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Abstract

Inelastic neutron scattering is an invaluable technique for measuring the vibrational spectra of materials. One of the
standard methods for analyzing the energies of neutrons scattered by vibrational modes involves the use of
polycrystalline beryllium filters. Here, we demonstrate that the spurious background features between 50 and 85 meV
accompanying vibrational spectra measured with filter-analyzer neutron spectrometers are due to phonon excitations of
the beryllium filter. These features are significantly reduced by an auxiliary polycrystalline bismuth filter placed in front
of the main filter. Such a bismuth filter can result in only a minor attenuation in sample scattering intensity concomitant
with a reduction in the thermal- and fast-neutron background from the sample.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ever since Brockhouse et al. [1-3] introduced
the “beryllium detector method” over four dec-
ades ago, filter-analyzer-type neutron spectro-
meters have been invaluable for characterizing
the vibrational density of states (VDOS) of
materials. An example of such a spectrometer is
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301-921-9847.
E-mail address: udovic@nist.gov (T.J. Udovic).

the new Filter-Analyzer Neutron Spectrometer
(FANS) at the NIST Center for Neutron Research
(NCNR), shown schematically in Fig. 1. Typical
of reactor-based instruments, a collimated beam of
monoenergetic neutrons is extracted from a white
beam using a crystalline monochromator and
directed onto the sample. The scattered neutrons
that reach the detectors must first pass through a
low-energy bandpass filter, which ideally removes
all neutrons with final energies above a Bragg
cutoff energy that is intrinsic to the filter material.
This cutoff occurs because neutrons with
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Fig. 1. A schematic diagram of the Filter-Analyzer Neutron
Spectrometer (FANS) at the NIST Center for Neutron
Research indicating the incident neutron beam (B), mono-
chromator (M), monitor counter (MC), sample (S), Be and
pyrolytic graphite (PG) filters, and detectors (D). The setup is
basically the same as that of the instrument described in
Ref. [3].

wavelengths longer than twice the maximum
interplanar d spacing cannot satisfy the Bragg
condition and are therefore transmitted with no
attenuation due to Bragg scattering. On the other
hand, shorter-wavelength neutrons are strongly
attenuated [4]. Thus, the average energy, Er, of the
neutrons that traverse the filter unscattered is
largely determined by the Bragg cutoff. By
scanning the incident energy, E;, one obtains a
spectrum of neutron intensity as a function of
neutron energy loss E = E; — Er. This spectrum
directly reflects the VDOS of the sample under
study, weighted by the neutron cross section for
the elements in the material [3,5].

Often, the filter material used in these spectro-
meters is polycrystalline beryllium, the original
choice of Brockhouse et al. [1-3]. Beryllium
possesses many attributes that make it a seemingly
ideal choice, including a small absorption cross
section, a small incoherent-scattering cross section,
and a rather hard phonon spectrum that tends to
reduce the thermal diffuse scattering. When
combined, these attributes lead to a very high

transmission for the desired low-energy neutrons.
However, beryllium has a Bragg cutoff energy of
~5meV. In typical implementations, this trans-
lates to an average final energy Er~3meV and a
somewhat large, Gaussian-equivalent, energy-re-
solution contribution of x4 meV full-width at
half-maximum (FWHM). This resolution can be
improved substantially to ~1.1meV FWHM by
using polycrystalline graphite (which has a Bragg
cutoff energy of ~1.8meV) as the filter material,
albeit at the expense of reduced intensity. As
implemented on FANS, the use of polycrystalline
graphite results in an average final energy
E¢~1.2meV. Because beryllium acts as a better
filter than graphite alone for removing the
majority of neutrons with energies above 5meV,
the graphite in FANS is actually sandwiched
between two polycrystalline beryllium layers (see
Fig. 1). The sandwich geometry was chosen since it
was empirically shown to reduce more effectively
the fast-neutron background, thus leading to an
improved signal-to-noise ratio [6]. The entire filter
assembly is routinely maintained at a temperature
below =~90K with liquid nitrogen to minimize
intensity losses from phonon scattering in the filter
materials.

For many neutron vibrational spectroscopy
(NVS) measurements, the background is relatively
featureless compared to the main vibrational
modes. Yet, upon closer scrutiny, particularly for
samples with a VDOS entirely below 50 meV, it is
evident that spurious scattering exists between 50
and 85meV. In fact, these features can be of
similar or even greater magnitude than the VDOS
from weakly scattering samples, significantly con-
taminating the desired spectrum.

