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Scattering of ultracold neutrons from rough surfaces of metal foils
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The transparency of metal foils for ultracold neutrons (UCNs) plays an important role in the design of future
high-density UCN sources, which will feed a number of fundamental physics experiments. In this work, we
describe and discuss the measured transmission of a collimated beam of very slow neutrons (UCNs and very
cold neutrons) through foils of Al, Cu, and Zr of various thicknesses at room temperature. Our goal was to
separate scattering and absorption in the sample bulk from surface scattering, and to quantify the contribution of
the surface. We were able to demonstrate that the surface roughness of these foils caused a significant fraction
of UCN scattering. The surface roughness parameter b extracted from UCN measurements was shown to be of
the same order of magnitude as the surface parameter determined by atomic-force microscopy. They lie in the
order of several hundreds of angstroms. Using the formalism developed here, transmission data from previous
neutron-optical experiments were re-analyzed and their surface roughness parameter b was extracted.

DOI: 10.1103/PhysRevC.102.064607

I. INTRODUCTION

Metal foils are frequently used in experiments where ul-
tracold neutrons (UCNs) need to pass but the vacuum of
different volumes must be separate, e.g., the vacuum at the
PF2 instrument “Turbine” at the Institut Laue–Langevin in
Grenoble, France [1,2], and the neutron beam guide vacuum.
They also play an important role as neutron exit windows in
the exploitation of other UCN sources [3–5], such as those
based on solid deuterium or liquid helium. To extract a maxi-
mum UCN flux from these sources, UCN losses on these exit
windows need to be as low as possible.

The fact that the surface roughness of foils has a tremen-
dous effect on UCN transmission through media has been
shown by Steyerl [6] and Roth [7] but has, apparently, found
no attention so far.

Studies of exit window materials for the UCN sources
“Mini-D2” [8] in Mainz, Germany, and the one at the
Paul Scherrer Institut [9], Switzerland, investigated the best
choice of materials for this application. Aluminum and zir-
conium were identified as the best candidates due to their
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low neutron absorption cross section. These studies used
thin metal foils in the range of a few hundred micrometers
thickness. They noticed a significantly lower transmission
of UCNs than expected. Besides neutron absorption by
strongly absorbing isotopes present as trace impurities in
the samples, surface scattering was conjectured to be one of
the causes but no quantitative explanation or estimate was
provided.

As Lavelle et al. [10] demonstrated experimentally, the
rough aluminum windows of their sample container caused
UCN losses of up to 3/4. Alas, this effect was not further stud-
ied and has not been taken into account quantitatively in the
literature on UCN transmission experiments, in which rough-
surface sample containers were used. Having recognized this,
we developed and used a low-roughness sample container
[11]. The present paper gives an impression of the magnitude
of measurement uncertainty for UCN cross sections when
rough sample containers are used instead of low-roughness
containers.

The following sections deal with the purpose of this paper
(Sec. II), UCN losses in the sample bulk and their calculation
(Sec. III), and UCN losses on the sample surface (Sec. IV),
which are calculated as the difference between the measured
total UCN losses and the known loss channels in the sam-
ple bulk. The experimental setups for both the neutron and
AFM measurements are given (Sec. V), followed by a discus-
sion of the results, their application to previously performed
experiments, and their implication for UCN transmission
measurements in general (Sec. VI).
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II. IDEA OF THE EXPERIMENT

The laws of neutron optics govern the transmission of
ultracold neutrons through metal foils. We hypothesize that
the foil thickness has only a very limited influence on the
total transmission—and thus the loss—of UCNs. Much more
important is the surface roughness of the foil.

The exact interaction of rough surfaces with neutron beams
depends on the beam distribution—collimated, isotropic, or
some other shape. For exit foils and UCN transmission ex-
periments, the attenuation of collimated beams is important
and thus the subject of the present paper. In this context, a
UCN is considered lost when it is absorbed by a nucleus of the
sample bulk, gains energy through an up-scattering event and
leaves the UCN energy range, or when it is diverted from the
collimated neutron beam by elastic scattering. In UCN storage
experiments, for example, neutrons impinging on the surface
of storage vessels are not collimated and undergo both specu-
lar and diffuse reflection. Their loss is only due to absorption
or up-scattering by the vessel’s walls [12,13] or by impurities
on the wall’s surface [14,15]. However, surface roughness
can, depending on the conditions, decrease or increase the
probability of UCN loss by absorption upon a collision with
the wall [16].

