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Abstract — Our recent neutron scattering measurements of phonons and magnons in solid
a-oxygen have led us to a new understanding of the production mechanism of ultra-cold neutrons
(UCN) in this super-thermal converter. The UCN production in solid a-oxygen is dominated
by the excitation of phonons. The contribution of magnons to UCN production becomes only
slightly important above £ > 10meV and at '~ 4 meV. Solid a-oxygen is in comparison to solid
deuterium less efficient in the down-scattering of thermal or cold neutrons into the UCN energy
regime. Nevertheless, the lower efficiency might be compensated by the larger mean free-path of

UCN in oxygen with respect to deuterium.

Copyright @ EPLA, 2011

Introduction. — Ultra-cold neutrons (UCN) are slow
enough (~300neV) to be confined [1] in traps, which can
be formed by materials with a high Fermi potential or
by a magnetic field (60neV/T). They can be kept for
several minutes in the confinement, and thus be inves-
tigated with high precision. UCN are elementary parti-
cles that are extremely well suited for low-energy physics
experiments. These experiments investigate fundamental
problems unsolved within the framework of the Standard
Model [2]. One major experiment is the search for a non-
zero electric dipole moment of the neutron [3] (current
upper limit 2.9-1072%ecm). Another unique experiment
is the precise determination of the lifetime [4] of the free
neutron. This value has an important impact on the theory
of weak interactions [4,5].

Powerful UCN sources are needed for the experiments
mentioned above in order to minimize the statistical
errors, and different groups [6-9] are working on the devel-
opment of strong UCN sources, based on solid deuterium
(sD2) as a converter for down-scattering of thermal or
sub-thermal neutrons into the UCN energy region. Solid
oxygen could be a valuable alternative when grown in
the a-phase (a-sOgz). Solid a-sOz has a 2-dimensional
antiferromagnetic structure [10], which exhibits, in addi-
tion to phonons spin wave excitations (magnons). This
supplementary magnetic scattering of neutrons, consid-
ered for the first time by Liu and Young [11], might be

(2) B-mail: egutsmie@e18.physik.tu-muenchen.de

a strong down-conversion channel, which would enhance
the production of UCN. The achievable density of UCN in
such a converter is described by

(1)

where Pyon (cm™3s71) is the production rate of UCN
and 7 is the lifetime of UCN inside the converter. The
lifetime 7 of UCN in a-sO; is expected to be long (7=~
375ms at T'< 2K [11]) compared to UCN lifetimes in solid
ortho-deuterium (7 ~20-30ms at 7'< 8K [12]). A direct
comparison of both converters, based on thermal and cold
neutron scattering data, is shown in fig. 1. On the energy
loss side (UCN production) sDs outperforms a-sOs. This
finding will be discussed more precisely further down in
this paper. The cross-section of a-sO2 on the energy gain
side (UCN up-scattering) is very small compared to sDs.
This result is maybe a first confirmation of long lifetimes
of UCN in a-sOs, which leads to large mean free paths for
UCN in the crystal.

Different groups [13-15] performed experiments
concerning UCN production in such a converter. Their
results are inconclusive and are a challenge to investigate
a-sOs further. It seems that preparation of this cryo-solid
is crucial [16]. Density inhomogeneities in a-sO, crystals
may have an influence on the mean free path of the UCN.
The exact knowledge of the inelastic scattering channels
(energy loss and gain), deduced from neutron scattering
data, in solid a-Os is therefore very important.

pvcn = Pycon T,
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Fig. 1: do/dE of a-sOz at T'=5K and solid deuterium [28] at
T=TK.

Experimental results. — We have measured the
phonon/magnon system in a-sO2 by neutron time-of-flight
(TOF) measurements at the IN4 spectrometer (Institute
Laue-Langevin Grenoble —ILL). Thermal neutrons with
an energy of Fy=16.7meV were used to determine the
scattering function S(Q, F) in the range 0-15meV. The
experimental setup (sample cell, gas system and slow
control) was the same as that used in the measurements of
the dynamical neutron scattering function of sDs [17]. We
used oxygen gas with a purity >99.999%. Our measure-
ments were performed without any external magnetic
field. The a-sO, crystals were prepared from liquid via
the v- and (-phase [18]. The phase transition v to 3
at T'=43.8K at vapor pressure was done in our experi-
ments very slowly (10mK/h) in order to get optical semi-
transparent crystals. This procedure was developed in
another experiment, performed in a special cryostat [16],
which allowed us to watch the crystal growth by optical
inspection through quartz windows.