Here, we demonstrate that these ubiquitous
features of all filter-analyzer-type neutron spectro-
meters are due to Be-phonon excitations in the
filter analyzer caused by neutrons elastically
scattered from the sample. Moreover, we show
that this scattering can be easily reduced by one to
two orders of magnitude by the addition of a
polycrystalline-bismuth filter layer placed in front
of the main filter. This greatly improves the
capabilities of the filter-analyzer technique for
probing dilute or weakly scattering systems with
VDOS in the 50-85 meV region.
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2. Experimental details

All samples and filter materials had a metals
purity >99.99 at%. The majority of the VDOS
measurements were taken on FANS using two
monochromators, Cu(220) for energy transfers
between 25 and 250meV and pyrolytic graphite
PG(002) for energy transfers between 4 and
45meV. Horizontal collimations before and after
the monochromators were varied from 20’ to 60’ of
arc depending on the desired instrumental resolu-
tion. The FWHM resolutions associated with all
displayed spectra are depicted by horizontal bars
beneath the spectra. Two low-energy VDOS
measurements were taken on the Fermi-Chopper
Time-of-Flight Spectrometer (FCS) [7] using
neutron energy gain with 6 A (2.27meV) incident
neutrons. Lead and bismuth transmission mea-
surements were taken on the Disk-Chopper Time-
of-Flight Spectrometer (DCS) [7,8] using a pulsed
white beam of cold neutrons with 56 us FWHM
pulse widths, a 10 mm diameter beam cross section
(as defined by a Cd mask), and 30ms between
pulses. The distances from pulse origin and sample
position to neutron monitor were 2.0 and 0.5m,
respectively. The active cross section of the
neutron monitor was 30 mm wide by 100 mm high.
A room-temperature bismuth diffraction pattern
was measured on the BT-1 high-resolution neutron
powder diffractometer [9] using 1.5401 A neutrons
from the Cu(311) monochromator with horizon-
tal divergences of 15’, 20’, and 7’ of arc for the in-
pile, monochromatic-beam, and diffracted-beam
collimators, respectively.

3. Results and discussion

Figs. 2(a)~(d) display representative FANS
spectra for a variety of materials: coarsely poly-
crystalline Bi, polycrystalline V, polycrystalline
NbNg 007Ho.004 [10], and nanocrystalline Pd [11].
The latter two samples were measured with the old
FANS instrumental configuration [4] in the low-
resolution mode using only a Be filter (i.e., no
graphite filter) in conjunction with a much smaller
detector solid angle. For all these materials, the
acoustic VDOS is known to be located well below
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Fig. 2. FANS spectra of (a) coarsely polycrystalline Bi (295 K),
(b) polycrystalline V (295 K), (c) polycrystalline NbNy g97Ho.004
(4.2K) from Ref. [10], (d) nanocrystalline Pd (10 K) from Ref.
[11], and (e) polycrystalline Be (295K). Each spectrum is
normalized and vertically offset appropriately to aid visually in
their comparison.

50 meV. For NbNy 0g7Hg 004, the additional hydro-
gen optic VDOS is known to be located above
85meV as evidenced by the two intense bands at
~105 and 157meV [10]. Despite this, all the
measured spectra exhibit unexpected spurious
multipeak scattering between 50 and 85meV. A
comparison of the different spectra in this region
indicates similarities in the positions of the peaks,
yet with variations in their relative intensities. The
fact that the energy envelope of this scattering is
independent of the sample suggests that it origi-
nates in the filter analyzer itself. Since it has been
determined that both Be and Be-graphite—Be
composite filters yield the same unwanted features,
beryllium was the suspected source. Hence, two
questions must be answered. First, by what
mechanism is the beryllium creating these spurious
peaks? Second, what type of scattered neutrons are
involved?

