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The discrepancy between measured ultracold neutron(UCN) loss rates and those predicted from pure
materials has been the subject of study for over 30 years. Nevertheless, the data about UCN upscattering to the
meV range, which is the main cause of UCN losses over a wide temperature range, are still contradictory and
rather poor, especially at low temperatures. The low-temperature behavior of the upscattering loss rate is
crucial for distinguishing between different models of this process. Here we report a study of UCN upscattering
in a well controlled sample environment(ultrahigh vacuum) and at temperatures down to 4 K. We studied
UCN interaction with chemically bound hydrogen. In our data interpretation we used data for the surface
chemical content of our storage bottle that were measured with elastic recoil detection analysis as well as
phonon data from neutron inelastic scattering. The complex analysis allows us to rule out the model of
sub-barrier upscattering inside the bulk material and demonstrate a good agreement between experimental data
and a “1/v” model consisting of a thin hydrogenous film or clusters with low Fermi potential. The phonon
spectrum of ice can easily explain the observed low-temperature losses. Finally, we discusse possible applica-
tion of UCN upscattering to condensed matter study.
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I. INTRODUCTION

Ultracold neutrons(UCN’s) play an increasingly impor-
tant role in experiments studying the fundamental properties
of the neutron[neutron lifetime, neutron electric dipole mo-
ment (EDM), b-decay asymmetries]. The unique feature of
UCN’s, their ability to be confined for long times(tens of
minutes) in material and magnetic bottles offers the possibil-
ity of a significant increase in accuracy over more classical
methods for many experiments. There are several projects
including high-density UCN sources and fundamental phys-
ics experiments that are currently in operation at or being
designed for operating at low temperatures1–6 that are favor-
able for both storage and production of UCN’s. In the present
publication we discuss only material bottles, where UCN’s
are confined by the nuclear Fermi pseudopotential.

The limitations on the storage time in material traps come
from the neutronb-decay lifetime and interaction with the
surface. The latter causes the ultracold neutrons to escape
from the confinement volume. Depending upon the material,
temperature, and surface state of the trap, either nuclear ab-
sorption or energy gain could be the dominant escape chan-
nel. Whereas the capture could be minimized by proper
choice of a weak absorbing material, the suppression(by low
temperatures) of the upscattering to the level required for the
direct measurement of the neutron lifetime with uncertainty
below 1 s is still problematic. Details of the upscattering
process have been and are the subject of some controversy,
with a range of models proposed to explain the observed
losses.7–9 Some observers even argue that the measured
losses are too large to be explained by conventional

physics.10 On the other hand, it was the detection of the
upscattered neutrons that allowed the achievement of the
lowest level of systematic uncertaintys0.4 sd in the neutron
lifetime.11 Thus progress in understanding UCN interactions
with surfaces is both interesting and important for particle
physics, and further progress in this direction could possibly
offer an additional technique for studying surfaces.

Recent years have been very productive in getting deeper
insights into UCN interaction with matter. The UCN absorp-
tion was studied with promptsn,gd analysis and an unpre-
dicted effect of the selective loss enhancement due to clus-
ters was discovered.12,13 Quasielastic scattering with neV
energy transfer was recently observed and gave rise to quite
intensive theoretical and experimental studies.14–18 At
present it seems to be clear that “small heating” affects only
the UCN’s storage on fluoropolymer oil down to a certain
temperature(and is undoubtedly due to scattering on surface
waves19), while for solids it is negligible except for one case
of some special treatment, not yet understood.20 Thus the
main effect on solids with a small neutron absorption, for
instance Be, remains the upscattering to the meV range. It
was intensively studied experimentally in the 1970s and
1980s when trying to explain the loss probability at the level
of 10−3–10−4 at room temperature, but the main problem,
that of finding experimentally the correct model to calculate
the UCN upscattering, has not been solved yet. For the neu-
tron lifetime experiments a proper model is crucial for the
technique where the calculated effective frequency of colli-
sion is involved.21 After over 30 years of study, the only well
established fact about the UCN losses due to inelastic upscat-
tering is the conclusion that it is caused by hydrogen con-
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tamination. The main evidence is the observation of the tem-
perature dependence of the UCN loss rate and the linear
correlation between the probability of UCN inelastic scatter-
ing and the amount of hydrogen.22,23 Indirect but important
evidence was detection of hydrogen in 50 Å surface layers of
Cu and carbon in the range ofs50–30d% after applying the
usual surface treatment technique used in UCN storage
bottles.24 Unfortunately, the low-temperature upscattering
has never been adequately studied, while it is crucial for
distinguishing various models of the upscattering process.

