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Ultracold neutron upscattering rates in a molecular deuterium crystal
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A calculation of ultracold neutroUUCN) upscattering rates in molecular deuterium solids has been carried
out, taking into account intramolecular excitations and phonons. The different molecular specieB ortho-
(with even rotational quantum numb&rand parab, (with oddJ) exhibit significantly different UCN-phonon
annihilation cross sections. Para- to orfbg-conversion, furthermore, couples UCN to an energy bath of
excited rotational states without mediating phonons. This anomalous upscattering mechanism restricts the
UCN lifetime to 4.6 msec in a norm&-, solid with 33% para content.

The low density of ultracold neutrondJCN) available termolecular degrees of freedom. The derived double-
using conventional cold moderators at nuclear reactors hadifferential cross section in which the interference term is
long been the main constraint in the pursuit of high-precisiomeglected has the form, for UCN with incident wave number
measurements of neutrghdecay with UCN! To pursue the k and final wave numbek’,
possibility of utilizing this simple hadronic system for tests 5 )
of weak interaction theories, Golub and PendleByyo- 470 1 k' (= At (g Je KON
posed a way to increase UCN production through the exdQde 27% k J ..~ 4 (dule € Pit)Trans
change of energy between a cold neutron bathﬂjnd the
phonons in certain cold moderators such as superfidil ) i(Eyr —E /A
with large neutron-scattering cross sections and small neu- X; PJS? Syy(2d7+ e
tron absorption cross sections. Superthermal UCN sources
exploit the characteristics of low temperature substances, in ginot [ 32,2 \n I+
which a large number of phonon modes are available for (m) 2 |Anl?

. . D w 11—
neutron downscattering, while the number of phonons 2 I=3"=J]
present which can upscatter UCN is suppressed. Ideally, the X C2(3J'1;00), (1)
density of UCN produced in such a source is limited either
by nuclear absorption in the moderator as is the case for soliwheref « is the momentum transfer of the scattered neutron,
deuterium, or the neutron lifetime itself as is the case forP;s is the population of the initial molecular state with a
superfluid*He. total nuclear spinS and rotational quantum numbédy E;

A solid D, UCN superthermal souréés under develop- =7 meVXJ(J+1)/2 is the rotational spectrunt,w is the
ment at the Los Alamos Neutron Science Center. Preliminarjntermolecular vibrational energy with characterizing the
estimate$ promise gains in the available UCN density asnumber of vibrational energy quanta, a@¢JJ’l;00) is a
high as two orders of magnitude over existing UCN facili- Clebsh-Gordon coefficiens, is defined as an integral over
ties. To characterize its performance, calculations of esserihe orientation of a molecule, i.e.,
tial physical parameters, such as scattering cross sections, s o
UCN residence time, etc., with more detailed and accurate A _fl duw” _ Tk n Ikap
models than those presently available are in increasing de- ey HpEX 4Mp 2
mand. In this paper, we demonstrate that the presence of ?
even very small concentrations of pdba-(with total nuclear ~ with a=0.74 A, the equilibrium separation distance of the
spin 1) can dominate the UCN upscattering rate, overwhelm-D-D bond, u the cosine of the inclination angle of the mo-
ing the usual phonon annihilation mechanism. This results ifecular axis from the axis of a reference Euclidean coordi-
greatly reduced UCN lifetimes in the solid and orders ofnate system, an®, the Legendre polynomial of ordér
magnitude reductions in the achievable UCN density. The input paramete®;;: (in units of barngin Eq. (1) for

The deuterium molecule is a two-body system with thetransitions between different rotational states is deduced and
guantum properties of identical bosons. Its nuclear-spidisted in Table I. Note here that only the incoherent scattering
wave function couples to molecular rotational states with thdengtha;,. of a bound nuclide contributes to the ortieven
same parity to preserve the symmetry of the wave functiod)/para-(odd J) conversion.
under permutation of identical particles. Young and Koppel In aD, solid, the populations of the eveh(ortho- statg
calculated the neutron-scattering cross section of this moand the odd) (para- stateare typically determined by the
lecular system, taking into consideration induced transition®rtho-/para- population of the gas phase before Bheis
between molecular rotational and vibrational states. In theifrozen into the solid. The selfconversion between these two
formulation, an incoherent approximation was used andpecies in the solid phase into a thermal Boltzman distribu-
translational coordinates were assumed to commute with irtion is extremely slow compared with the time scale of ex-

X [
=0 n!

Pi(w), (2
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TABLE I. Intrinsic scattering cross sectiofs; associated with 10? r . . r
different rotational transitiongRef. 6).

s i T i e S e e el Rt o

Sy EvenJ (ortho-) OddJ (para)
J =1 — 0 Relaxation
Even)'  aZ,+5/8a2.=6.687/4r 3/4a .= 1.530/4m o
OddJ’ 3/8a2,.=0.765/4r a2+ 1/4a2 .= 6.102/47

periment. For example, a room-temperature equilibriDm
is a mixture of 67% orth@, and 33% pard,. The con-
version rate in the solid is measured to be 0.06%a#quir-
ing about seven months to reduce the para- content to 1.65%3
from 33%. On the other hand, relaxation to thermal distribu- =
tions is rapid among ortho- and para- species themselves
Consequently, in low-temperature circumstances relevant tc -
superthermal solid deuterium sourde<(20 K), only ground
states(J=0 for ortho-;J=1 for para) are present.