The previously reported phonon-dispersion
curves for beryllium [12] provided the definitive
clue, notably that the range of Be-phonon energies
spans from 51 to 84 meV, virtually identical to the
energy range of the observed spurious scattering.
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This suggested that the spurious scattering arises
from Be-phonon excitations in the filter analyzer.
Moreover, assuming that the final energies of the
spurious neutrons are determined by the low-
energy bandpass filter implies that the energy of
the neutrons that strike the filter (i.e., before Be-
phonon excitation) must be identical to the energy
of the neutrons incident on the sample. Hence, the
neutrons responsible for the spurious features
must be elastically scattered from the sample. Thus,
the sample is the origin of a secondary beam that
impinges on the analyzer. While the vast majority
of these neutrons are also elastically scattered by
the filter materials and removed by neutron
absorbing material, a small fraction are inelasti-
cally scattered by phonons in the polycrystalline
Be layer closest to the sample and are then able to
pass through the rest of the filter analyzer to the
detectors.

To verify this explanation, a large block of
polycrystalline beryllium (63 x 63 x 51 mm) was
centered at the sample position with one long
dimension parallel to the 25x63mm (w X h)
incident beam and the other long dimension
vertically aligned. This was meant to mimic, to
first order, the relatively thick Be-filter material
that the scattered elastic neutrons from a typical
sample would encounter. The resulting room-
temperature FANS spectrum is shown in
Fig. 2(e). The similarity between the beryllium
VDOS and the spurious scattering in Fig. 2
confirms that these unwanted features arise from
inelastic scattering in the Be filter. Moreover, it is
clear from the very broad, relatively featureless,
higher-energy bands originating from multiple
inelastic scattering within the thick beryllium
block and evident near ~120 and 180meV in
Fig. 2(e), that similar higher-energy spurious
scattering is also present in all FANS spectra.
This is corroborated by the broad spurious band
at & 120 meV for nanocrystalline Pd in Fig. 2(d).

The sample-dependent differences in the inten-
sities of the various spurious features occurs
because the elastic scattering from the sample
depends on the incident energy as well as the
magnitude of its coherent and incoherent neutron
scattering cross sections. In particular, for coher-
ent elastic scattering, the intensity depends on the

incident neutron energy because the amount of
Bragg scattering varies with the incident neutron
wavelength. For the polycrystalline V sample in
Fig. 2(b), the coherent scattering cross section is
negligible. Thus, there are no coherent scattering
effects on the shape, and the resulting spurious
spectrum looks very similar to the polycrystalline-
beryllium VDOS in Fig. 2(e), especially since both
were measured under the same high-resolution
conditions with the new FANS instrument. For
polycrystalline  NbNg gg7Ho 004 (Fig. 2(c)) and
nanocrystalline Pd (Fig. 2(d)), the Debye—Scherrer
rings of Bragg scattering from the sample cause
subtle differences in the shape of the resulting
spurious scattering, causing sample-dependent
deviations from Fig. 2(e). The NDbNj oo7Ho.004
sample has the added complication that there is
probably some minor scattering contribution in
the 50-85meV region from the nitrogen optical
VDOS. Finally, since the Bi sample is almost
totally a coherent scatterer and was comprised of
only a few single crystals, the coherent scattering
effects will be more dramatic with only directed
beams of Bragg-scattered neutrons contributing to
the Be-filter phonon excitations. The result is seen
in Fig. 2(a), where the shape of the spurious
scattering deviates markedly from the other
samples.

In practice, beryllium is not the first material
that the elastically scattered neutrons encounter on
their way toward the FANS detectors. The Be
filter is cooled in a vacuum-evacuated chamber
with an aluminum window between the Be and the
sample. Moreover, there are usually more Al
windows that exist between any given sample
and the first Be filter, depending on the sample
container and the particular temperature-regulat-
ing device that is used to house it. Hence, besides
the relatively strong Be-filter phonon excitations
between 50 and 85 meV, it is interesting to observe
that the additional small scattering feature evident
at 36 meV for Bi in Fig. 2(a) most likely represents
the excitation of spurious aluminum phonons
from the filter window. Depending on the parti-
cular experimental conditions, one may have to
consider the importance of this extra spurious Al
scattering when analyzing a particular FANS
spectrum.
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Since the front beryllium layer is not a perfect
filter for stopping the elastically scattered neutrons
from the sample, there is no way to avoid some
spectral contamination between 50 and 85meV,
whose intensity will be proportional to the number
of elastically scattered neutrons, regardless of the
sample composition. Therefore, the only way to
attenuate this undesirable background scattering is
to attenuate the number of elastically scattered
neutrons that impinge on the Be filter. One way to
do this is to add another attenuating filter layer in
front that is composed of a material (most likely
one of the heavier elements) with a VDOS located
much lower than the energies of interest, far
removed from the crucial 50-85meV region. Then,
instead of spurions from Be-phonon excitations,
one would get new spurions from the lower-energy
phonons of the new material.

