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The total scattering cross sections for slow neutrons with energies E in the range 300 neV to 3 meV for
gaseous and liquid ortho-2H, have been measured. The cross sections for 2H, gas are found to be in
excellent agreement with both the Hamermesh and Schwinger and the Young and Koppel models. For
liquid 2H2, we confirm the existing experimental data in the cold neutron range and the discrepancy with
the gas models. We find a clear 1/+/E’ dependence at low energies for both states. A simple explanation

for the liquid *H, cross section is offered.
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The first complete treatment of thermal neutron scatter-
ing by the hydrogen molecule was made by Schwinger
and Teller [1] in connection with the experimental deter-
mination of the range and spin dependence of the neutron-
proton interaction. This work was extended by Hamermesh
and Schwinger (HS) [2,3] to the deuterium molecule so
that similar information could be obtained about the
neutron-deuteron interaction. Growing interest in the study
of molecular systems and in neutron scattering led to the
development of the general theoretical treatment of neu-
tron scattering by molecules by Zemach and Glauber [4].
Based on that, Young and Koppel (YK) [5,6] gave a first
fully detailed treatment of the hydrogen molecule valid for
(i) neutrons with energies in the range from the Debye
temperature (about 7 meV) to a few eV, (ii) both 'H, and
H,, and (iii) the gaseous and (with caution) liquid states;
good agreement with the experimental data for 'H, avail-
able at that time [7] was obtained, including cross section
values in the energy region below 7 meV.

A specific interest in the scattering of neutrons by hydro-
gen comes from work to develop cold neutron sources;
experimental measurements for liquid and solid 'H, and
2H2 [8,9] exposed differences between the values for cross
sections measured and those calculated using the YK
model, particularly for neutrons below 4 meV interacting
with ?H, liquid. Several explanations and models [10-15]
have been put forward to explain these discrepancies.

Our interest is the use of solid 2H, for the production of
ultracold neutrons (UCN) [16,17]. We are currently en-

0031-9007/05/94(21)/212502(3)$23.00

212502-1

PACS numbers: 28.20.Cz, 25.40.Dn, 61.12.Ex, 61.25.Em

gaged in an experimental program to measure its neutron
scattering properties extending earlier studies [18-20].
However, given the somewhat uncertain situation regard-
ing scattering from the liquid and the rather small amount
of experimental data available [21], we have included
experiments to measure the cross sections for the scattering
of cold and very cold neutrons (CN and VCN, respectively)
by gaseous and liquid >H,. This Letter presents the mea-
sured cross sections for 2H, gas and liquid and also com-
pares the results with theory to show where discrepancies
arise.

The measurements have been performed using cold
neutrons at the SANS-I instrument [22] of the SINQ fa-
cility at PSI and with VCN and UCN at the PF-2 instru-
ment [23] of the Institute Laue-Langevin (ILL). The total
cross sections have been measured using the transmission
technique

» — Intio/1) 0

pd

where I and [ are the transmitted intensities for the empty
and full sample cells, p is the density, and d is the thickness
of the sample cell. Neutron energy (E) measurements have
been made using velocity selection and time of flight and
converted to in-medium Kinetic energy (E' = E — U, see,
e.g., Ref. [24]), using a Fermi pseudopotential, U, of
88 neV for liquid deuterium [25]. Because of its low
density, refraction can be neglected in the case of gaseous
deuterium (i.e., U = 0 and E' = E even for UCN). The
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experimental setups, data treatment procedures, and the
solid 2H, cross section measurements are described in
detail elsewhere [26,27]. The cryogenic target cell for the
2H2 is the same as used earlier [28].

The 2H2 had a purity of at least 99.95% and was pre-
pared with a high ortho concentration of ¢, = (98.6 =
0.4)% [28]. The para-2H, fraction contributes about 1/v X
(1 —¢,) X 220 b - m/s to the measured cross sections (es-
timated using [29]). The maximum possible H contamina-
tion ¢y = 0.0005 contributes ¢y X 82 b incoherent
scattering and 1/v X ¢y X 730 b - m/s absorption cross
section. These contributions are comparable to the absorp-
tion on deuterons (1/v X 1.1 b - m/s) and negligible (see
measured cross sections below).

The measurements with 2H, gas have been performed at
a temperature of (25.0 = 0.3) K with the target connected
to a (warm) gas tank at a pressure of (1.09 = 0.02) X
10° Pa. The gas density in the target cell is calculated
(using parameters from [30]) to be pg = (1.63 =
0.04) dm?/mol. The measurements with liquid >H, have
been performed at (19.1 = 0.1) K. The liquid *H, density
phq (23.3 = 0.1) cm?/mol was taken from [31] Solid
angle corrections are small and range between 10~2 and
1073. A major experimental uncertainty is the actual target
thickness d, especially with thin target windows, which
bulge. We used windows machined from aluminum alloy
(AIMg;/AA5754) rods to thicknesses of 150-200 pm.
The windows must withstand typically a pressure of
1 atm against vacuum. The nominal target thickness is d =
10 mm for flat windows. In the analysis effective target
thicknesses were used, d = 10 mm for the CN and VCN
data for one set of windows and d = 11.1 mm for the UCN
data taken with another set of windows. The resulting
overlap of the data sets is good; however, we estimate a
common systematic uncertainty of 5%—10% for the target
thickness of the three individual data sets and the corre-
sponding cross section values.