In the case of neutrons scattered off a |ow-temperature FIG. 1. UCN upscattering Cross section vs temperature of solid
crystal with well-defined lattice structures, harmonic solidD2- The one-phonon annihilation cross section in an ofhcsolid
correlation functions should be applied to the translationafSelid curve and in a pardd, solid (dashed curveare plotted. The
part of Eq.(1). Following the standard treatment of lattice _dashed-dagger line is the temperature independent UCN upscatter-

o

upscattering cross section(barn)
=

L
4 6 8

10 12
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dynamics® we perform a phonon expansion gr?o:(;ﬁzsinS:C;:l)rr;}ln:c?lli\g.ngJ:lHO relaxation not coupled to
(exp{—ixr texplixfy ()} rrans The rate of loss of UCN in the solid is
=exp{—2W(K)}exp[<Ku|Ku,,(t))}, Pucn=Wii IV= pyued o100 uer?' - (5
=exp{— 2W(x)H 1+ {xu xu;, (1)) Here p' is the density of par®,, taken to be 3

5 X 10?cm™3 The corresponding upscattering time, of
+O((kuxu (1)%)]- UCN in a pure pard>, molecular solid is therefore
An overall Debye-Waller factor is extracted in front, and
only the first two terms are left for discussion, yielding the = =15 msec.
zero- and one-phonon exchange processes, respectively. 710V uen

Unlike conventional applications of elastic solid correla- For normalb, which retains the room temperature equilib-
tion functions, the first term in the phonon expansigero-  rium ortho-/para- ratio, the upscattering time due to the spin
phonon term coupled to molecular internal energy states notrelaxation of para- species is 4.6 msec!
only gives rise to UCN energy transitidmainly upscatter- To estimate the phonon upscattering rates, we approxi-
ing), but overwhelms any phonon contributions when paramate theSD, hcp/fcc lattice as a cubic lattice to simplify the
D, is present. The conversion of para- into ortho- moleculesreatment of polarization anisotropies. The expression of the
provides direct energy transfer to UCN. This scattering crosincoherent double-differential cross section involving one-
section without phonon couplings has the simple form: phonon exchange is

0 phonon ’ 2 1 phonon v 22 2

(d‘f) ’ :§a.2 Le—zww[q"{ ( il ) T e 2WIg, (23" +1)

Ka)CZ 101:0
> (101;00 |,

a0 11 A7k dQdE'/; |, k 2Mp,
(3) fLKZ n1
where j;(xal/2) is a spherical Bessel function of ordef 1. in: 2Mp w) n!
The increase of the neutron momentum is definite, i.e., 2
J'+]
k'=\2m,AE, (/. (4) X 2 |Ay*C?(33'1;00)
=13 —
A conversion energyAE;, of 7 meV givesk’ a value of v _
1.84x10'°°m™%. The momentum transfet can be well ap- Z(Epp [N(Epp+1 if Ejp>=0
proximated byk’ for UCN(K'>k =1.27x1f m™1), and X Epn N(Epn  if Epp<0,
the above differential cross section is isotropic, making the
integration of Eq(3) straightforward. A Debye-Waller factor (6)

originating from the uncertainty of positions of lattice siteswhere the energy of phonoBg,=e+AE(J'—J)+nto,
reduces the amplitude by a factor of 0.76. The temperatureomplying with the law of conservation of energy. Positive
independerit total cross section of UCN upscatteringgis  and negative values &, correspond to single phonon cre-
calculated to be 31 b. This is at least of an order of magniation and annihilation, respectivelf(E) represents the nor-
tude larger than the phonon annihilation cross section in a #alized phonon density of states, an¢E) the occupation

K solid. number of phonons with enerdy.
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With a simple Debye model, in which pling to the phonon field, as opposed to the zero-phonon
term.
3E2 In summary, paradeuterium has a spin-relaxation channel
Z(E) (7)  in which its conversion energy of 7 meV can be released to

:—3,
(ksTo) UCN, resulting in a temperature-independent short UCN

and the Debye temperatuf, (110 K for D2) is the only lifetime of 4.6 msec in a normdd-, solid. Elimination of the
parameter, a double integration of E6) with initial energy parab, is necessary to achieve UCN lifetimes comparable

of UCN (see Fig. 1 reproduces the upscattering cross sec{0 the nuclear absorption time in soli, .

tions in orthodeuterium calculated by Yu, Malik, and Gofub, W€ th?vehllngplerr}[entei a crhyodgen!g p?:rac—)lgo ortho-
in whose treatment rotational transitions were not consid®C"Verer which contains ferric-nyaroxiae, ¢OH), pow-

. _ . der as a catalyst. After flowing through the converter in
ered. In an orth®, solid, theJ=0-0 process dominates which the catalyst is held at 17 K, th2, gas is converted

the upscattering. Even though the-0— 1 transition is en- redominantly to the groundortho) state. The residual
ergetically allowed through coupling to a phonon, the cros ara- contamination was measured to bé LA0R% by
section is kinematically suppressed by the relatively smalle erforming rotational Raman spectroscopy on the converted
final phase space of upscattered neutrons. Parhas a dis- D, at room temperatur. Using this refined, gas to pre-
tinguishably larger one-phonon annihilation cross section, .« o solid UCN source. we have measured a prolonged
than the ortho- species. The origin of difference is agai CN lifetime in thisD, soli(;I and an enhanced UCN produc-
related to theJ=1—0 relaxation channel. This provides tion, both in agreement with predicted values.

UCN with additional energy to scatter into a larger volume

of phase space, and secondly, it couples UCN to high-energy The authors wish to acknowledge the generous support of
phonons with large density of states, and is thus less rethe National Science Foundation through Grant No. NSF-
stricted by the availability of phonon modes than thel 9807133 and the Department of Energy through LDRD-
—1 process. However, it is still suppressed by its small cou8K23-XAKJ funds.
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