Of all the heavy-element materials, only poly-
crystalline 2°Pb (which has an abundance of
52.4% in natural lead) and **Bi (which is the
only isotope in natural bismuth) appear to possess
the required filter properties, i.e., sufficiently low
neutron absorption cross section and sufficiently
high coherent neutron scattering cross section,
relatively low phonon energies, and higher Bragg
cutoff energies than that of the pyrolytic graphite

Table 1

filter. Table 1 compares the key properties of the
various lead and bismuth isotopes. Although it
seems like ***Pb would be a better filter choice
from the viewpoint of physical properties (i.e., an
almost two-orders-of-magnitude lower neutron
absorption cross section, x~24% higher coherent
neutron scattering cross section, = 16% higher
molar density, and a 4meV lower phonon cutoff
energy of 9.1 meV), the existence of other much
more highly neutron-absorbing lead isotopes in
natural lead, namely *“’Pb (22.1% abundance)
and ***Pb (1.4% abundance), discourages the use
of natural lead. The only way that a polycrystal-
line lead filter would be favorable would be to use
pure °*Pb or 2°’Pb-depleted natural lead. Both of
these options are currently cost-prohibitive. Thus,
from a practical viewpoint, polycrystalline bis-
muth (i.e., 100% 2°’Bi) was determined to be the
only favorable candidate. It has a high attenuation
for neutrons with energies >1.9meV (compared
to the 1.8 meV Bragg cutoff energy for graphite), a
low attenuation for neutrons with energies
<1.9meV, and a favorable phonon cutoff energy
of 13.2meV.

Fig. 3 illustrates the VDOS spectra for coarsely
polycrystalline Pb and Bi at 295K as measured by
both FANS and FCS, confirming the low phonon

Key filter properties of the naturally occurring lead and bismuth isotopes

Isotope % Natural ~ Neutron cross-sections (b)* Molar density Phonon cutoff Bragg cutoff
abundance (kmol/m?)® energy (meV)®  energy (meV)®

Coherent Incoherent  Total Absorption
scattering scattering scattering

Pb 100 11.115 0.003 11.118 0.171 54.76 9.1 2.50

204pp 1.4 12.3 0 12.3 0.65

206py 24.1 10.68 0 10.68 0.03

207pp 22.1 10.82 0.002 10.82 0.699

208py, 524 11.34 0 11.34 0.00048 ~54.97 ~9.1 ~2.50

209Bj 100 9.148 0.0084 9.156 0.0338 46.93 13.2 1.90°

Isotopic abundances and neutron scattering and absorption cross-sections are taken from Ref. [19]. Molar densities are taken from
Ref. [20]. Phonon cutoff energies are taken from Refs. [21-23]. Bragg cutoff energies are calculated from room temperature structural

parameters from Refs. [15,16].

2 All scattering cross-sections are bound cross-sections. Absorption cross-sections are for 25 meV neutrons (note: 1b=1x 107> m?).

®The molar density and phonon and Bragg cutoff energies for Pb?°® are estimated from the values reported for natural lead.

“Pseudo-Bragg cutoff energy. The Bi unit-cell symmetry (R-3m) [16] actually yields two minor reflections (see Fig. 5) corresponding
to lower Bragg cutoff energies of 1.31 and 1.46 meV, evidenced by a small step in the total cross-section curve for polycrystalline Bi in

Fig. 4.
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Fig. 3. VDOS spectra for coarsely polycrystalline (a) Pb and
(b) Bi at 295K measured with FANS (O) and the Fermi-
Chopper Time-of-Flight Spectrometer (@®). The vertical dashed
lines represent the respective Pb and Bi phonon cutoff energies.
Each spectrum is normalized and vertically offset appropriately
to aid visually in their comparison.

cutoff energies reported in Table 1. The Pb and Bi
samples were ~7 and 10mm thick, respectively,
and the resulting spectra show clear evidence of
additional, minor, multiple-inelastic-scattering in-
tensity above the phonon cutoff energies, similar
to the behavior seen for the thick Be sample in Fig.
2(e) above. Although minor, such multiple-scatter-
ing features will most likely contribute to the
overall spurious scattering intensity resulting from
any auxiliary Bi or 2°®Pb filter and should be taken
carefully into consideration when analyzing VDOS
spectra of weakly scattering samples in this region.

