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ABSTRACT

We survey the results of an earlier study of the inelastic scattering from solid ammonia,
and report the results of a preliminary experiment carried out at the -100 ueV-resolulion
quasielastic scattering spectrometer QENS at IPNS.

1. INTRODUCTION

Solid ammonia is an attractive candidate for a cold moderator material because of its
high proton density. Absorption losses due to I4N can be avoided by using ammonia enriched
in the isotope ISN. Solid ' 'NHj could be used in a pelletized moderator as an alternative to
pellets of methane. Other advantages and disadvantages of ammonia as a moderator have
been previously discussed [I] . However, we do not know enough about ammonia's low
temperature thermalization properties (i.e., density of states at meV energies). The present
experiment was intended to look for low-energy modes in solid ammonia that could be used
in ultra-cold moderators, and to provide information on which to base the construction of
scattering kernels.

2. PREVIOUS MEASUREMENTS

Ammonia has a melting point of about 195.45 K and a boiling point of about 239.8 K.
Its solid density is 0.83 g/cm3 for temperatures just below its melting point and about 0.86
g/ tW at 77 K [1,21. Despite its high proton density (0.88-10"Vcm3 vs. 0.78-1 ( F W for solid
methane), and thus its potential for use as a cold moderator, there appear to be no high-
resolution measurements of neutron scattering from solid ammonia.

One set of somewhat lower-resolution neutron inelastic-scatter measurements was made
by Goyal et al. [3] for solid ammonia at 106 K. Calculations of the Debye temperatures using
their frequency distribution function g(io) (shown in Figure 2) compared favorably with those
obtained from measured specific heat data.

There are in addition a number of measurements of excitation frequencies in the
infrared region [4,5]. These show the absorption lines listed in Table 9 below. Since these
lines were measured in the gas phase, they represent internal molecular vibrations of the
ammonia molecule. Although they are at higher energies than required for use as a cold
moderator, these lines might be seen in neutron inelastic scattering measurements where the
range of energy transfer measured is sufficiently large. Moreover, these are essential
components of the scattering function.
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Figure 2. Krequency distribution Function For solid ammonia at 106 K, aFler correction For Debye-
Wallcr Factor and multi-phonon effects [3|.

Table 9. Tabulated infrared absorption wavelengths |4-6).

wave number (cm" )
3448
3337
1626
950

wavelength {\im)
2.9(X)
2.997
6.150
10.53

frequency (THz)
103.4
100.1
48.8
28.5

energy (meV)
427.8
414.1
201.8
117.9

3. KXPKRIMKNTS

We conducted an experiment to measure neutron inelastic scattering from solid and
liquid ammonia using the QKNS [7| instrument at the Intense Pulsed Neutron Source al
Argonne National Laboratory in March 2002. QKNS is a spallation-source-based "crystal-
analyzer" or "inverse-geometry" spectrometer. The instrument accepts a white neutron beam
from a solid methane moderator onto the sample. The average energy resolution of the
spectrometer is 90 peV. Inelastic scattering was recorded on 145 He3 detectors oriented from
29 = 20 to 145° (average scattering angle is 29 = 90°) resulting in a Q range extending from
0.3 up to 2.6 A"1. In QKNS, sample diffraction is measured al the same time as inelastic
scattering on two diffraction banks of 7 He detectors each, oriented at average scattering
angles of 29= 10° and 29= 155°, resulting in a global diffraction Q range extending from
0.05 to 35 A '.

The aluminum sample container was a cylindrical annular volume 50 microns thick,
approximately 1.25 cm outer diameter, and 10 cm high. Based on this sample geometry and
the NHi neutron scattering cross-section, we estimated the sample transmission to be 0.85.
The sample container was filled by first evacuating the sample cell al room temperature,
cooling the cell down to about 210 K (at which temperature NH3 is a liquid), and then
opening a valve at the entrance to the sample cell to connect the sample cell with a standard
volume that had been charged with NH3 lo about 2 aim. By cooling the sample cell from the
bottom and condensing the gas into the liquid phase (see Figure 3), we avoided causing a
blockage due to frozen NHi in the fill line. The sample mass calculated as the product of the
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sample volume and the nominal density of solid NHi was about 167 mg. Using the drop in the
filling system pressure and the volume of the filling system, the sample mass was calculated
at about 128 mg. These two estimates are in agreement to within 25% or so. Our knowledge
of the sample volume and the material density were not precise.