In Frei [8] and Atchison et al. [9], the different sample
thicknesses were achieved by layering several thinner foils
on top of each other. By doing that, the thickness of the bulk
material was increased, but so was the number of surfaces.
It was, therefore, not surprising that the thickness-dependent
transmission curves showed an exponential decay with in-
creasing foil thickness, or better: with an increasing number
of foils.

To gain a better understanding of UCN scattering on rough
surfaces, UCN transmission experiments through metals foils
of the same bulk material and surface preparation but with
different thicknesses needed to be carried out. This way, the
bulk thickness—with UCN loss cross sections known from
the literature—could be varied while the number of surfaces
remained constant.

III. ULTRACOLD NEUTRON LOSSES IN
THE SAMPLE BULK

A. Sample impurities and oxidation

We chose high-purity metal foils as samples for our
experiments to avoid elastic scattering of UCNs on bulk inho-
mogeneities. The impurities of the various metal foils (Cu, Al,
Zr) investigated in this work were taken from the supplier’s
(Advent Research, UK) list of typical impurities, which gave
a good estimate of the trace impurities to be expected.

Taking into account the abundance of these impurities as
well as their respective absorption cross sections, only one
or two impurities per sample actually influenced the total
absorption cross section. Table I lists for each sample its
respective most relevant impurities. Since the impurities were
very dilute, it was assumed that they had the same particle
density as their host material multiplied with their respec-
tive number concentration. The absorption cross sections at
thermal-neutron energies were taken from Sears [17]. The

TABLE I. Sample impurities giving rise to additional absorp-
tion cross sections in the metal foil samples (i) Al 99.99+%, (ii)
Cu 99.9+%, and (iii) Zr 99.8%. The “+” denotes a sample purity
even higher than indicated. All cross sections are given for thermal-
neutron energies.

Sample Element Number σ thermal
abs σ thermal

abs

type conc. (%) (b) (b) weighted

Al 99.99+% Al >99.99 0.231 0.231
Ag 3 × 10−6 63.3 1.9 × 10−4

B 2 × 10−7 767 1.5 × 10−4

Sum 0.231
Cu 99.9+% Cu >99.9 3.78 3.78

Ag 5 × 10−4 63.3 3.2 × 10−2

Sum 3.81
Zr 99.8% Zr 99.8 0.185 0.185

Fe 8.4 × 10−4 2.56 2.2 × 10−3

Hf 4.4 × 10−5 104 4.6 × 10−3

Sum 0.192

resulting sum of bulk and impurity absorption cross sections
was also calculated for thermal-neutron energies. For all sam-
ples, the additional absorption cross sections due to impurities
were less than 4% and they were, therefore, neglected.

The foils used here had received the following surface
treatments: Al—temper as rolled, Cu and Zr—temper an-
nealed.

When metals like aluminum and copper are exposed to
air at ambient temperature, they form passive oxide layers.
For pure bulk copper, a layered CuO/CuO2 oxide structure
of 3.3 nm thickness has been reported [18], while 2.5 to
5.2 nm were found for copper thin films [19] and 6 nm for
ultrafine particles [20]. The oxide layer on the surface of pure
aluminum has been found to be 4 nm for ultrafine particles
[20] and between 3 and 4 nm for bulk aluminum [21]. On zir-
conium, ZrO2 and substoichiometric oxides have a thickness
of about 1.5 nm [22].

These oxide layers are thinner than one typical UCN wave-
length, which is a few hundred angstroms. According to the
UCN reflectivity calculations by Pokotilovski [23], they are
thin enough to have only negligible influence on the UCN
transmission through the sample.

B. One-phonon up-scattering

The total UCN cross section of a sample is composed of
bulk scattering, surface scattering, and absorption in the bulk.
From Table I, the absorption cross sections at thermal-neutron
energies (Ekin = 25 meV, v = 2200 m/s) can be taken and
extrapolated to UCN energies by using the relation σabs × v =
const., see, for example, Ignatovich [12].

Table II lists the one-phonon up-scattering cross sections
σ IA

1-ph calculated for room temperature using the incoherent
approximation (IA) [24], the one-phonon up-scattering cross
sections σ corrIA

1-ph taking into account corrections to the incoher-
ent approximation (corrIA) by Placzek and Van Hove [25],
the absorption cross sections σabs [17], and the total UCN loss
cross section σtot for all three metals under investigation—Al,
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TABLE II. One-phonon up-scattering calculated according to the
incoherent approximation (IA), IA with corrections for coherent
effects (corrIA), as well as absorption for pure Al, Cu, and Zr, taken
from Table I. The right-hand column gives the total UCN loss cross
section as the sum of σ corrIA

1-ph and σabs. All values were calculated for
room temperature and an in-medium velocity of vinm = 8 m/s of the
UCNs.

