neutron thermalization is still significant
for an initial neutron velocity a few times higher than
that; therefore, the maximal neutron velocity of inter-
est is about 102 m/s.

LP2O[em] ~ (15)
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4. DISCUSSION

(i) In actual nanoparticle moderators at ultralow
temperatures, nanoparticles are not free. However,
the interaction between them is very weak sometimes.
By way of example, we indicate that, if one takes the
nanoparticles of needed size and material (DO, Do,
O, etc.) and drops them into superfluid *He (not
absorbing neutrons and just providing heat transfer),
they are immediately coated with a thin layer of so-
lidified helium. This layer screens the nanoparticles
from one another and reduces the interaction be-
tween neighboring nanoparticles [18]. An important
problem to be studied in experiments is that of the
conditions under which nanoparticles move rather
independently in their collisions with neutrons. Does
internanoparticle interaction in such gels leave suffi-
cient freedom for them? Their independent interaction
with neutrons is of crucial importance, since, other-
wise, the effective mass of nanoparticles increases,
with the result that the energy transfer decreases
dramatically. On the other hand, additional degrees of
freedom (vibrations, rotations, breaking of interpar-
ticles bonds) in such gels provide probably an even
more efficient cooling of neutrons than collisions, and
they should be considered specially.

(ii) In actual moderators, in contrast to the sim-
plified model of iree nanoparticles, it is necessary to
take into account neutron-optical effects due to fi-
nite distances between nanoparticles. As soon as the
neutron energy becomes sufficiently low (the neutron
wavelength becomes sufficiently large), the neutron
wavelength covers simultaneously a few nanoparti-
cles; therefore, the effect of coherent upward scat-
tering of neutrons in the ensemble of nanoparticles
takes place. This results in the following: (A) The
energy transfer decreases and the cooling process
becomes less efficient. (B) The depth of extraction of
such neutrons increases, and the moderator becomes
more transparent for such low-energy neutrons. In
this case, UCN can diffuse out to the moderator
surface from its total depth, and this simplifies their
extraction.

(iii) The technical feasibility of such a moderator
should be carefully studied. The use of ultralow tem-
peratures does not permit placing in the vicinity of the
reactor core. It can be installed at the exit of an op-
timized VCN neutron guide. A detailed experimental
and theoretical study of the feasibility of the proposed
neutron moderator using ultracold nanoparticles is
to be performed in the framework of the project de-
scribed in [19].
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5. CONCLUSION

The proposed hypothesis on the nature of VUCN
generation explains small changes in the UCN en-
ergy in traps in terms of their coherent scattering
on nanoparticles weakly bound to surface or just on
nanopieces of a rough surface for which large os-
cillation amplitudes are allowed. UCN change their
energy in such a scattering process because nanopar-
ticles and nanostructures are always in a state of
thermal motion. This model is qualitatively compat-
ible with available experimental data. Such weakly
attached nanoparticles or nanostructures could be
selected in a direct measurement (for instance, with
an atomic-force microscope) or in future UCN ex-
periments (for instance, by a selective action on a
surface nanostructure with a simultaneous control of
VUCN generation). This model provides guidelines
for experimental studies but it cannot yet be proven
or rejected on the basis of already known results.
On the other hand, this hypothesis provides a sen-
sitive method for studying the dynamics of specially
introduced nanoparticles or nanostructures and, as
a result, their interactions with surface or with one
another.

In addition, a new concept for increasing the UCN
density has been proposed. This concept is based on
the cooling of neutrons on ultracold nanoparticles
of heavy water, deuterium, or oxygen in superfluid
helium. This method can be applied at initial neu-
tron energies in the range from 1078—10"7 eV to
10~5—10=* eV. It differs from traditional methods for
UCN production by a high efficiency of employing
the initial neutron flux. Detailed theoretical and ex-
perimental study of such a cooling process, as well
as reliable estimations of UCN density gain and the
maximal neutron energy at which such a process is
still efficient, is required.
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