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Liquid deuterium is a fluid between the quantum and classical regimes. It attracts interest from fundamental
research for the verification of quantum calculations but also from neutron physics as it is a widely used neutron
moderator medium. We have measured the scattering cross sections of liquid ortho-deuterium in the ultracold-
neutron range for four different temperatures (19-23 K) and compared them with calculations from a parameter-
free analytical calculation model as well as with previous measurements at 19 K by another research group.
All three show remarkable agreement, which establishes the validity of the calculation model and proves it is
a reliable basis for the derivation of scattering kernels. The deconvolution of our measured transmission data
changed the cross-section results noticeably only for neutrons faster than 10 m/s. We found the total scattering
cross section of liquid deuterium to be inversely proportional to velocity, as is predicted by theory.
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I. INTRODUCTION

The hydrogen atom and the molecule diprotium ('H,),
with its nuclear-spin interactions and specific heat anomaly
at low temperatures [1,2], played a fundamental role in the
emergence of quantum mechanics [3,4]. Discovered later, the
deuterium atom and the dideuterium molecule (*H,, most
often simply called “deuterium”) served in many respects
as systems to check and confirm calculation models for the
protium atom and molecule.

Of the two rotational spin species, ortho-deuterium is
the liquid of interest because the rotational spin equilib-
rium at temperatures between 19 and 23 K is around 98%
ortho-deuterium and only 2% para-deuterium [5,6]. Liquid
ortho-deuterium (ligD;) has been used extensively as a “cold
source” at various research centers to moderate thermal neu-
trons down to cold-neutron energies and to increase the
fraction of ultracold neutrons in the spectrum [7,8]. Recently,
it was proposed as a premoderator material for novel high-flux
converters of ultracold neutrons [9,10], which may advance
important research projects in particle and astrophysics [11]
and the search for physics beyond the standard model [11,12].

In 1970 [13,14], Seiffert published the first experimen-
tal scattering data for thermal and cold neutrons in liquid
deuterium down to 0.9 meV. Only in 2005, Atchison et al.
published total cross sections oy, for very cold neutrons
(VCNs) and ultracold neutrons (UCNs) [15], and estab-
lished a questionable velocity dependence of oy, according to
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ot (V) = 09 + ¢/v, where o represents the incoherent elastic
scattering cross section of one deuterium molecule. However,
liquids do not show elastic scattering [16] and for fluids with a
Maxwell-Boltzmann velocity distribution, the scattering cross
section is proportional to 1/v [17],

ey

where 0. (v) is the scattering cross section of one deuterium
molecule in barn at a given velocity, ¢ is a temperature-
dependent constant, and v is the neutron’s velocity.

Our group also published experimental scattering cross-
section data for UCNs in 2015 [18].

In the same publication, we presented a parameter-free an-
alytical calculation model for the scattering cross sections of
liquid deuterium for UCNs and VCNSs, which provides a way
to calculate the constant ¢ from Eq. (1) for given temperatures
and ortho/para ratios.

The aim of this paper is to compare and reconcile available
experimental scattering cross-section data with results from
model calculations and simulations for the UCN energy range.
These consolidated data can then serve to benchmark nuclear
data libraries, such as described in a recent review by Plompen
et al. [19] or the EXFOR database maintained by the Inter-
national Atomic Energy Agency (IAEA) [20], which to date
includes only the ultracold-neutron cross sections measured
by Atchison et al. [15].

Uscatt(v) - C/va

II. THEORETICAL BACKGROUND

Hamermesh and Schwinger calculated the neutron-
scattering cross sections of free deuterons and interaction-
free, i.e., gaseous, deuterium molecules in the wake of early
neutron research in the 1940s [21]. These cross sections were
self cross sections, neglecting collective interactions in the
sample. They were calculated for thermal and subthermal
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neutrons in deuterium gas at low temperatures. Later, Young
and Koppel [22] calculated the double-differential cross sec-
tions of deuterium for the ortho and para species for a wider
temperature and energy range, taking into account rotation,
vibration, and translation of the molecule. The special case of
a liquid was also described but is applicable only to neutron
energies above the Debye temperature of the sample. For
solid ortho-deuterium, the Debye temperature at low sample
temperatures of T = 0-18 K is around ®p = 110 K [23,24],
and for liquid ortho-deuterium at 7 =20 K it is Op =
101 K [25,26], equivalent to 9 meV, which is the energy of
subthermal neutrons.