The results of our measurements are displayed in Fig. 1
together with the cross sections calculated with the YK
model [5] and the HS model [3], respectively. Both models
are equivalent over the displayed energy region. For the gas
scattering results, the agreement is remarkable. It corrob-
orates the quantum-mechanical basis for neutron-H, scat-
tering in the center of mass (c.m.) system as well as the
averaging over the Maxwell-Boltzmann spectrum for the
H, gas molecules. In contrast to YK, HS make the thermal
averaging at the last stage of the calculation. At low
energies the cross section tends to a 1/ VE behavior, which
arises from the folding of the roughly constant scattering
cross section in the c.m. system at very low energies [3]
with a Maxwell-Boltzmann distribution [see Eq. (57) in
[3]] and formally finding the limit as E tends to zero [32],
leading to
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FIG. 1. Measured total neutron scattering cross sections per
molecule as a function of the in-medium neutron energy for
gaseous (upper curve) and liquid 2H, (lower curve) at 25 and
19 K, respectively. The data of Seiffert [9] for cold neutrons on
liquid 2H2 are also included. The Hamermesh and Schwinger [3]
and the Young and Koppel [5] models reproduce the measured
cross sections of 2H, in the gas phase. Liquid 2H, below 1 meV
is described with an empirical 1/ VE' function (see text).

with Boltzmann’s constant kg, temperature 7', and the
elastic ground state cross section (J' =0 —J = 0)a3,
which is obtained from averaging the cross section
ol o(E) [see Egs. (52) and (53) in [3]] over a Maxwell-
Boltzmann distribution of the 2H2 molecules. In particular,
oil5,(0) = 17.5 b, and using T = 25 K,

S =16.0b. 3)

Equation (2) may be obtained in a slightly more general
and illuminating way: The cross section in Eq. (1) is an
average over arange of c.m. system velocities coming from
the (singular) incident velocity, v, and the velocity spec-
trum, f(vy,), of the molecules. If we consider the reaction
rate for neutrons with an incident velocity negligibly small
compared to that of the gas, then we can write

00 B d B U
po(v)d = /0 PUova;f(UM)dUM = POo—0 TMd-
“)
Substituting the value for the average velocity of gas for a
Maxwell-Boltzmann distribution, ¥, = /8kzT/(7M),
one obtains Eq. (2) with &5, = 7.

In the following we extract the cross section &g from
the data: The measured cross section values can be fitted to
a relationship of the form

a

o=0)+—, ®))
" VE

and if we fix o to the incoherent value of 4.1 b [33], then

we find that the H, gas values require Qo = (0.40 =

0.02) b - v/eV. For sufficiently small energies one gets & =

0o—ovkgT /7. Inserting the measurement temperature of
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25 K yields a value of (. of (15.5 = 0.8) b in excellent
agreement with the value for 755, [see Eq. (3)].

The liquid 2H, cross sections obtained in this ex-
periment confirm the results of Seiffert [9]. They show
also that the gas models [3,5] do not describe the results
for liquid ?H,, particularly in the region between 1 to
7 meV. However, the results below 1 meV can be fitted
to the form of Eq. (5) and yield a value for o of (4.4 =
0.1) b/molecule and aj, = (32.4 % 0.2) mb - \/eV. The
value for oy is in reasonable agreement with the accepted
value for the incoherent cross section [33]. The value for
aj;q together with the value of 7y obtained from the gas
results can be used in Eq. (4) to extract an average velocity
of about (28 * 2) m/s. Surprisingly, one finds almost the
same value for the 2H, transport velocity from deuterium
self-diffusion, using (see, e.g., Ref. [34])

Dy, = oy, (6)

The diffusion coefficient for liquid 2H2 at 19 Kis Dy =
3.3 X 107 m?/s [31], the transport free path is of the or-
der of the intermolecular separation, A, = 4 X 10710 m,
and thus ©,, = 25 m/s. This result suggests that the HS
model may actually apply also to liquid H, at low energies
when the proper velocity distribution is used. The region
between 1 and 7 meV can then be understood to be entirely
due to the onset of coherent scattering (compare, e.g.,
Refs. [9,35]).

In conclusion, we have presented a low-energy exten-
sion to available neutron cross section data for gaseous and
liquid 2H2. The agreement of the HS [3] and YK [5]
models and the gaseous data is excellent. The liquid data
at energies below 4 to 7 meV are not described by these gas
models. It is, however, possible to fit the liquid data at low
energies with a simple 1/vE' dependence and to give a
description of the liquid cross sections using the same
energy-independent c.m. system cross section as for H,
gas (and in agreement with HS) and an average molecular
velocity in the liquid very close to the one expected from
deuterium diffusion. It will be interesting to see how the
new data can be accommodated by more sophisticated
liquid models.
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