Sample σ IA
1-ph (b) σ corrIA

1-ph (b) σ 8m/s
abs (b) σ 8m/s

tot (b)

Al 7.9 8.8 63.5 72.3
Cu 23.5 21.6 1040 1062
Zr 15.9 16.7 50.9 67.6

Cu, and Zr. The corrections to the IA for coherent scatterers
can only strictly be calculated for cubic crystals. Since Zr
has a hexagonal close-packed (hcp) crystal structure at room
temperature, it was assumed to have a face-centered cubic
(fcc) structure for the sake of calculating the correction. For all
three metals at room temperature, one-phonon up-scattering is
not significant compared with absorption, which is the domi-
nant UCN loss channel. All cross sections listed in Table II can
be extrapolated to other neutron energies using the relation
σ × v = const.

Coherent elastic scattering in the bulk can be neglected due
to the UCNs’ large wavelengths, which go far beyond any
Bragg cutoff wavelength, and due to the high sample purity,
which avoids scattering on inhomogeneities in the sample
bulk. With up-scattering and absorption in the sample bulk
being known quantities, the remaining loss of UCNs in the
transmission experiment on metal foils can be attributed to
surface scattering only.

IV. ULTRACOLD NEUTRON LOSS ON SURFACES

A. Separating bulk from surface losses

The standard transmission equation for uniformly ab-
sorbing and scattering media (in optics known as the
Lambert–Beer law [26,27]),

T = In

I0
= e−Nσtotdn , (1)

can be expanded by 1 − Lt to account for surface scattering
[6],

T = In

I0
= e−Nσtotdn︸ ︷︷ ︸

(1−A)

(1 − Lt ), (2)

where T represents the measured absolute transmissivity of
sample n, I0 the incoming neutron beam intensity, In the neu-
tron beam intensity behind sample n, and σtot (for in-medium
neutron velocity) the total UCN loss cross section of the
sample bulk, as discussed in Sec. III. A is the loss of UCNs
in the sample bulk (between the two surfaces) and Lt is the
integral probability of diffuse scattering from rough surfaces,
i.e., the UCN loss on the two surfaces of one foil. The particle
number density N is known from the literature and the sample
thickness dn can easily be measured. To determine Lt, the
transmissivity T of a foil needs to be measured. Then, Eq. (2)

can be solved for Lt,

Lt = 1 − T

e−Nσtotdn
. (3)

B. Connecting surface roughness and ultracold-neutron loss

For UCNs that are incident perpendicularly on a rough
sample surface (“macroroughness”) and have a wave vector
(out of medium) k � |kl|, Steyerl [6] defined the total fraction
of UCNs that is scattered out of the direct beam by the two
surfaces of a sample as

Lt = I2-surf

I0
= 1

4

b2k4
l

k2
(1 + e−Nσtotdn ), (4)

where kl = mn × vcrit/h̄, mn is the neutron’s mass, vcrit is the
critical velocity of the sample, b is the surface roughness
parameter, I0 is the neutron beam intensity incident on the
rough surface, and I2-surf is the intensity of UCNs scattered out
of the direct beam by the two surfaces. The term 1 + e−Nσtotdn

(instead of 2) accounts for the loss of UCNs in the sample bulk
between the two scattering surfaces. The first surface receives
the full incoming neutron intensity, the surface downstream
from it sees a beam attenuated by the losses in the bulk—and
on the first surface. The condition k � |kl| is fulfilled for
the metals treated here for all except the very slow UCNs of
v � 5 m/s (out of medium).

The surface roughness parameter b as seen by the UCNs
can thus be derived by solving Eq. (4):

b =
√

4Ltk2

k4
l (1 + e−Nσtotdn )

. (5)

This parameter b is defined as the mean square amplitude
of elevations above and below the reference plane of the sur-
face. For surfaces with a relatively even distribution of peaks
and valleys and no extreme peaks, the mean square amplitude
is quite similar to the center-line average roughness Ra, which
we measured using atomic-force microscopy, see Sec. V B.