Indeed, the experimental data are rather poor, especially
below 77 K. There has been only one study of the tempera-
ture dependence, which was carried out at the Institut Laue-
Langevin(ILL ), Grenoble, France, in the temperature range
from 6.5 K up to 300 K;25 then there are data from neutron
lifetime measurements by means of a Gravitrap conducted at
Petersburg Nuclear Physics Institute(PNPI), Gatchina, Rus-
sia, down to 13.5 K.26 The results of both at first glance seem
to give evidence of excess losses at low temperature and give
rise to the idea of a low-temperature “anomaly” in UCN
interaction with solid matter. Nevertheless, a more careful
analysis of the experimental conditions and data evaluation
points more likely toward technical problems. One of the
issues was the quality of the Be coating. Our test of Be,
double Be, and stainless steel coatings on Al foils and Si
wafers directly proved that this is really the case.27 The typi-
cal value of UCN transmission through Be coatings on un-
polished Al foil was in the range<10−4 while the best result
was for the silicon wafer, 0.7310−4. The energy dependency
of the transmission shows that it arises due to pinholes in the
Be coating. When a trap is filled with a Maxwellian-like
spectrum, the presence of pinholes gives rise to a dramatic
difference between the loss rates for neutrons with energy
below and above the Fermi potential of the substrate. Due to
the geometry of the storage trap(long, narrow cylinder, av-
erage frequency of collisions 80 s−1) the ILL experiment was
very sensitive to this effect. Using a detailed description of
the experiment, one can easily reconstruct the storage curves
numerically and see that taking into account transmission
<0.5310−4 (for an electropolished tube), the correct value
of the Be absorption cross section, the loss rate due to hy-
drogen absorption<0.005/15=0.3310−3, and the valve loss
rate <1310−3 leaves no place for the anomaly that was
observed in the Gatchina experiment(which would lead to a
loss rate <2.4310−3). This reconstruction is in perfect
agreement with the UCN storage curve observed earlier in
the same apparatus when it was used as an UCN superther-
mal source28 without a Be coating. The pinhole effect makes
it difficult to use ILL data for theoretical analysis.

In the Gatchina experiment the high-energy neutrons were
specially cleaned from the UCN spectrum, but still the en-
ergy dependence of losses looks more like that on Al rather
then on Be. In Ref. 29, the authors explained it by losses on
the outer surfaces in the course of emptying so it seems that
the pinholes were not a big issue, but the pumping was.
Indeed, contrary to the ILL experiment, where 4 K and 77 K
were measured with the storage bottle sealed to prevent cry-
opumping, the storage volume in the Gatchina experiment
was continuously pumped with a diffusion pump through a
77 K trap. The latter is not efficient atTø77 K. While a

diffusion pump provides a stable vacuum it unavoidably con-
taminates the surface. The significant improvement of the
storage time at 4 K after oxygen spraying(which works as a
cryopump) looks like a good confirmation of this origin of
the largest part of anomaly. The quality of the pumping was
always an issue in the old experiments. Therefore the data on
Be from both experiments should be used with great care.

Recently, a more detailed study of the temperature depen-
dence on several materials was performed but only down to
77 K. The conclusion of the study on the Be foil was that at
77 K there is still a loss probability equal to 2.5310−5 per
collision.30 The theoretical model(hydrogen oscillation with
phonon frequency of the Be spectrum but with a proton as a
scatterer), gives a reasonable value for the cross section at
300 K, but was not able to reproduce the temperature depen-
dence below 300 K. Calculating the loss probability per col-
lision for the room temperature, the authors obtained agree-
ment only when taking 96% of the hydrogen concentration in
the surface layer, which seems to be unreasonable. A recent
study of pyrolytic graphite again shows a considerable loss
rate at 77 K.31 The authors assumed that the origin could be
related to the binding conditions of the hydrogen. The recent
results of the neutron lifetime measurement on Fomblin oil
clearly addressed the issue of the low-temperature loss to
upscattering,32 which was found to be several times higher
than expected.33

Roughly speaking, it is clear that UCN’s are upscattered
mostly by hydrogen, but it is not clear how and on what kind
of hydrogen — chemically, tightly or weakly bound to the
bulk material, or in a two-dimensional gas, or something
else. In addition there has not been a rigorous theoretical
study of UCN upscattering. Model calculations of UCN up-
scattering exist only on a rather naïve estimations level. The
earlier theoretical works34,35 were trying to get agreement at
the level of loss probabilities 10−3–10−4 per collision, while
the present experiment are working in the range
<10−5–10−6. The models used for data interpretation seem
to be incomplete and questionable.

Motivated by the interest in finding out what is the real
low-temperature dependence of UCN losses and in finding a
quantitative model based on the available data for the surface
and solid state physics, we commissioned an ultrahigh-
vacuum cryostat, which allows us to study the UCN loss rate
in a well controlled environment over a wide temperature
range. As a sample surface to begin with we used copper,
which is well studied in surface physics, neutron scattering,
and UCN storage at room temperature. The phonon spectrum
and mass of the copper are very different from those of Be.
The first experiment was performed on the PF2 instrument,
test beam position at the Institute Laue-Langevin.

II. DESCRIPTION OF THE EXPERIMENT

Since UCN’s are interacting with a thin surface layer(ap-
proximately 100 Å) the main issue in an experiment is to
prevent any change of the surface state during cooling or
heating. When cooling down to 20 K the absorption of re-
sidual hydrogen may occur. When heating up one should
take care about possible adsorption from hotter outgassing
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surfaces. In the ILL experiment this problem was solved by
separating vacuums and sealing the storage volume after out-
gassing under heating, while in the Gatchina study the stor-
age bottle was enclosed in an outer housing that was not
sealed but continuously pumped through a 77 K trap. It was
the outer housing that was heated and cooled. Therefore, in
principle, one cannot exclude that excess(relative to theory)
losses in the Gatchina experiment below 77 K may partly
originate from both the heating procedure, when impurities
come from the hot housing, and cooling, when owing to the
long duration of the measurement some residual gas gets
adsorbed through the pumping line. Moreover, as was re-
cently observed,20 heating above 200°C may produce some
phase or destructive changes on the surface, and the effect of
small UCN heating can be enhanced by several orders of
magnitude. In our study we tried to take care and keep the
environment of our surface under control.