Previously, we published a parameter-free analytical cal-
culation model for the scattering cross sections of liquid
deuterium for slow neutrons [18], especially in the UCN and
the VCN energy range. The group of Guarini et al. was able
to calculate the fundamental properties of the hydrogen lig-
uids from parameter-free quantum simulations [25,27] and to
derive the scattering cross sections of liquid ortho-deuterium
for thermal and cold neutrons. For a more detailed treatment
of the scattering theory for liquid ortho-deuterium, the reader
is kindly referred to these three publications.

III. EXPERIMENT SETUP

The neutron-scattering cross section oy, iS measured
by means of a transmission experiment. To this end, we
employed the standard transmission equation for uniformly
absorbing and scattering media (in optics known as the
Lambert-Beer law [28,29]),

1 dil —
T@) = (dn) —e Nvalol(v)dn’ 2)
Iy

where T (v) represents the measured absolute transmissivity
of the sample, /) the neutron beam intensity behind the empty
sample container, /(d, ) the neutron beam intensity behind the
container filled with sample n, N, the particle number density
of the sample, d, the sample thickness, and oy (v) the total
UCN loss cross section of the sample bulk for the neutron
velocity v in the medium, i.e., taking into account the neutron-
optical potential of the sample. Equation (2) is solved for o,
which is then corrected for the absorption of neutrons in the
sample, sample impurities, and other side effects to yield the
total scattering cross section Oscatt = Otot — Tabs.D — TabsH- It
should be noted that, in the case of the liquid ortho-deuterium
used here, these corrections amounted to less than 1% over the
entire UCN range.

The equipment for this experiment was set up at the
“Turbine” [30] beamline PF2-EDM of the Institut Laue—
Langevin (ILL) in Grenoble, France. Before the measure-
ments were carried out, the neutron flux at that beamline was
characterized [31]. This provided a solid foundation for the
data treatment.

The experiment itself was performed using a neutron time-
of-flight (TOF) setup similar to that described earlier [18].
This time, the chopper had titanium shutters and was placed
upstream of the liquid ortho-deuterium sample (see Fig. 1).
The chopper’s opening function was verified in a measure-
ment with light, where its full width at half maximum
(FWHM) was determined to be t = 13.6 ms. The total flight
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FIG. 1. The TOF geometry of the UCN transmission measure-
ments on liquid ortho-deuterium.

path was 455 mm long—a compromise between having a
maximum path length while not losing too many slow UCNs
due to them falling in the gravitational field and being ab-
sorbed by or scattered on the flight tube’s walls. A monitor
detector enabled the tracking of possible changes of the UCN
flux, which were less than 1% over the course of the experi-
ment.

The TOF geometry of the experiment demands that all
neutrons travel the same path length. Therefore, they need to
be collimated before they impinge on the sample. Neutrons
diverging from the flight path need to be effectively removed
from the experiment. This point was addressed by using a
polyethylene foil as a liner in the flight path between the
sample and the detector, which up-scatters UCNs to ther-
mal energies, thus removing them from the measurable UCN
spectrum. The collimator used here was a disk made from
titanium instead of one made from poly(methyl methacrylate)
(PMMA), as used earlier. UCN absorption in titanium leads
to a significantly reduced background in the measurement as
compared to UCN up-scattering in PMMA.

Furthermore, the body of the sample container was made
from copper to reduce the temperature gradient across the
sample volume to a minimum compared to the previously
used aluminum sample container.

As we have shown earlier, rough surfaces cause tremen-
dous scattering of UCNs [32]. In transmission measurements,
this can translate to significant experimental errors. Further-
more, previous experiments by various groups have shown
that aluminum windows tend to bulge under pressure [15]
leading to poorly defined sample thicknesses and introducing
avoidable errors to the data treatment procedure. To reduce
these potential error sources and to improve counting statis-
tics, we developed and used in this experiment a sample
container with low-roughness, transparent windows [33].