V. EXPERIMENT SETUP

A. Ultracold-neutron transmission experiments

For the transmission measurements with very slow neu-
trons with an out-of-medium velocity voom, 3 � voom � 15
m/s, we used the time-of-flight (TOF) method and a col-
limated beam of UCNs and very cold neutrons (VCNs) at
the PF2-EDM beamline [2] of the Institut Laue–Langevin.
The neutron beam was strongly collimated in the forward
direction with a solid angle of the collimator aperture of � =
2.2 × 10−2 sr. The TOF geometry used in these experiments
is explained in detail in Döge et al. [28]. As sample holder
for the metal foils we used the one that was developed for
UCN transmission experiments on liquid and solid deuterium
[11]. Aluminum clamps held the metal foils in place during
the transmission experiments.

The foil samples were cleaned with high-purity ethanol
and dried immediately prior to their installation into the vac-
uum vessel where the measurements took place. Before the
UCN measurements were started, the vacuum was stabilized
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TABLE III. The transmissivity for all metal foil samples is given
as fraction of the direct beam as recorded during the UCN trans-
mission experiments at the Institut Laue–Langevin, Grenoble. The
surface roughness of metal foils is given as center-line average as
measured by AFM. The global uncertainty for all Ra values is ±30%.

Sample Foil Thickness Transmissivity Roughness Ra

dn (μm) at voom = 7 m/s (nm)

Al-1 50 0.967 ± 0.058 25.5
Al-2 100 0.859 ± 0.050 34.0
Al-3 125 0.851 ± 0.046 48.8
Cu-1a 50 0.260 ± 0.023 60.5
Cu-1b 2 × 50 0.081 ± 0.017 60.5
Cu-2 100 0.109 ± 0.014 61.1
Cu-3 250 0.010 ± 0.004 72.7
Zr-1 25 0.613 ± 0.040 33.4
Zr-2 125 0.277 ± 0.024 37.5
Zr-3 250 0.310 ± 0.023 48.2

in the 10−3 mbar range for half an hour. The measurements
themselves ran over several hours and showed no significant
fluctuation in the UCN transmission over time as the vacuum
continuously improved to the lower 10−4 mbar range. It can
therefore be considered certain that all water and volatile
compounds, which may have been adsorbed onto the metal
surface between the installation of the sample foil in the
vacuum chamber and the start of the evacuation, evaporated
and caused no additional scattering of UCNs.

B. Atomic-force microscopy measurements of surface roughness

The mechanical surface roughness of the metal foils was
measured at JINR Dubna under an atomic-force microscope
(AFM) from NT-MDT. The center-line average roughness,
i.e., the average deviation from the imaginary center plane of
the surface [29],

Ra = 1

n

n∑
i=1

|yi|, (6)

for each foil sample was determined from two or more two-
dimensional scans of 5 μm × 5 μm, which were carried
out on flat sections of overview scans of 30 μm × 30 μm.
This way, we minimized the role that long-wavelength surface
waviness plays in the calculation of the surface roughness
according to the standards ISO 4287-1:1984 and GOST
25142-82. The AFM was calibrated by using two different
calibration samples made of SiO2 with step sizes of 21.5 nm
(TGZ1) and 107 nm (TGZ2). These samples were also used
to verify the reliability of the two-dimensional roughness cal-
culation algorithm. The global uncertainty of the measured
surface roughness parameters was ±30%. The results are
given in Table III. The roughness values of all three copper
foils are very close to one another. For aluminum and zir-
conium the mutual agreement of the roughness scans is less
pronounced but still generally established. All of the rough-
ness amplitudes are in the range of a few tens of nanometers,
which is a typical wavelength of ultracold neutrons.
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FIG. 1. Measured transmissivity of Cu foils for UCNs plotted
over UCN velocity. The in-medium velocity of 4.1 m/s (equivalent to
7 m/s out of medium) is marked with a vertical red line. The vertical
blue line marks 8.2 m/s (equivalent to 10 m/s out of medium). For
data treatment, a sliding average of 16 time bins was used. The error
bars account for this. To improve legibility, only every fourth error
bar is shown.