Our experimental layout is shown in Fig. 1. We do not use
a separate vacuum but the whole apparatus was constructed
to ultrahigh-vacuum standards, i.e., only metal seals were
used(CF flanges with Cu gaskets and wire sealing with an-
nealed Al, In, and Au); no plastic parts, only metal and ce-
ramic; dry pump system(turbomolecular pump and scroll
forpump, Varian). The cryostat has five free outlets with CF-
100 flanges around the main vacuum housing. One was used
to connect a neutron guide through 100mm Al foil. The
turbomolecular pump was also mounted directly on another
CF-100 outlet. In addition we have another cryostat working
as a cryopump that is connected through an outlet 20 cm
long, 25 cm in diameter to the main housing. Both cryostats
are of the same construction(Oxford Instruments, UHV
modification), but the UCN cryostat is attached to the UCN
bottle and the cryopump cryostat is connected to large-area
Cu baffles connected to both liquid nitrogen(LN) and liquid
helium (LHe) baths. Thus we have very high-efficiency
pumping system.

Both heating and cooling were performed by direct con-
tact of the storage bottle with a central part of the cryostat,

which contained either a heating resistor or liquid nitrogen or
liquid helium. Thus during heating the storage bottle was the
hottest part of the apparatus whereas during cooling and at
room temperature the coolest part was the cryopump filled
with LN and LHe.

The UCN storage bottle was surrounded by an additional
4 K thermal shield made from Cu, attached to the top of the
bottle, and several layers of Al foil. One platinum resistor
Pt100(at the bottom) and two carbon resistors(bottom and
top) were used to measure the temperature. The temperature
of the bottom of the 77 K shield was also measured by a
Pt100 resistor. A third carbon resistor was mounted on the
sliding UCN shutter. Both the UCN bottle and 77 K shield
were made from unpolished oxygen-free high-conductivity
copper. The UCN bottle was a horizontal cylinder of 18 cm
inner diameter and 19 cm long. UCN entered the bottle
through a 5 cm diameter opening in one of the vertical end
flanges. A sliding shutter was used to close the entrance hole.
The opening in the 77 K shield has a 10mm Al window to
prevent 300 K irradiation from the inner neutron guide from
reaching the 4 K parts. The 300 K vacuum housing was at-
tached to the PF2 test beam through an adapter flange with a
100 mm vacuum tight Al window. The neutron detector was
attached to the guide switcher. The distance between the
UCN bottle and UCN detector was about 1.5 m. It took us
25 min to cool the UCN bottle from 77 K down to 4 K. We
had to refill the LHe bath twice per day. The LN filling was
arranged to be automatic. The best vacuum during measure-
ment was at the lowest limit of our vacuum gauge, i.e.,
ø10−9 mbar. We performed two runs for two different states
of the Cu surface. Prior to the first run the bottle was ultra-
sound cleaned in distilled water and before the second run it
underwent deuteration. Before deuteration the surface of the
bottle was etched with 5% nitric acid and washed with ac-
etone and ethanol. Deuteration was performed by heating in
a vacuum oven up to 240°C and slow cooling down to room
temperature in a vapor of D2O at approximately 10 mbar
pressure for 24 h.

The sequence of data taking for both surface states was as
follows: (1) 300 K, room temperature, initial state;(2)
450 K, steady state after “mild” outgassing; this temperature
is sufficient to remove a water film but hopefully does not
affect the surface;(3) 300 K, slow cooling down, cryogenic
pump is filled with LN and LN;(4) 77 K, UCN cryostat is
filled with LN, cryogenic pump is filled with LHe and LN;
(5) 4 K, UCN cryostat is filled with LHe and LN, cryogenic
pump is filled with LHe and LN;(6) 77 K, UCN cryostat is
filled with LN and LN, cryogenic pump is filled with LHe
and LN; (7) 170 K, UCN cryostat 4 K bath is empty, 77 K
bath is filled with LN, cryogenic pump is filled with LHe and
LN.

In the second run steps 5 and 6 were repeated twice more
to check the reliability of the data, while in the first run step
7 was skipped. In the first run we were adjusting our inter-
vals for filling, cleaning, storing, and emptying the bottle
while the cryostat was cooling down to 77 K. Therefore only
the low-temperature data of run 1(77 K and 4 K points, see
below) may be used for physical conclusions.

FIG. 1. Experimental layout.
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III. EXPERIMENTAL RESULTS

The technical test of the UHV cryostat was successful.
The vacuum conditions during data taking were less than
10−8 mbar in the first and less than 10−9 mbar in the second
run. We do not see any temperature hysteresis. We could
easily cool down the storage bottle to 4 K. The only trouble
was that the shutter on the UCN bottle was not sealing the
storage volume properly, giving rise to additional losses.
Since this offset in the loss rate is temperature independent,
it did not affect the temperature dependence study. In run 2
the adjustment of the UCN shutter was improved, giving
better storage time. The radiation shield of the UCN bottle
was simplified to improve the pumping speed. A later test
revealed that it was a bad thermal contact, giving<20 K
offset to a higher value. Therefore, we are sure that the tem-
perature at the bottom was at least 10 K while the top was at
4 K.