Fig. 4 compares the energy dependence of the
total cross sections for polycrystalline beryllium,
graphite, bismuth, and lead (adapted in part from
Refs. [4,13,14]), indicating the respective Bragg
cutoff energies mentioned earlier. The marked
decrease in total cross sections with decreasing
temperature for neutron energies below the Bragg
cutoff energies is the reason why it is desirable to
operate the FANS filter near liquid nitrogen
temperature.

The total cross section for polycrystalline
natural lead at 295K in Fig. 4 was determined
from measurements on DCS using a 10 mm thick
compressed powder sample with an average
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Fig. 4. The neutron energy dependence of the total cross
sections of key polycrystalline filter materials, each at two
temperatures (i.e., near room temperature and at cryogenic
temperature): Be (296 K, 100K) [13,14], C (graphite at 296 K,
100K) [4,13], Bi (300K, 100K) [13,14], and Pb (296K, 109 K)
(this study and Ref. [13]). For each pair of curves, the one
with the higher cross section (below the Bragg cutoff energy)
corresponds to the higher temperature. Dashed lines re-
present the absorption cross section contributions to the total
cross section for Bi, natural Pb, and pure 2°Pb. Note:
1b=1x10"*m>,

crystallite size less than 150 um. The 109 K cross
section curve at low energies was adapted from
Ref. [13]. The Bragg cutoff energy for Pb at
~2.5meV corresponds to the (111) reflection
(with a d spacing of 2.858 A) of the Fm3m-
symmetric lattice with a 298K lattice constant
a =4.9508 A [15]. Besides being the lowest-angle
reflection, it also possesses the most neutron
diffraction intensity. Although Fig. 4 indicates
that natural lead near 100 K would be a “possible”
candidate as a front auxiliary filter, the approxi-
mately three-fold higher total cross section below
1.9meV (due to high **’Pb and ***Pb absorption
cross sections) compared to bismuth renders it a
poor second choice unless isotopically pure *°*Pb
or 2°’Pb-depleted natural lead is used. Since the
absorption cross section is the major contributor
to the total cross section below the Bragg cutoff
energy, the roughly 70-fold lower absorption cross
section for pure ***Pb compared to natural lead
plotted in Fig. 4 illustrates the highly favorable
effect that using pure 2°Pb would have for
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reducing the total neutron cross section in this
region.

Fig. 5 illustrates the three lowest neutron
diffraction reflections, with the hexagonal indices
(003), (101), and (012), measured for coarsely
polycrystalline Bi (&~ 15mm thickness) at 295K
with the BT-1 powder diffractometer. Bismuth
possesses R-3m symmetry with lattice constants
a=b=4546A and ¢ = 11.862A at 298K [16].
The largest neutron powder diffraction peak (by
over a factor of 2) is the (102) reflection, which
corresponds to a d spacing of 3.280 A and the
main Bragg cutoff energy of 1.90meV in Fig. 4.
Yet this is actually not the lowest-angle reflection
for Bi as evidenced in Fig. 5. The relatively small
(003) peak (d =3.954 A) and even smaller (101)
peak (d = 3.737 A) correspond to additional Bragg
cutoff energies of 1.31 and 1.46 meV, respectively.
The relative neutron powder diffraction intensities
expected for the (003), (101) and (012) reflec-
tions for nontextured, finely polycrystalline Bi are
4.5:1.4:100, respectively, indicating the minor
importance of the two lowest-angle reflections.
These are not exactly the intensity ratios observed
for the Bi powder pattern in Fig. 5. Yet, this is to
be expected since the sample consisted of a small
number of fairly large crystallites resulting in a
highly textured material. In fact, the asymmetric
shape of the (0 12) reflection is clear evidence that

1000
(012)
800

600

400

Neutron I ntensity

2001 (003)
(101)

22 23 24 25 26 27 28
20 (deg.)
Fig. 5. The three lowest neutron diffraction peaks (labeled with

hexagonal indices) for coarsely polycrystalline Bi at 295K
measured on the BT-1 powder diffractometer.

the sample is not representative of a finely
polycrystalline material. Although of minor im-
portance, the presence of the (00 3) reflection is
indeed manifested by the small step observed in
the total neutron cross section for polycrystalline
Bi near 1.3meV in Fig. 4. Since this step occurs
below the 1.8-meV graphite cutoff energy, it may
lead to a slight improvement in the limiting
resolution of any composite filter analyzer that
includes Bi.