VI. RESULTS AND DISCUSSION

A. Ultracold-neutron transmission measurements

The transmission of UCNs and VCNs through metal foils
of different thicknesses but with the same surface treatment
was carefully recorded [30], see Fig. 1 for the copper samples.
It is worth noting that the UCN transmission through a stack
of two 50-μm-thick copper foils is lower than that through a
single foil of 100 μm thickness. This is a direct indication of
UCN losses on the two additional surfaces. Table III gives the
UCN transmissivity of each metal foil for an out-of-medium
(oom) UCN velocity voom of 7 m/s that was corrected for
the critical velocity vcrit of each sample, see for example
Ignatovich [12],

vinm =
√

v2
oom − v2

crit. (7)

This logic was chosen in keeping with Atchison et al. [9]
to make their results comparable with those presented here.
The resulting in-medium (inm) velocities vinm were 6.2 m/s
for Al, 4.1 m/s for Cu, and 5.8 m/s for Zr.

Figure 2 shows the UCN transmissivity of copper foils of
different thicknesses. When the data points at vinm = 4.1 m/s
are fit using the modified transmission equation (2), and an
extrapolation to zero foil thickness is done, the intercept of the
fit with the y axis shows the fraction of UCNs that is lost on
both surfaces together, Lt. It is obvious that a very large share
of the total UCN losses is due to surface scattering instead of
bulk scattering and absorption. In the case of the copper foils,
the two surfaces alone scatter about 37% of UCNs out of the
direct beam.
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FIG. 2. The measured transmissivity of Cu foils of three different
thicknesses is plotted for UCNs of an in-medium velocity of 4.1
m/s (equivalent to 7 m/s out of medium). The red line represents
a fit to the data using the transmission equation including a surface
scattering term, see Eq. (2). The dashed green line represents the
transmissivity as expected if the sample caused no surface scattering.
For both curves, σtot = 2072 b (at 4.1 m/s in medium) was used as
UCN loss cross section of the sample bulk.

When the transmissivity values are taken from Table III and
plugged into Eq. (5), one can calculate the foils’ roughnesses
as seen by the UCNs. These roughness values are shown
as parameter b in Table IV. As the Al-1 sample was very
transparent and the Cu-3 sample very opaque, these extremes
were omitted when calculating the average sample surface
roughness.

As a test, the roughnesses were also calculated using the
transmissivity values at a neutron velocity of voom = 10 m/s
for all three metals. They deviated only between −18% and
+2% from the values for 7 m/s, which shows that the foil
roughness as seen by neutrons is consistent over the UCN
velocity range. The copper samples Cu-1a and Cu-1b, which
consisted of the same type of 50 μm foils, yielded roughness
values within a few percent of each other, both for 7 m/s and
10 m/s neutrons. This is another confirmation of the reliability
of our approach.

TABLE IV. Surface roughness of metal foils as extracted from
UCN measurements and the theory explained in Sec. IV (parameter
b), as well as the roughness measured mechanically by AFM (param-
eter Ra). The errors for the UCN measurements include statistical and
systematic errors.

Sample Roughness Roughness
parameter b (Å) parameter Ra (Å)

Al 182 ± 8 361 ± 164
Cu 147 ± 12 648 ± 227
Zr 313 ± 64 397 ± 155

B. Surface roughness

The surface roughness of the metal foil samples both as
measured by atomic force microscopy (AFM) and extracted
from the cross-section measurements above are shown and
contrasted in Table IV.

Table IV demonstrates that the magnitudes of both rough-
ness parameters b and Ra are of the same order of magnitude.

AFM scans of the foils used in the experiments described
above yielded values of the same order of magnitude as
reported in the work of Steyerl [6], 200 to 500 Å. In his
work, Steyerl noted that the roughness values extracted from
electron micrographs were in quantitative agreement with the
roughness parameters extracted from neutron measurements
but that it was difficult to interpret these micrographs.

Generally, it is difficult to obtain the same roughness values
for measurements of the same sample that were done using
different techniques. For example, the nonzero curvature ra-
dius of the stylus used in an atomic-force microscope (AFM)
leads to smaller roughness readings than those obtained by
noncontact optical methods [31]. One single roughness pa-
rameter is often not enough to describe the entire surface
roughness with short-range and long-range correlations. An
overview of roughness parameters was published by Gadel-
mawla et al. [32].

Considering the above, it has to be concluded that, with the
theories and techniques currently available, mechanical mea-
surements of sample roughness can at best serve to estimate
the order of magnitude of the loss of UCNs due to scattering
on rough sample surfaces. The transmission of each foil, used
as vacuum barrier or for a different purpose, still has to be
measured with UCNs to know its exact transmissivity.