The raw data for the temperature dependence of the loss
rate for both hydrogenated and deuterated surfaces are shown
in Fig. 2. The upper curve corresponds to the first run, when
the storage time was shorter and the surface contained more
hydrogen. The two lowest curves were measured after deu-
teration of the surface and improvement of the UCN shutter.
Nevertheless, in the second run during first warming up from
4 K up to 77 K the shutter again was adjusted, giving rise to
a slightly better storage time(the lowest short curve). To
check the stability we repeated the cooling down and warm-
ing up between 4 K and 77 K twice. The results were indis-
tinguishable from each other. This can be considered evi-
dence that we did not have any significant adsorption at the
lowest temperatures and our data can be used for a theoreti-

cal interpretation. Thus the average values are presented on
the lowest curve of Fig. 2 to decrease the statistical uncer-
tainties.

Clearly, the statistics could be improved. Nevertheless, we
may already conclude that data from both run 1 and run 2
demonstrate a well pronounced temperature dependence be-
low 77 K, with differences only in the amount of hydrogen.
Another important observation is that our annealing proce-
dure in D2O vapor made the Cu surface hydrophobic. In-
deed, after deuteration the bottle was exposed to the high-
humidity air of the experimental hall overnight, but the loss
rates on the nonheated and heated deuterated surfaces are
practically the same in contrast to the case of the undeuter-
ated surface(run 1). Therefore, the temperature dependence
of the second run is free from the contribution of phys-
isorbed contamination and may be related to chemically
bound hydrogen.

Several months after the measurement with UCN’s was
done, the chemical content of the copper surface was studied
using elastic recoil detection analysis(ERDA) at ISL, HMI.
It turns out that the hydrogen content in the bulks.2 mmd is
0.1% while in the surface layer(7.231017 at. /cm2 at.,
<100 Å) it was found to be 8%s5.831016 at. /cm2d. The
rest was Cus55%d, Cs10%d, Os25%d, with small traces of
contamination by Cl, S and Na. Deuterium was found in the
amount of 0.631015 at. /cm2 and was probably not directly
on the surface. The latter conclusion is approximate because
the ERDA technique could not distinguish between deepness
and roughness. Our surface was never polished and was vi-
sually rough and oxidized after deuteration. The sample was
annealed in the vacuum oven at 200°C before measurement.
Nevertheless, an accumulation of contamination from the at-
mospheres20–30%d could also affect the results. Therefore,
we should consider the observed amount of hydrogen as an
upper limit.

IV. DATA INTERPRETATION

For the discussion below we consider only the
temperature-dependent part of the loss rate 1/tsTd
=1/texptsTd−1/texpts10 Kd. To improve the statistics both
curves of run 2 were averaged together. The upper limit on
the amount of hydrogen in the top layer of 8% allowed two
models to be considered. One is a dilute solution of hydrogen
in copper, while the other is a hydrogenated film or film
clusters on the Cu substrate. In both cases the shape of the
temperature dependence arises from the temperature behav-
ior of the inelastic upscattering cross section, while the ac-
tual loss rate depends as well on the ratio between the Fermi
potential and neutron energy.

If the surface is a compound of several elements, the total
loss rate is the sum of the partial losses. Since for C, O, D,
and Cu both coherent and incoherent upscattering cross sec-
tions for the temperature range 500–4 K are rather small, the
observed value of the losses should be attributed to incoher-
ent upscattering on hydrogen. Indeed, in thesn,gd study36,37

a linear correlation between the UCN absorption rate on hy-
drogen,mcap, and the upscattering ratemie was observed.
mcap is proportional to the hydrogen concentration that was

FIG. 2. Raw data for two different surface treatments prior to
the measurement with UCN’s : the upper curve, run 1, the surface
was washed in the ultrasonic bath with distilled water; the lower
two curves run 2, the surface was heated in D2O vapor in the
vacuum oven. The ovals show the comparison of 300 K data before
and after heating of the storage bottle inside the UHV cryostat.
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changed by annealing of the sample. Thus the correlation
betweenmcap andmie is direct evidence of the hydrogen ori-
gin of the UCN upscattering. Moreover, from the linear fit it
was found that

mie < 17mcap. s1d

Since both rates are proportional to the cross sections, the
formula (1) allows us to estimate the absolute value of the
neutron upscattering on the Cu surface,siesCud
<17scapsHd=5.6b perproton for thermal neutrons. It is an
average value for the sample coated with water film and
annealed at 750°C. For the samples annealed with an inter-
mediate step the coefficient of the proportionality was
changed to 12–15 for all studied samples. This implies that
sie<s12–15dscapsHd=4–5b perproton. This value might
certainly be related to a surface without physisorbed water.