In the flight tube between the cryostat and the neutron
detector, a horizontal viewport was installed. In conjunction
with a movable mirror on a rod and the transparent sample
cell windows, it allowed observation of the sample preparation
process in real time along the neutron flight path. When the
sample was ready to be measured with neutrons, the mirror
was raised out of the flight path.

All improvements over our 2012 experiment [18] led to a
tenfold increased signal-to-noise ratio [34].

The deuterium gas in our experiment had a purity grade
of N30, meaning at least 99.90% deuterium. The temperature
gradient across the sample container was AT = +0.25 K
and the liquid samples were held at the vapor pressure of
deuterium for their respective temperature during the entire
measurement run. We used Raman spectroscopy as described
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by Silvera [6] to determine the ortho-deuterium fraction in the
sample, which was cqpno = 97.2 + 0.02%.

For the registration of UCN counts [35], a boron-lined
gas electron multiplier (GEM) detector of the CASCADE
type [36] was used with a flushing and quenching gas mixture
of 90% argon and 10% carbon dioxide.

IV. CROSS-SECTION RESULTS AND COMPARISON WITH
MODEL CALCULATIONS

A. Deconvolution and data treatment

As required by Eq. (2), two UCN transmission spectra
were recorded per measurement—one with an empty sample
container and one with liquid deuterium at the respective
temperature. Both measured spectra are convolved with the
chopper’s resolution function. To account for this, the spectra
needed to be deconvolved, for which a standard procedure is
lacking. The deconvolution method presented here improves
upon the data presented in Ref. [34].

The spectra were prepared for deconvolution by subtract-
ing background counts, normalizing them to the measurement
time, binning them using a sliding frame of 8 ms width,
transforming the time into the velocity domain, and correcting
for neutron reflection at interfaces.

The velocity-dependent transmission equation of the mea-
sured spectra I(d,) and Iy, i.e., convolved with the resolution
function G(v), can be expressed as

1(d,) _1(d)*G)  [IM)T*"(v)] * G(v)
o  L*Gu) M) * G(v)

)

where T*PY(p) = ¢~Md {5 the true neutron transmission
from Eq. (2) with oo & 1/v [17] in the liquid phase, Iy =
M(v) is the known Maxwellian spectrum of the neutron
source PF2-EDM [31], and G(v) is the chopper’s resolution
function represented by a normalized Gaussian function

_ 1 Gy

G(v) N e ; “
with oG the standard deviation of the Gaussian, which relates
to its FWHM by 2+4/21n 20¢.

In our TOF experiment with neutrons, the neutron pulse
had a length of T = 13.6 ms (FWHM) at the position of the
chopper. The standard deviation og of the Gaussian is velocity
dependent due to the dispersion of the neutron pulse as it
travels along the flight path 5o = 0.455 m,

1 v?
V8In2s0/t

To calculate the deconvolution factors D(v) for our exper-
imental data sets [y and 1(d,,) [see Eq. (3)], we first convolved
both the known unperturbed neutron spectrum Iy = M (v) of
the neutron source and the calculated neutron spectrum behind
the sample, I(d,) = ILT"™(v), with G(v) the Gaussian reso-
lution function. The scattering cross section oy = Ogcq fOr
calculating 7% (v) was taken from the calculation model [18]
(see Fig. 2).

