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Ultracold Neutron Production and Storage in Superfluid ‘He

Yutaka ABE* and Nobuhiro MORISHIMA

Department of Nuclear Engineering, Kyoto University, Kyoto 606-8501, Japan

A cross-section model for neutron scattering in liquid *He at temperatures down to 0.1 K is
developed, in which some fundamental excitations in superfluid and normal *He are described in
terms of phonon-roton (quasiparticle) excitation at temperatures below 2.17 K, density(sound)
one at all temperatures up to 4.2 K and recoil scattering from a free *He atom for high incident
energies of a neutron. The cross-section model is analyzed quantitatively by comparison with
experimental results, both double-differential and total, for many different values of temperature
and neutron energy. Scattering cross-sections in the vicinity of 1 meV for temperatures below 1
K are calculated to estimate ultracold neutron production, since a 1 meV neutron can exchange
its energy and momentum entirely with those of a created phonon in liquid *He. Furthermore it
is shown that lowering temperature below about 0.5 K significantly suppresses upscattering of
an ultracold neutron due to phonon absorption and hence results in disappearance of an ultra-
cold neutron by neutron [-decay only. Consequently the number density of ultracold neutrons
attainable at 0.1 K is determined in the case of no significant upscattering and no wall loss.
For instance, it is estimated to be 4.2x10* cm™® with neutron energies below 0.335 peV for an

incident neutron flux of 1.9x10° cm~2s 'meV ™! at 1 meV.
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Introduction

§1.

Ultracold neutrons(UCNSs) are defined to be neutrons
with energies of the order of 0.1 peV or less, i.e. in
neutron velocity below about 5 m/s. Such a neutron can
undergo total reflection at material surface: for instance,
8Ni has an effective UCN potential of 0.335 ueV. Hence
UCNSs can be accumulated and stored in a closed metallic
bottle until they disappear by neutron [-decay with a
lifetime of 887.6 s.!) This may provide a new research
field such as fundamental physics studies of neutron -
decay and electric dipole moment, UCN scattering from
condensed matters and relevant new technologies.?)

For this purpose, it is necessary to produce UCNs as
many as possible. Various methods of UCN production
have been developed and applied by means of the follow-
ing concepts: for instance,®) deceleration by the gravity,
down-scattering in a cryogenic moderator and use of a
mechanical neutron turbine. Among these, use of pure
superfluid “He at temperatures 7' lower than 1 K has
been expected to be most promising. The idea is that
1 meV neutrons may be down scattered into UCNs by
creating phonons in liquid *He, since there are some ad-
vantages of a rigorously zero absorption cross section,
a well-defined phonon-roton dispersion relation and no
significant upscattering of UCNs at lower T'. A number
of papers on this subject have been published: for in-
stance, the possibility of a strong UCN source®) and the
application of UCN storage in a vessel for experiments
in fundamental physics.?)

The purpose of the present paper is to study theoreti-
cally the UCN production and storage in superfluid *He.
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A cross-section model for neutron scattering in liquid *He
at any T down to 0.1 K® is fully utilized. A discussion
is centered on the UCN production by down-scattering
of a 1 meV cold neutron and the maximum density of
UCNs to be expected at low T'.

§2. Cross Section Model

Neutron scattering in liquid *He at all T' between 0.1
and 4.2 K has been recently described in terms of a cross-
section model.®) It is based on the following experimen-
tal results.”® At low momentum transfer £ below 0.8
A-1, a dynamic structure factor S(k,w) shows a sharp
peak which broadens with increasing 7" but remains well-
defined above T\=2.17 K. The peak position persists at
almost the same energy for 7' below and above T). At
higher & up to about 3.6 A~!, S(k,w) at T < T\ has a
sharp peak plus a broad component. As T increases, the
magnitude of the peak is reduced rapidly until it van-
ishes at T. The broad one still exists above T’ as being
nearly independent of 7.

The above experimental findings may be interpreted
microscopically in terms of a model consisting of two
kinds of excitations:?) a density-mode excitation re-
lated a non-condensate component and a quasiparticle
(phonon-roton) excitation due to a condensate compo-
nent. In superfluid “He, the density and quasiparticle
excitations are strongly coupled through the Bose con-
densate, which leads to a common phonon-roton disper-
sion curve with an energy hwgr(k). At low k, the sharp
excitation arises from a collective density mode among all
the atoms lying in and above the condensate. At higher
k, the sharp peak in S(k,w) comes from the quasiparticle
excitation while the broad one from the density mode.
These two excitations are coupled through the Bose con-
densate fraction A(T) = 0.1{1 — (T/T»)*/?} for T < T\
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and =0 for T > T).%
Consequently the double-differential cross section for
neutron scattering in liquid *He is expressed as

d20' 32 k
T = b E[A(T)S(n)sc,s(n,w)

+{1 - A(T)}S(K)Sn,s(k,w)] (1)

where b is the scattering length of a bound *He atom,
k and ko are, respectively, the wave numbers for scat-
tered and incident neutron, S(x) is the static structure
factor,'®) and Sx s(k,w) (X = C,N) are the dynamic
structure factors for a condensate(X = C) and a non-
condensate(X = N) component. Each of Sx s(k,w) is
further expressed by the sum of down- and up-scattering
processes to take into account of the above-mentioned
excitations. The cross-section model has been found to
be in satisfactory agreement with experimental results,
both double-differential”>'!) and total,®'?) for many dif-
ferent values of temperature and neutron incident energy.