We start from a model of a dilute solution which means a
subbarrier(the UCN energy is below the potential barrier
produced by the bulk material) UCN interaction with hydro-
gen tightly bound to the heavy copper atoms. To calculate the
upscattering cross sectionsiesH,Cud we have used a one-
phonon approximation, the general formula of which can be
written as follows:

supsTd = 4pb2E e−2WsTdGsvdnsv,TdÎ v

E0
dv, s2d

where E0 is the energy of the neutron,nsv ,Td
=1/fexpsv /Td−1g is the occupation factor, the integration is
taken over the entire frequency range,WsTd is the Debye-
Waller (DW) factor

2WsTd = vE
0

vmax Gsv8d
v8

coth
v8

2T
dv8, s3d

and the functionGsvd is a generalized density of vibrational
states(GDVS) of hydrogen. Formulas(2) and(3) are derived
from the standard expression for the double differential cross
section and DW factor(see, for instance, Ref. 38) taking into
account the angular isotropy of the upscattered neutrons and
the fact that in the case of UCN the initial energyEi <0.
Thus both momentumQ and energy transfer« are equal to
the momentum and energy of the annihilated phonon,Q

=qi −qf <qf, «̃̃=Ei −Ef <Ef =v=Q2/2m, wherem is a neu-
tron mass. For the discussion below we have emphasized
terms dependent onT.

It is known that hydrogen tightly bound to a metal lattice
undergoes two types of vibrations: acoustical, in the energy
range up to<40–60 meV, and optical with higher energies
< above 100 meV. In the lattice branch hydrogen vibrates
with the amplitude of the metal atoms, i.e.,Gsvd~m/M and
the mass in the denominator must be taken equal to the mass
of copper, while in the optical branch pure hydrogen vibra-
tions occur andM =1. For the heavy metals this leads to
significant suppression of the scattering from the acoustical
vibrations compared with the optical ones. Nevertheless, as
we see below, the relative contribution of both branches to
the neutron cross section depends strongly upon temperature.

The shape of the acoustical part mirrors the shape of the
phonon spectrum of the lattice and the optical part could be
modeled by an Einstein oscillator. Thus in a very simple way
the GVDS of hydrogen in Cu could be reconstructed as fol-
lows:

Gsvd = HmgCusvd, v , 40 meV,

dsv − voptd, v ù 40 meV,
s4d

wherem=m/MCu=1/65, vopt is the optical frequency, and
we assume an equal number of acoustical and optical
branches. The normalization is chosen to be for calculating a
cross section per each nucleus. The phonon spectrum of the
copper lattice was calculated in Ref. 39 based on experimen-
tally measured force constants. The value ofvopt was esti-
mated from the experimental study of CuPdH to be
<116 meV.40

In Fig. 3 we plot calculated cross sections for UCN up-
scattering on H-Cu. The lowest curve shows the contribution
of the lattice part, while the other two were calculated using
Eq. (4) with vopt=116 and 90 meV to investigate the effect
of different optical vibrations.

As we can see, the contribution of the lattice part domi-
nates the entire temperature range. Nevertheless, the optical
branch plays an important role by changing a linearlike
shape to a power law and increasing the absolute value of the
cross section atT.200 K. As a result, in contrast to the
experimental value of the ratiohexpts300d /hexpts77d<7, the
calculated valuesies300d /sies77d<14 if vopt=116 meV or
even largers<22d for smallervopt=90 meV, while for the
lattice part itself the ratio<10. Thus this model cannot re-
produce the shape of the experimental T dependence. It also
fails to reproduce thesn,gd estimation of sies300d
=4–5.6 b.

Now let us discuss the probability of UCN subbarrier up-
scattering per collision,hie. The theoretical temperature de-
pendent probability per collision,hsTd, for sub-barrier UCN

FIG. 3. The upscattering cross sections of UCN calculated in the
one-phonon approximation for H bound to Cu: the bottom curve
takes into account only the lattice vibrations; the two top curves
show the effect of the addition of the optical branchesvopt=116
and 90 meV.

TEMPERATURE DEPENDENCE OF ULTRACOLD NEUTRON… PHYSICAL REVIEW B 70, 035409(2004)

035409-5



losses can be calculated fromsiesTd using the optical poten-
tial approximation in the following way:

hsTd =

o
i

cisup
i sTd

2lo
l

clbl

< cH

sup
H sTd

2lkbl
, s5d

wheresup
i sTd is the partial upscattering cross section for the

neutron wavelengthl; bi is the scattering length andci is the
partial concentration of thei nucleus. We took into account
that the denominator describes the average scattering length
of the surface layer,kbl=6.09, calculated for a homogeneous
mixture of Cus55%d, Os22%d, Cs10%d, and Hs8%d. The
experimental values were derived from the raw data in the
usual way,

hH,Cu=
1

t

1

knfl
, s6d

wheret is the storage time andknfl is the mean effective
frequency of collision. The latter termknfl was calculated to
be approximatelyknfl=65 s−1 using the mean UCN velocity
averaged over the energy range from 50 neV(lower energy
cut off by Al foil ) up to 165 neV(higher energy cut off by
Cu walls) and the geometrical area of the bottle. The surface
area of a storage bottle depends on the surface roughness.
Thus, the absolute values of bothknfl and hH,Cu and are
correct only within in a factor. Since our bottle had an un-
polished surface, we include an additional factor of 2 to ac-
count for the roughness which does not affect the tempera-
ture dependence itself.

The experimental probability derived from the data of run
2 is shown in Fig. 4 together with the Cu-H model calcula-
tions. It is clear that the loss probabilityhcalsTd calculated
using formula(1) with 8% concentration of hydrogen is an
order of magnitude below experimental values. Thus this

model can explain neither the shape of the temperature de-
pendence, nor the amplitude of the UCN upscattering prob-
ability per collision.