C. Reexamination of previous experiments

Using the equations explained in Sec. IV, the experimental
results from Atchison et al. [9] can be reexamined to de-
termine the surface roughness parameter b for those foils as
seen by UCNs. Atchison et al. were not able to confirm the
exact make-up of their foil samples [33]—stacked or single
foil. For aluminum, the first sample had a thickness of 10 μm
and we suspected that the others were very likely stacks of
100-μm-thick foils. The zirconium samples were 100, 250,
and 500 μm thick, likely layered from 50-μm-thick foils.
For multiple layers of foil, the right side of Eq. (2) needs to
be raised to the power of n, which represents the number of
foils in the neutron beam. Otherwise the lower transmissivity
would be erroneously attributed to σtot and suggested a false
higher bulk cross section. Consequently, before calculating
the surface roughness parameter b of one foil, the nth root
needs to be taken of the surface transmissivity term (1 − Lt )n.

Table V gives the experimental transmissivities of Al and
Zr foils (second column) as well as the roughness parameter
b extracted from those measurements by solving Eqs. (2) and
(5). In the calculation of e−Nσtotd , σtot was taken as presented in
the paper [9]; one-phonon scattering was neglected. The ratio
of experimental transmissivity to theoretical transmissivity
(due to absorption only), i.e., column 2 divided by column 3,
is given in column 4. From this excess loss of transmissivity

064607-5



DÖGE, HINGERL, LYCHAGIN, AND MORKEL PHYSICAL REVIEW C 102, 064607 (2020)

TABLE V. Surface roughness b of individual metal foils from a
foil stack as used by Atchison et al. [9] and re-analyzed applying the
theory explained above. Column 4 gives the ratio of experimental
transmissivity to theoretical transmissivity (due to absorption only),
i.e., column 2 divided by column 3. The uncertainty of b was es-
timated to be ±15% due to the uncertainty of the original neutron
transmission measurements.

Sample Thick- Expt. Theor. Expt./Th. Roughness
ness d (μm) Transm. e−Nσtotd [1 − Lt]n b (Å)

Al 1 × 10 0.943 0.994 0.949 136
Al 1 × 100 0.837 0.941 0.890 203
Al 2 × 100 0.707 0.886 0.799 202
Al 3 × 100 0.612 0.833 0.735 196
Al 4 × 100 0.540 0.784 0.689 190
Al 5 × 100 0.484 0.738 0.656 183
Zr 2 × 50 0.860 0.955 0.901 93.1
Zr 5 × 50 0.680 0.891 0.764 96.1
Zr 10 × 50 0.449 0.793 0.566 101

due to surface scattering, (1 − Lt )n, the roughness parameter
b was calculated.

The roughness parameters of single foils extracted from the
UCN transmission measurements of Atchison et al. [9] are
consistent between the individual samples and yield average
values of b(Al) = 195 ± 36 Å for aluminum and of b(Zr) =
97 ± 19 Å for zirconium. These are in line with the typical
roughness parameters from Steyerl [6] and prove conclusively
that surface scattering is the reason for the measured 2.2-fold
and 2.6-fold decrease of foil transmissivity for aluminum and
zirconium, respectively, compared with theory (taking into
account only absorption), as reported by Atchison et al. [9].

VII. CONCLUSION

In our experiments, we have demonstrated how neutron
scattering in the sample bulk can be separated from scatter-
ing at the sample surface. We found that ultracold neutrons

(UCN) are very susceptible to surface scattering—an effect
that should be taken into account when planning transmission
experiments with UCNs. Our results show conclusively that
low-roughness sample containers, such as the one presented
previously for cryogenic samples [11], must be used to in-
crease the accuracy of results in UCN experiments.

In particular, we found that off-the-shelf high-purity metal
foils have the following roughness parameters as seen by
UCNs: Al 182 ± 8 Å, Cu 147 ± 12 Å, and Zr 313 ± 64 Å.

Comparing the surface roughness extracted from UCN
measurements with that measured by AFM leads to the
assumption that neutrons “see” a different spectrum of
roughness amplitudes than mechanical or optical means of
measurement. The results obtained with both methods are,
however, of the same order of magnitude.

Applying the method described here, we re-analyzed the
UCN transmission data of various metal foils from Atchison
et al. [9] and were able to calculate the surface roughness of
their sample foils and identify surface scattering as the cause
of the 2.2-fold and 2.6-fold decrease of foil transmissivity for
aluminum and zirconium, respectively, compared with theory.
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