§3. Ultracold Neutron Production

For a specific down-scattering for an incident neutron
energy Fop ~ 1 meV and T < 1 K, Eq.(1) is reduced to

d’c

k 1
——— = b2 =8(k)A(T)—exp[q?ac — hw't /2kpT
dEdQ b k() ( ) ( )7'lhe [q ¢ /2 ]

o

1

k
+ bzk—OS(n){l - A(T)}ﬁ

o
(w+)2 + (q2a)2 IN (2)

where ¢2 = k2{1/S(k) — hwgr(k)/(h*k%/2m)}, wt =
—w + wg(k), and ¢ = am/kgT with the mass m of a
4He atom. The general explicit expression for Eq.(1) to-
gether with all the definitions of model parameters such
as a are given in ref.6.

Equation (2) indicates two excitations by condensate
and non-condensate components and both are peaked
when wt = 0, i.e. at an energy transfer hw equal
to hwg(k). This condition is satisfied at the intersec-
tion of hwr(k)® and a free neutron dispersion curve as
Eo = h*k2/2m, which is shown in Fig.1. It can be seen
from Fig.1 that only a 1 meV neutron can meet with the
condition to be able to exchange its energy and momen-
tum entirely with those of a created phonon. Further-
more, lowering 7" leads to smaller value of phonon width
2¢%a,?) thus producing stronger UCNs. This is signif-
icant in the condensate component rather than in the
non-condensate one, since the former has much longer
lifetime of a phonon(i.e. smaller width 2¢%a). Conse-
quently it follows that superfluidity at low 7' plays an
essential role in producing UCNs.

The inelastic scattering processes in liquid “He at 1 K
are shown in Fig.2 for Ey= 1.03 meV and 0.1 peV. The
former indicates an UCN production at hAw= 1.03 meV
and k= 0.704 A~!, while the latter shows an inverse pro-
cess as upscattering of an UCN into a cold neutron. As
has been recognized,”) lowering T' reduces the number

X exp [qzac - hw"'/ZkBT]

I')isperlsion 'Curvé
for liquid “He

Down-scattering

Dispersion curve
for a free neutron

Energy Transfer (meV)
<)

1k -, .

Up-scattering ™, .

I 1 1 Y1 1 I 1

.5
Wave Number (A‘l)

Fig.1. Dispersion curves for liquid *He and a free neutron, to-
gether with the regions covered by the laws of energy-momentum
for neutron incident energies Eg= 1 meV, 0.3 meV and 0.1 peV.

of phonons in liquid *He, thus resulting in no signifi-
cant UCN upscattering. This is clearly shown in Fig.3 in
terms of total scattering cross sections at many different
temperatures.’ 12 Also shown in Fig.3 is an effective ab-
sorption cross section due to the neutron [-decay with
a lifetime of 75= 887.6 s.!) It is obvious that lowering T
below 0.8 K results in much less(or negligible) upscatter-
ing of UCNs. Namely there is a possibility to obtain a
high density of UCNs.
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Fig.2. Inelastic scattering in liquid “He at 1 K for Eo= 1.03
meV(top) and 0.1 peV(bottom).
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Fig.3. Total scattering cross sections os(Fo) of liquid 4He and
absorption cross section due to neutron S-decay.

Figure 4 shows a total cross section of UCN production
defined by

o dQU(EO =¥ E’ ll')

ou(Eo) = dE | d}——————
u(Eo) /0 L JEdQ 3)
where Ey= 0.335 peV is taken. As T is decreased,
the peak magnitude of oy (Fp) increases, but the peak
area given by an integral of oy (Ep) with respect to Ep
around 1 meV remains almost constant. For instance,
it is 1.17x10~¢ b-meV/atom at 0.1 K where o4(FEy)=
3.48x10~2 b/atom and oy (Ep)= 5.45x107° b/atom at
Ey= 1.03 meV. It follows from this that an UCN pro-
duction is an extremely rare event with a mean free path

of about 5 km in liquid “He at 0.1 K.
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Fig.4. Total scattering cross sections oy (Fo) of UCN production
for liquid 4He at 0.1, 0.5, 1.0 and 1.5 K.

§4. Ultracold Neutron Storage

The maximum UCN density to be expected may be
evaluated as follows. Assuming that an UCN disappears
only by neutron S-decay, not by UCN loss due to upscat-
tering with a phonon, leakage from a liquid *He system

and absorption by impurities, then it is possible to de-
termine the energy spectrum p(E) of UCNs:

d2U(E0 - E’ /J')
dEdS)

where ¢(Ep) is the energy spectrum of incident neu-
trons and N is the number density of He with 2.2x10%2
cm~% at 0.1 K. Hence the total UCN density py is given
by pu = fOE” p(E)dE. 1t is estimated to be 4.2x10%
UCNs/cm? at 0.1 K for ¢o= 1.9x10° cm?s~'meV~! at 1
meV (total ¢g of 1.0x10'° cm?2s~! ).13) This magnitude is
about 500 times larger than the experimentally achieved
one of about 90 UCNs/cm?® at ILL.?)

%p(E) = / dEog(Eo) | dNo )

§5. Concluding Remarks

Production and storage of UCNs in superfluid *He
have been discussed physically and quantitatively. The
discussion is based on the cross-section model which has
been recently developed for liquid “He at any tempera-
tures down to 0.1 K. The results thus obtained are clear
and easy to understand since a concept of a single down-
scattering of a 1 meV neutron into an UCN is used.

In the actual development of a superthermal source
based on superfluid *He, such a limited situation may
not be expected. For this, the following studies are now
in progress: generation of a basic data library as group-
constant sets at many different 7', a multigroup neutron
transport analysis to estimate a maximum UCN density -
in the source, enhancement of an UCN density by an
appropriate cryogenic moderator/reflector such as liquid
Dy and a possibility of magnetic confinement of more
UCNs. These results will be reported in the near future.
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