The cross-section do/dE of a-sOg, the measured scat-
tering function Syt (@, E) and the generalized density of
states GDOS(F) are shown in figs. 1-3. Theoretical calcu-
lations [10,11,19] predict magnetic excitations in a broad
energy band (E ~1-20meV). At £ ~10meV a dominant
delta-function—like peak should show up in the density
of states (DOS) (see fig. 3 in [10]). This dominant peak
sits on a broad distribution of states. The exact shape of
this distribution is determined by values of the magnetic
interaction parameters in a-sO5. The magnon dispersions
(acoustic and optic modes) possess an offset at @ =0 A1
Liu and Young [11] calculated a model scattering function
S(Q, E), which includes magnon-neutron scattering. Their
scattering model shows significant scattering by magnons
only at low @ values (Q <1 A*I) on the energy loss side
and thus they do not fall completely into the observa-
tional window of our experiment (see fig. 2). Magnon
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Fig. 2: S(Q, E) (arbitrary units) of a-sO; at T'=5K. Data
from IN4 measurements. Black parabola: dispersion of the free
neutron.
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Fig. 3: Generalized density of states GDOS(E) of a-sO3 at 5K
(0), 12K (A), 19K (O). Data from IN4 measurements. GDOS
is normalized to [;° GDOS(E)-dE =1.

excitations at small Q values (Q— 0A~1) [18,19] could
in principle contribute to UCN production in a-sOs. On
the other hand, the results of Liu and Young are based
on model input parameters affected by significant uncer-
tainties. For completeness it would certainly be interesting
to extend inelastic neutron scattering experiments to that
low-@ region, or perform direct UCN production experi-
ments with long-wavelength cold neutrons (s < 40K).
The free-neutron parabola crosses this low-@Q region only
at energies smaller than E'=2meV. It seems unlikely that
the foreseen magnetic excitations can provide a significant
contributions to UCN production, because the density of
states for such magnons is quite small [10,20] for energies
smaller than F =2meV. The cross-section do/dE (see
fig. 1) on the side of energy gain shows only up-scattering
close to E=0 (elastic peak). The up-scattering seen in
our data is very likely due to phonons. This experimental
observation should induce a large mean free path (A, fp)
of UCN in a-sOs, as predicted by Liu and Young [11].

62001-p2
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Neutron scattering by solid oxygen is purely coherent and
mostly elastic with o¢; /00t ~ 0.84, as deduced from our
neutron scattering data (see fig. 2). The elastic Bragg
peaks in fig. 1 are cut out in order to enhance the contrast
for the inelastic scattering in the plot.

The GDOS can be calculated from S(Q, E) [21,22] by
sampling over a large @)-range (neutron energy loss side)
through the equation

GDO&E):<E-Q2'HE7+

The brackets (...)2p denote the average over all accessible
scattering angles 26, while n is the Bose distribution for
the phonons.

The GDOS(E) provides an estimate of the excitation
spectra in the sample [23]. First values of the generalized
density of states (T ~ 4 K and 23 K) were published by [20]
and [24]. Their results show a mixture of phonons, librons
and antiferromagnetic excitations (magnons). The peak at
E~10.5meV at T'=5K in our data is more pronounced
as compared to the result of de Bernabe et al., and
the GDOS at T=10K of [24] is closer to our result at
T =5K. At higher temperatures, however, our GDOS and
that reported [20] shows similar structures. Calculated
contributions of magnons (see fig. 6 in [20]) should appear
at F~5meV and F ~12.5meV, which are not detected
in neither data sets. The magnon peak positions at lower
energies are explained [20] by a decrease of the exchange
constant (see eq. (6) in [20]) with decreasing temperature.
A more detailed analysis of our neutron scattering data
will be presented in a forthcoming paper.