The convolution factors C(v) reproduce the effect of the
convolution on both spectra Iy and /(d,), and depend on the

&)

og(v) =

200 T T I I
= lig. oD,, 19.3K
180 P =
model for 19.3 K
. * lig. oD,, 20.5 K
160 il model for 20.5K ||
Wl | 4 lig. oD,, 22.0K
140 [ model for 22.0K [T]
0 Eﬂ lig. oD,, 23.0 K
120 i model for 23.0 K [
PSI12005, 19K [

Ggcat PET D, molecule (barn)
5]
o
o

80 iy
60
=
40 |
20
0 | |
5 6 7 8 9 10 11 12 13 14 15

Neutron velocity in medium v, (m/s)

FIG. 2. Experimental data points (solid colored symbols) for the
scattering cross sections of liquid ortho-deuterium at various tem-
peratures. The theoretical model by Doge er al. [18] was calculated
for the same temperatures as in this experiment using copno = 0.972
(solid colored lines) and the self-diffusion coefficient for liquid deu-
terium from O’Reilly and Peterson [39]. The temperature uncertainty
in the experiment was AT = £0.25 K. The fotal cross-section data
from Atchison et al. [15] are shown for comparison (PSI 2005,
yellow stars) and match both our measured data and the calcula-
tion model well. Our scattering cross sections were corrected for
absorption on H, and D5, and the Atchison et al. data were not. This
correction falls within the error bars and is thus negligible.

neutron velocity. They are defined as

[M ()T ()] * G(v) ger [M()T"(v)]

_— = th
Mo <G W Ty S Cwr (v()6.)

Since the convolution has a slightly different effect on I
and I(d,) = IyT™(v), the transmission T is changed by the
convolution as well.

Now we can apply the inverse of the convolution factors
C(v), namely the deconvolution factor D(v) = C~!(v), to
deconvolve the measured spectra and retrieve the corrected
transmission,

1(d,)
D(v) i(.)

=T(v). @)

D(v) is a smooth function with D = 1 around v = 8 m/s, the
maximum of the incoming neutron spectrum. The corrected
transmission 7 (v) enters into Eq. (2), from which oy is cal-
culated.

In the case of our experiment, the total cross sections of
neutrons with a velocity below 9.5 m/s are virtually unaf-
fected by the deconvolution, changing them only by 1% or
less. For neutron velocities between 10 and 15 m/s, the de-
convolution suppresses oy, from 2% to 15%, respectively, due
to the large velocity uncertainty as shown by Eq. (5).

After deconvolution and calculation of oy, the re-
sults were corrected for absorption by deuterium [o,,sp =
2.28/v(bm/s)] [37] and hydrogen impurities (0abs ) in the
sample to obtain oy.,. Details are described in Ref. [34].
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B. Experimental results of scattering
cross-section measurements

The UCN scattering cross sections oyeae Of liquid ortho-
deuterium (coppno = 0.972) for the temperatures 19.3, 20.5,
22.0, and 23.0 K, corrected for absorption in the medium and
for reflection at the sample interfaces, are shown in Fig. 2.
They include quasielastic contributions arising from the heat
conductivity and particle diffusion, as well as one-phonon
up-scattering in ortho-deuterium (ogg). Contributions from
para-deuterium impurities, which play a negligible role due to
the low para-D, concentration, are quasielastic and inelastic
scattering (o7;) as well as up-scattering due to the rotational
relaxation of para-deuterium (oo). The scattering cross sec-
tions obtained from the measurement and after corrections are
composed of the following constituents,

Oscart(V) = Cortho X 000(V) + Cpara X [011(V) + 010(V)], (8)

where Cortho and cpqra are the ortho- and para-deuterium con-
centrations in the sample and oy, the deuterium molecular
scattering cross sections for the respective rotational states
of the deuterium molecule before (J) and after scattering
(J") [18,38].

C. Comparison with model calculations and previous
experimental results

The experimental data presented in Fig. 2 agree very well
with the values obtained for the same four temperatures using
for the double-differential scattering cross section d*o /d QdE
the calculation model published by Doge et al. [18]. It calcu-
lates the coherent and incoherent scattering contributions in
full according to

dza 1 kf coh inc
1OdE = E;[O‘ X Scoh(q, ) + 0™ X Sinc(q, w)],
’ ©)

where k; is the wave vector of the incoming neutron, k¢ that of
the scattered neutron, o™ are the coherent and incoherent
molecular scattering cross sections, and Scon,inc (g, @) are the
coherent and incoherent scattering laws, respectively.

Both experimental and calculated scattering cross sec-
tions are inversely proportional to the neutron’s velocity.