To understand what frequencies in the spectrum of vibra-
tions could reproduce the low-temperature part, we studied
the general behavior of the upscattering cross sections. We
chose an exact solution of the single harmonic oscillator in
the form of sums as was first derived by Weinstock.41 The
reason is that the multiphonon contribution can be neglected
only for heavy scatterers withm/M !1 and low tempera-
turesT,v0. That was the case when we considered the Cu
-H model. Now we are investigating a wide temperature and
mass range, where a single-phonon approximation simply
does not work because its cross section approaches zero at
temperaturesT.v0.

In this model we have sums over all possible transitions
from statel to n with the energy and momentum transfers

« = Ei − Ef < Ef = sl − ndv0 = Q2/2m,

Q2 = 2m« = 2mv0sl − nd. s7d

The upscattering cross section of UCN’s could then be writ-
ten as

supsTd = sincmÎv0

Eth
s1 − e−v0/Tdo

n=1

`

e−nv0/Tsn ! d

3 o
l=0

n−1

sÎn − ldl ! e−sn−ldmfmsn − ldgsn−ld

3 o
k=0

l
f− sn − ldmgl

k ! sl − kdsn − l + kd
, s8d

wherem=m/M, M is the mass of the oscillator, the incoher-
ent cross sectionsinc=4pbinc

2 , and we took into account that
j2Q2=Q2/Mv0=2msn− ld, wherej is the amplitude of the
zero-point oscillation.

The results of our calculations are shown in Fig. 5. It is
easy to see that to explain the shape of the low-temperature

FIG. 4. Upscattering probabilities per collision for the subbarrier
model: hexptsTd is derived from experiment andhcalcsTd is calcu-
lated usingsiesTd for hydrogen bound to Cu.

FIG. 5. Temperature dependence of the upscattering cross sec-
tion calculated fo harmonic oscillators with frequencies 2, 8, 16, 25,
and 33 meV and mass ratiom=1/7.
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part we need rather low oscillation frequencies below
10 meV. Moreover, the peak should be strong enough to give
a contribution to the cross section, which is comparable with
the higher frequencies. Otherwise switching on of the higher-
energy branches will break the almost linear increase as the
optical branch does in the Cu-H model. Such spectra are
rather unusual for metal hydrides but typical for the intermo-
lecular vibrations of molecules weakly bound to a crystal.
We usem/M =1/7 to show that this value gives reasonable
cross section values for a single oscillator. In reality it could
be either carbon or/and oxygen always found in the top
layer.

Thus, we naturally arrive at another, more realistic model
of the UCN upscattering on the surface, that is, neutrons
upscattered by a hydrogenated film or surface clusters with
Fermi potentialVF close to zero. The UCN loss rate will
obey a 1/v law and even a small amount of hydrogen could
imply a significant upscattering rate. A similar situation was
observed in stainless steel with UCN capture by Ti nuclei.
1% of Ti gave rise to the same capture rate as 50% of Fe due
to the presence of clusters withVF=36 neV compared to the
averageVF=185 neV of the stainless steel.13,42

Light hydrogenated molecules always present on the sur-
face include, for instance, water. It turns out that the gener-
alized density of statesGicesvd of ice indeed has a strong
low-energy band with a peak at 7 meV.43 To calculate the
cross section we still could use formula(3), neglecting the
multiphonon contribution that is about a few percent at
300 K.44 Both the generalized vibrational density of state
Gicesvd and siesTd are shown in Fig. 6. The temperature
dependence looks linear andsies300d=4 b. This value is in a
good agreement with thesn,gd estimation and the shape of
the low-temperature part is in good agreement with the ex-
perimental data.

Now let us estimate the loss probability using the simplest
model of a monoenergetic neutron interacting with a film
VF

f ,EUCN and on a substrate withVF
s .EUCN. As was shown

above, the temperature-dependent contribution from H-Cu

can be neglected. The absorption in Cu is temperature inde-
pendent. Therefore, we can neglect interaction with the sub-
strate and write the probability of the upscattering in the film
as

h f ilm = siesEdNf2d + Isl/d,E/VF
f dg, s9d

whereN is the volume density of hydrogen nuclei,d is the
film thickness,l is the UCN wavelength,siesEd is the cross
section of neutrons with energyE=EUCN−VF

f in the film, and
Isl /d,E/VF

f d is an oscillating interference term. Since the
latter must be averaged over the total surface with various
l /d, we can neglect it and use the formula

h f ilm = 2siesEdn, s10d

where we replaced the termNd by the surface densityn.
Thus, in this model the loss rate is independent of the inci-
dent angle and equal to 1/t=h f ilmknl. As a result,h f ilm is
larger than probabilityhH,Cu derived using the subbarrier
model since here we do not have an additional factorf.
Again, we see a quite good agreement between the calculated
and experimental curves in Fig. 7.