UCN production cross-section. — The measure-
ments in direct UCN production [13-15] experiments
can be problematic, because it is difficult to disentangle
UCN transport properties from UCN production (density
inhomogeneities). These complications can be bypassed by
using thermal or cold neutron scattering data for a direct
determination of the production rate Pyony of UCN in
the converter. The uncertainty of this method is small
compared to direct UCN production measurements. The
experimental findings in our data have therefore an impor-
tant impact on the UCN production in solid oxygen. The
dynamical scattering function of solid oxygen resolved
from our neutron scattering data has to be calibrated to
absolute values. This calibration uses the known value of
the total cross-section for thermal neutron energies:

101(Fo) / 4 [ Lhfs@Bran @)

where kf and E; are the wave vector and the energy of
the scattered neutrons, respectively, while kg is the wave
vector of the incident neutrons. The effective scattering
length b2 =2-b2,; +b2,,, [25] contains a combination
of nuclear (bpyue =5.8fm [26]) and magnetic scattering

(bmag =5.38fm [11]). The dynamical scattering function
can be calculated via

S(Q, E) =t Sdata(Q, E). (4)

The value of the calibration factor x = 1240 is obtained
using eq. (3) and the total cross-section given by oo (Eo =
16.7meV) ~ 47b?, ; = 12.1 barn. The uncertainty of & is
in the order of Ax/k=~0.13. This error was calculated,
using the molecule form factors for nuclear and magnetic
scattering. The uncertainty of x at E=16.7meV was
determined by integrating the form factors over the solid
angle and evaluating the variation of this values for
different energy transfer E € (0-15meV). An additional
uncertainty arises from the contribution of phonon and
magnon excitations not covered by the limited kinematic
range of the experiment (see fig. 2). We estimate a value
of ~ 5% for that uncertainty. The uncertainty of the total
cross-section adds to approximately 18% (linear addition
of uncertainties).

In the case of UCN production the following relations
are valid: By = Fy < Ey; E = FEg— Ef ~ Ey, where Ej is
the initial energy of the neutron before scattering. The
UCN production cross-section can then be determined by
direct integration of the dynamic neutron cross-section
in the kinematic region along the free neutron dispersion
parabola (Ey ~ h2Q?/2m)

B 4,
O'UCN(EO):/O dd(g)U) (5)

The evaluation of the integral (eq. (5)) uses the dynamic

dEy.

scattering function S(Q,E = %k%) at the phase space
points of the neutron parabola. The UCN production
cross-section can therefore be expressed by

o K2
oven(Eo) = I?SS (ko, ko) 3/6?‘” L (6)

The term Ey = %k% is the energy for an incoming
neutron with wave vector kg, whereas oy is the total cross-
section (op = 47rb§ff). The result for oyon (E) is shown in
fig. 4. For comparison the UCN production cross-section
for ortho-sD; is also included in fig. 4.

When determining the upper limit of the integration
we also have to take into account that the UCN will
gain kinetic energy when leaving the converter [27].
UCN produced in sD; gain AFEy~100 neV, while
for a-sOy AFEy ~87 neV. Therefore, the upper limit
of the neutron energy inside the converters was set to
EF*"(a-sO2) =163 neV and Ef}**(ortho-sDy) =150 neV,
respectively. These limits correspond to an upper limit of
Ej}** =250neV outside the converter (Fermi potential of
UCN guide). The calculation of UCN production cross-
section of sDy was performed using recently published
data [28] for sDs.

For a-sO5 the dispersion parabola of the free neutron
crosses a band of dispersive excitations at F ~ 6 meV (see
fig. 2). At this point the UCN production cross-section is
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Fig. 4: UCN production cross-section of a-sO2 () at T=5K
and sD2 (95% ortho concentration) (A) at T'=7K [12]. UCN
energy range 0-150 neV inside the solid D2, UCN energy range
0-163 neV inside the solid a-sO>. Cross-sections determined
by an integration of S(Q, E) along the free dispersion of the
neutron. Data from IN4 measurements.