After the pressure in the filling system had stabilized, we closed off the sample cell and
cooled the sample down to a control temperature of 30 K. Measurements were taken for 12-
hour runs at nominal temperatures of 30, 50, 90, 140, and 210 K (the last of these is liquid),
with the temperature measured at the cold head of the displex. Temperature measured at the
lop of the sample container was about 10 K higher. The runs also included an empty cell
measurement and a vanadium rod for normalization.

Figure 3. (above) Sample container fill system, (below) Sample container attached to displex cooler.

During the experiment, the quantity measured is the number of neutrons scattered per
unit solid angle dil and per unit energy co:
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We also define:

Q = k,-kf

hco = El- £ ,

where A,, A; and Hj, Hi are the neutron wave vectors and energies before (i) and after (0 the

scattering process. Q and co are the neutron momentum and energy transfer. S(Q.co) is the

dynamical structure factor.

!f we consider only the inelastic region of the spectrum, and if all mulli-phonon
processes are neglected, S(Q,co) may be written in the form:

An
5(a»

2m o)
nB((o)S(E-ha»

where «w(ft>) = [l-exp(-fi<y/A./(7")]"' is the Bose population factor, m the neutron mass.

W(Q) =— (Q:U2) is the I)ebye-Waller factor, g(co) is the generalized vibrational density of

states. K is the energy of a transition in the system.

After scattering from the empty sample container was subtracted, the raw data were
normalized to the monitor detectors and to scattering from a vanadium rod. No absorption
corrections were applied and multiple scattering was neglected. Inelastic detectors having
elastic Q corresponding to Bragg peaks observed on the diffraction detectors were removed
from data treatment. The data from all remaining angles were summed together, and then
corrected by Bose occupation and kf/kj factors.

In order to deal with absolute scattering intensities, the data have been normalized to K,
the extrapolated scattered elastic intensity at Q=0 (see Figure 4). The constant K accounts for
the total scattering cross section of NHi in the beam (product of the sample mass and cross
section) and includes the angular range of integration. Figure 4 shows that the elastic
scattering is nearly constant with Q for the solid material, and has a value at Q = 0 of about
exp(7.236)= 1390.
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Figure 4. Integral over the elastic scattering peak.
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The results presented in this paper are the NHj density of stales g(co):

g(a»=
K*nH(CD)

» *, { d2a die

where
dildco

and to vanadium.

is the experimental scattered intensity normalized to the monitor detector

4. ANALYSIS AND DISCUSSION

Figure 5 shows the density of states function g((0) over the energy transfer range 0.5-10
meV. From these data, it does not appear that there are any low-energy modes available in
NH3 that would support neutron thermalization down to meV energies. There is a faint hint of
a level at around 6 meV in the data for 30 K, but a full statistical treatment of the data needs
to be performed before determining whether or not this is real.
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Figure 5. Angle-integrated S(Q,(0) over the energy transfer range 0-10 meV. Successive curves are
displaced vertically upwards by 0.05.

Figure 6 shows the density of states function over the energy transfer range 0-80 meV.
In this figure, the analyzed data were combined into energy bins on a logarithmic scale having
20 bins per decade in energy. The feature in Goyal's measurement (Figure 2) that shows up as
a single mode at about 13 meV appears in our measurements to be two individual lines spaced
closely together at about 9 and 11 meV. These lines are not individually visible at the
resolution used by Goyal et al. We see also a mode at about 19 meV, with a suggestion of
another mode at 23 meV in the higher-energy shoulder of the 19-meV mode. Figure 7 shows
the same data up to 250 meV. In the range 100-250 meV, our logarithmic energy binning
obscures some of the details of the g(to) function that are seen when averaging over smaller

93



intervals. Thus some excitation energies that are shown in Table 10 below are not seen in
Figure 6.
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Figure 6. Angle-integrated S(Q,(O) over the energy transfer range 0-80 meV. Successive curves are
displaced vertically upwards by 0.05.
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Figure 7. Angle-integrated S(Q,(0) over the energy transfer range 0-250 meV.

Table I0 summarizes the energy transfer spectral data from the references cited earlier,
as well as modes that could possible be identified from the present set of measurements. Our
data at higher Q (above about 250 meV) do not have good enough statistics to warrant
identification of individual lines.
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Table 10. Summary of energy transfer spectrum data.

translational

librational

infrared

Infrared

117.9
210.8
414.1
427.8

Anderson &
Walmsley

12.3
16.0
17.1
22.3
33.3
35.2
44.9

Goyal

13.4
19.9

30.8
39.7
52.7

present work

9
II
19
23
32
39
56
94
122
159
180
219
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