V. SUMMARY

We reported a study of the temperature dependence of
ultracold neutron upscattering carried out under ultrahigh-
vacuum conditions and temperatures ranging down to 4 K.
In addition to an oil-free pumping system, we used large-area
cryopumping surfaces at both 77 K and 4 K to avoid cryoad-
sorption on the storage surface. Two states of the surface of
the copper bottle were studied—after an ultrasonic wash in
distilled water and after chemical cleaning and annealing +
deuteration in heavy water vapor. Since the latter procedure
made the surface hydrophobic and we carried out heating of
the sample up to 450 K, we can attribute theT dependence to
chemically bound hydrogen. The main observation of our
experiment is a linearlike temperature dependence of the up-
scattering cross sections in the whole temperature range in-
cluding the interval between 4 K and 77 K for both samples.
For the deuterated surface the low-temperature measurement

FIG. 6. Generalized density of statesGsvd for Cu(calculated)
and ice Ih [from inelastic nuclear scattering data(Ref. 43)]. The
inset showssiesTd calculated usingGsvd of ice. The oval shows the
range ofsies300d estimated fromsn,gd study.

FIG. 7. Loss probability per collision calculated withsiesTd of
ice and derived from experiment for the film model.
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was repeated twice. We did not see any differences in the
data due to cooling or warming.

We analyzed our experimental data using an independent
measurement of the surface hydrogen content(8%, n=5.6
31016 cm−2), data from a promptsn,gd surface study,
sies300d=4–5.6 b, and phonon data(Cu, Cu-H, ice) from
neutron scattering. Two basic models were considered, a di-
lute hydrogen solution in the metal lattice(H-Cu, subbarrier
UCN interaction) and a hydrogenated film(1/v law).

The information about the hydrogen surface density al-
lowed us to estimate the contribution of both models to
hexptsTd and to reliably rule out the model of subbarrier in-
teraction. The absence of such data was a difficulty for all
previous studies. Only the model of surface hydrogenated
clusters or a film with low Fermi potential could explain the
observed loss probability. In turn, the analysis of the low-
temperature shape ofhexptsTd and comparison of the calcu-
lated sies300 Kd with sn,gd data allowed us to draw the
conclusion that, again, it cannot be, film of the H-Cu com-
pound but the hydrogen should be bound to a light atom like
carbon or oxygen.

The latter conclusion was already drawn in our earlier
presentation,45 together with the assumption that C-H- or O-
H-based molecules should have pronounced low-frequency
vibrations. Since then we have analyzed available neutron
scattering material about hydrogenated molecules. The in-
tramolecular frequencies usually lie above 100 meV while
intermolecular, i.e., translational and librational modes, are
below 40 meV. The real issue was to satisfy several condi-
tions simultaneously: a strong peak with energyø10 meV, a
low weight and formulaXaHb with b=2a to provide a nega-
tive potential, and probablyaø2 for the molecule to be
light. For instance, low frequencies could easily be found in
the heavy aromatic molecules46 but then the amplitude of
vibration is small due to the mass factor. The hydroxyl group
OH commonly present on the surface together with oxides is
known to have very high frequencies, about 100 meV. An-
other requirement would be a common presence on the sur-
face in the form of clusters.

Finally, we succeed in finding a magic molecule. It turns
out that the usual ice has a remarkably strong translational
branch with a low-energy peak at 7 meV. The molecule is
light, has negative Fermi potential, is commonly present on
surfaces, and tends to adsorb preferably in hydrogen bound
clusters.47 The value ofsies300d=4 b calculated using the
experimental functionGicesvd of ice turns out to be in perfect
agreement with thesn,gd estimation and close to the experi-
mental valuesies300d=7.2b of water. The loss probability
hicesTd calculated in the film model using the calculated ice
cross sections and measured H density looks surprisingly
similar to the experimentalhexptsTd. If the ice in the clusters
is partly amorphous, then the frequencies will be washed out
toward lower energies.48 Thus, the presence of ice clusters,
which could be reached by UCN’s without intermediate bar-
riers, could explain quite well both, theT dependence and
the loss probability value.

It is easy to find the water before annealing but more
difficult to explain the presence of the water afterward. A
possibility would be that water clusters preferably grow at

the bottom of cracks or valleys between metal grains. A di-
rect correlation between growths of both clusters of water
and Cu2O has been observed in Ref. 49. A very thin oxide
film could seal the clusters and be transparent for UCN’s.

Another possible but more exotic explanation would be
H2 bubbles as in the bulk of Cu. The first rotational state of
the H2 molecule has energy<15 meV.50 Since the solubility
of hydrogen is extremely low, the bulk hydrogen forms
bubbles. The effect is well known in cryogenics. The density
of the bulk hydrogen in our sample was found to be only
0.1% at depths below 1mm. One can imagine an increase of
bubble density toward the surface. But then neutrons should
penetrate through Cu walls thick enough to hold H2 with a
higher potential.

The waterlike layer as a possible cause of UCN upscat-
tering was recently considered by Steyerl17 in connection
with UCN storage on Fomblin oil with a probability of losses
5310−4 per collision. He showed that reasonable concentra-
tion of H could explain the experimental data in the 1/v
model, assuming a waterlike film covering the surface. The
difficulty is that Fomblin oil is known to absorb the contami-
nation into the bulk, the capability that provides excellent
UCN storage properties even at room temperature when the
Fomblin oil is cleaned by pumping. The situation looks simi-
lar to our problem of finding water clusters separated from
the surface by a layer invisible for UCN’s. Recent results and
their analysis published in Ref. 8 allowed the authors to dis-
tinguish the surface effect from the bulk. Thus, the larger
part of the room temperature losses were assigned to the
surface. Theoretically, the latter was studied in Ref. 19 using
experimental data about surface waves. The agreement is
quite good. At low temperatures the surface effect becomes
frozen and the bulk losses are in good agreement with the
subbarrier calculation based on use of the inelastic cross sec-
tion measured by transmission of 9 m/s neutrons. The effect
of the bulk(coherent scattering) calculated for the pure poly-
mer is much smaller than the experimental loss rate.51 The
origin still has to be understood.