determined by coherent phonon scattering. Therefore the
major peak (fig. 4) at E~6meV can be identified with
the excitation of phonons (see also [19]). The structures
in the UCN production cross-section at E'~4meV and
E ~10meV are very likely induced by magnetic scattering
(magnons) [20]. The contribution of magnons to the UCN
production cross-section at E ~4meV and 10-12meV is
small compared to the phonon contribution at F ~ 6 meV.
From our data we clearly conclude that the creation of
phonons is the main energy loss channel in the conversion
process of a-sOs. a-sOs possesses a remarkably poorer
capacity of creating UCN by down-scattering of thermal
and sub-thermal neutrons as compared to solid ortho-
deuterium (see fig. 4). This result can be explained by
a larger inelastic cross-section of ortho-sDy (T ~7K)
compared to a-sOy at thermal neutron energies [29]. The
ratio of the two inelastic cross-sections is o;per(ortho-
$D2)/0inei(a-s02) ~ 5.9 at Ey = 16.7meV (see fig. 1). On
the other hand a-sOy should exhibit a large mean free
path for UCN inside the converter as it is predicted by
Liu and Young [11] and also indicated by our data (see
fig. 1). Values up to A, 5p >~ 4m are expected. This opens
the opportunity to construct a large UCN source with
this material. Such a source could defeat a sDy source
due to the small mean free path (several cm [6]) of UCN
in solid deuterium. The analysis of our thermal neutron
scattering data allows basically also the determination of
the UCN up-scattering cross-section. The origin of this
up-scattering is in this case purely inelastic and does not
cover elastic scattering of UCN on density inhomogeneities
in the crystals. This analysis is on-going and will be
presented in a forthcoming paper.

The UCN production rate Pyon(UCN/cm?s) of a-sOq,
which is exposed to a neutron spectrum d®/dE with

8.0x10° ——r —
== OL-SOZ T=5K
ortho-sD2 T=7K
6.0x10°
o
5 4.0x10°
3
=]
o
2.0x10°

0.0

T K]

Fig. 5: Calculated UCN production rate of ortho-sDs at T'=
7K (line) and a-sO2 at T'=5K (dash-dotted line). Both
converters are exposed to a neutron capture flux of ®¢c =

1-10"em=2s71 (Maxwellian shape with effective temperature
T, ~40K).

Maxwellian energy distribution (7, —effective tempera-
ture of the incoming neutron spectrum) can be calculated
by

E’VYLQ/\E
dd (T,
Pyen(T,) = No, / (Tn)

. Ey)dEy.
; dE, oven (Eo)dEy

(7)

No, =2.9-10%2 cm~3 is the particle density of Oy mole-
cules. Figure 5 shows the result for Pycon(T},) for sD2 and
sO2. Contrary to the results published in [11] (optimal
T, = 10-15K) the UCN production rate has a maximum
at T, ~ 40 K. The uncertainty of Pycy is determined by
the error on oyon (Aoyen/oven ~ 0.18).

Conclusion. — In summary, new neutron scattering
data of solid a-oxygen lead to a better understanding
of UCN production in this converter material. The new
results for the UCN production cross-section, resolved
directly from the dynamical scattering function S(Q, E),
show a significant UCN production cross-section for
neutrons with energies at Ey~6meV. Based on the
identification of magnetic and vibrational excitations
presented in Bernabe [20], the leading excitations are
phonons and not magnons. This observation differs
from numerical predictions [11] where contributions of
magnons to the UCN production are assumed to be the
leading process for UCN production in solid a-oxygen.
Assuming energy modes outside the kinematic range
of our scattering law measurements make negligible
contributions to the inelastic scattering cross-section, an
optimized a-sOs UCN source should be exposed to a
cold-neutron flux with an effective neutron temperature
of T, ~ 40K, for which the production rate is maximal.
At this temperature the UCN production rate in a-sOq
is only 22% of the production rate of sDy. A direct

62001-p4
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comparison of a production rate deduced from UCN
measurements [15] (Pyey ~2.2-2.4cm™3- s 1) with
values (Pycy ~3.6cm™3.s7 1) derived from neutron
scattering data for a cold-neutron flux (T, ~40K) of
Geold ~3.2-10°cm ™2 s7! in the sample shows a reason-
able agreement. Finally it is worth mentioning that our
data give some hints that the mean free path of UCN in
solid a-oxygen might be large enough to allow to build
a bigger source, which could compensate the small UCN
production rate (compared to solid deuterium) in this
converter.
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