It must be noted that instead of the self-diffusion coefficient
based on unpublished data, which was used in Ref. [18],
now the experimentally determined values from O’Reilly
and Peterson [39] were used in this model. Quantum cen-
troid molecular dynamics simulations by Guarini et al. [25]
confirm these values, e.g., D, = 3.5 x 107> cm?/s [26] and
D, = (3.7+£0.4) x 107 cmz/s [39], both for T = 20 K. The
values of the other thermophysical properties of deuterium,
upon which the calculation model relies, were taken from
Souers [40].

The experimental data on liquid deuterium published here
should be considered an improvement of the experimental
data published in Refs. [18,41], which showed a large tem-
perature gradient across the sample container and were, in
retrospect, probably taken at a higher temperature than the
average between the two measurement points in the sample
container.

Our scattering cross sections shown in Fig. 2 were cor-
rected for absorption on H, and D, and the Atchison ef al.
data (PSI 2005) were not. This correction falls within the error
bars and does not impair the comparability of both data sets.

V. DISCUSSION

Considering the high degree of agreement between the
experimentally measured scattering cross sections and the cal-
culated ones at four different temperatures covering the entire
liquid phase of deuterium, we can confidently say that our
calculation model proved accurate. The agreement between
our data for 19.3 K (taken in a sample container with low-
roughness windows) and the data from Atchison et al. for 19 K
(taken in a sample container with machined aluminum win-
dows that had a high surface roughness) implies that sample
containers with rough surfaces cause only negligible errors in
the measurement of liquid samples. This is in stark contrast
with their adverse effect on solid samples [34].

In our previous paper on liquid deuterium [18], we con-
cluded that the incoherent approximation [42] was valid for
ultracold-neutron scattering in liquid deuterium. After recal-
culating the scattering model from Ref. [18] for both coherent
and incoherent scattering contributions [see Eq. (9)], using the
diffusion coefficient from O’Reilly and Peterson, we cannot
uphold this conclusion. In fact, the incoherent approximation
overestimates the scattering cross sections of ortho-deuterium
by a factor of 3 and that of para-deuterium by a factor of 4
over the entire temperature range of the liquid phase. These
factors are comparable to the overestimation that the incoher-
ent approximation delivers for ultracold-neutron scattering in
solid ortho-deuterium [43].

VI. CONCLUSION

We have provided experimental scattering cross-
section data of liquid ortho-deuterium for ultracold neutrons
(UCNs) at four different temperatures. Our results for
19.3 K are very similar to those obtained by Atchison ef al. at
19 K [15]. This implies that sample containers with rough sur-
faces cause only negligible errors when measuring liquid sam-
ples, whereas they have detrimental effects on solid samples.

Furthermore, our experimental data show a high degree of
agreement with—and therefore confirm—a calculation model
published by Doge et al. [18], which has no free parameters
and uses only the material properties of deuterium. One key
variable in this calculation model is the self-diffusion constant
of liquid deuterium, for which we took the measured value
from O’Reilly and Peterson [39]. This value was confirmed by
quantum centroid molecular dynamics simulations by Guarini
et al. [25].

Both experimental and calculated scattering cross sec-
tions are inversely proportional to the neutron’s velocity.

We conclude that the calculation model of Doge et al. is
suitable for calculating the scattering cross sections of liquid
deuterium in the ultracold and very cold-neutron ranges for ar-
bitrary ortho and para concentrations, and for all temperatures
of the liquid phase of deuterium. It can, therefore, be used
to model scattering kernels S(«, 8) closer to the underlying
physics of liquid deuterium and to extend existing kernels,
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e.g., from Bernnat [44], to the low-energy UCN range. In
addition, we have shown that, applying scattering kernels,
the incoherent approximation cannot be used to calculate the
coherent scattering cross sections in the UCN range.

The oft applied simplification called the incoherent ap-
proximation, which neglects interference effects in the
neutron-scattering process, overestimates the ultracold-
neutron-scattering cross sections of liquid deuterium by a
factor of 3—4. This is in line with our previous calculations
and experiments on solid deuterium [34,43].
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