Nevertheless, it seems that at low temperatures it is only
low-temperature Fomblin(LTF) and D2O ice8 bulk effects
where the subbarrier model of the UCN upscattering can be
applied in agreement with experiment. On metals as we
show in the present publication the film model is much more
likely. This conclusion is in agreement with Be studies.25,26

Indeed, the two models have different dependences on the
UCN energy which implies different shapes of the storage
curve on a logarithmical scale vs linear storage time. The
change in the loss rate due to upscattering(the difference
between 6.5 K and 300 K) in Ref. 25 was 0.005 s−1 while
the total loss rate at 4 K was 0.004 s−1. This means that at
300 K the upscattering dominated. In the case of the valid
subbarrier model the storage curve should be bent and look
similar to the curve observed in a superthermal source28 due
to subbarrier absorption in the stainless steel. On the con-
trary, it looks linearlike which is in agreement with the film
model. The temperature dependence was obviously de-
formed by the pinhole effect(different average energies at
different temperatures) which complicate interpretation. It
looks linear only up to 200 K but the 300 K point could be
affected by pumping or by a phase transition. In the Gatchina
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experiment the linearlike temperature dependence of the loss
rate was observed down to 13 K at the very beginning before
the trap was heated. The energy dependence measured in this
experiment unfortunately was affected by an empting
procedure.29 The result of the study by analysis with UCN’s
also indicates that UCN’s are upscattered by a surface film
with a cross section in the range 5–7 b independent of the
material.23

The surface of the Be is not so easy to oxidize as copper.
It could also be a chemically bound amorphous hydrocarbon
film with a different phonon spectrum and temperature de-
pendence. The upscattering probability per collision in a
Be-coated superthermal source at 77 K was very low,<6
310–6, which is at the same level as a recent LTF lifetime
measurement. Low-frequency excitations are known to be
commonly present in amorphous matter but the relative con-
tribution is not large in general.48 To find the real cause of
the low-temperature upscattering in different materials and
work out a reliable quantitative model of UCN upscattering,
we have to carry out an experimental study of samples with
a known hydrogenated layer, use thesn,gd technique to
monitor the loss rate on hydrogen, and measure the cross
section per proton. For instance, it could be a polymer film
with a well studied spectrum of excitations. We would like to
emphasize the need forin situ monitoring of the surface con-
tent by sn,gd technique. Such measurement would be very
helpful to study the origin of UCN upscattering in fluorinated
polymers or other low-absorbing materials at low tempera-
tures.

The theoretical technique used to calculate the total cross
sections should also be tested further for the case of inelastic
upscattering of ultracold neutrons. Our estimations was made
using the first Born approximation. It works well for a wide
range of neutron wavelengths down to colds20 Åd, whereas
for energies comparable with the Fermi potential it is not
valid in general.14 The corrections due to rescattering could
increase the UCN sensitivity to low-frequency excitations
and imply some special effects for the bulk and surface.51

The interesting question is interaction with clusters.
The development of a reliable theoretical description is of

great importance to make progress in both ultracold neutron
storage techniques and development of applications to solid
state and surface studies using next generation UCN
sources.2 In the present work we have demonstrated a high
sensitivity of the upscattering cross section to the lowest cut-
off of the frequency and sensitivity to an inelastic signal

from a hydrogenated film<10 nm. This opens an interesting
opportunity to use UCN’s for unique studying of low-
frequency excitations in the nanometer thick film with
VF,EUCN (polymers, deposited ice, and other gases) using
both promptg analysis to monitor the hydrogen amount on
the surface and measurement of the upscattering rate at dif-
ferent temperatures by thesn,gd and storage techniques.

The study ofsiesTd with UCN’s is similar to the study of
the temperature dependence in the specific heat measure-
ment, but with hydrogen excitations and an emphasis on the
thin surface layer<10 nm that is intermediate between the
first monolayers, which are accessible to normal methods of
surface physics, and true bulk matter. The anomalies found
in the bulk CV (for instance, the “boson” peak around
2–4 meV and the millikelvin anomaly in polymers) are still
under intensive study by various modern methods. The low-
est cutoff of the sensitivity of existing inelastic scattering
instruments is restricted by the elastic peak. In our case an
elastic reflection is invisible and we can detect the relative
signal inelastic to elastic<10−6 At a reflectometer the back-
ground from the elastic reflection of the substrate would be a
serious issue. Inelastic reflectometry simply does not exist at
present while UCN’s seem to be a natural tool for such a
study. Another restriction lies in the thickness of the sample.
The typical neutron inelastic scattering NIS sample thickness
is of the order of 0.1–1 mm which means bulk samples.
Nanoscale films could be studied only with electrons, which
have sensitivity to other parameters than neutrons. The sen-
sitivity to hydrogen with high-density UCN sources2 could
be as good as 1015 atoms/cm2. The limitation would rather
come from the ambient background.
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