The results of transmission calculations based
on the energy-dependent total cross sections for
polycrystalline bismuth are illustrated in Fig. 6.
Estimated transmissions for representative Bi-filter
thicknesses are summarized in Table 2. The
transmission, T, for the Bi filter is defined as

T =1/, = exp(—aont) (1)

where I, and I are the incident and transmitted
neutron intensities, respectively, ¢ is the total
neutron cross section per atom, n is the atom
density, and ¢ is the filter thickness. These results
indicate that even a 100-mm-thick bismuth layer at
room temperature is enough to attenuate the
elastically scattered neutrons by more than an

1&
% (©

(b)

0.1 <&

Neutron Transmission

0.01

. . . - (3)
0 50 100 150 200
Bi thickness (mm)

Fig. 6. Calculated polycrystalline-bismuth transmissions vs.
thickness, assuming total neutron cross sections estimated from
Fig. 4 for (a) elastically scattered neutrons above 50 meV
[6~9b], and neutrons below the Bragg cutoff energy with the
Bi filter at (b) 300K [6x~0.9b] and (c) 100K [6~0.5b]. Data
points correspond to transmissions determined experimentally
from the FANS measurements in Figs. 9-11 and summarized in
Table 2.
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Table 2

Estimated attenuation of Be-filter spurion and signal intensities for various polycrystalline-Bi-filter thicknesses based on the total

neutron cross-sections for polycrystalline Bi [13,14] displayed in Fig. 4

Bi-filter thickness
(mm)

Be spurions (1/1,)
(calc.)?

Signal (100K) (//1,)
(calc.)®

Signal (300K) (I/1,)

(calc.)*

(exp.)!

Be spurions (1/1,)

Signal (295K) (I/1,)
(exp.)®

0 1
53 0.26
100 0.079
146 0.024
200 0.0062

1

0.93
0.87
0.81
0.75

1

0.87
0.78
0.69
0.60

1
0.27
0.1
0.02

1

0.93
0.80
0.68

# Assuming ¢ = 9b.

® Assuming ¢ = 0.5b.

€ Assuming ¢ = 0.9b.

9Based on scale factors used in Fig. 9.
®Based on fits of spectra in Figs. 10 and 11.

order of magnitude while ~80% of the neutrons
whose wavelengths are below the Bragg cutoff are
transmitted through the filter. Moreover, cooling
the bismuth below 100K would increase the
transmission of the desirable low-energy neutrons
to near 90%. Hence, an additional 100-mm-thick,
liquid-nitrogen-cooled,  polycrystalline-bismuth
layer could remove more than 90% of the spurious
intensity in the 50-85meV region while retaining
~90% of the vibrational signal. Since the total
neutron cross section for bismuth remains high for
fast neutrons, it is likely that the fast-neutron
background would be reduced as well by adding a
bismuth filter.

Fig. 7 compares the neutron energy dependence
of the total cross section at room temperature for
polycrystalline Bi (from Ref. [13]) and single-
crystal Bi. The latter was measured on DCS using
a 5cm thick, single-crystal sample and is consistent
with previously reported results [17]. Although
there is no sharp Bragg cutoff energy, it is clear
that even single-crystal bismuth should be an
acceptable FANS filter to remove spurious Be-
filter phonon features. The only critical energy
regions in Fig. 7 are above 50meV, where the
beryllium phonon energies are located, and below
1.8 meV, which is the Bragg cutoff energy for
graphite. Therefore, since the total cross sections
for neutrons above 50meV are sufficiently large,
such materials would still be effective for attenu-
ating the elastically scattered neutrons that would
undergo spurious beryllium phonon scattering.

10 T

Total Cross Section (barns)
=

N
Lol L

0.1 1 10
Energy (meV)

100

Fig. 7. The neutron energy dependence of the room-tempera-
ture total cross section for (a) polycrystalline Bi (from Ref. [13])
compared with that of (b) single-crystal Bi and (c) the
prototype, coarsely polycrystalline Bi filter, both determined
from transmission measurements on DCS as described in the
text.

Since the ultimate resolution is derived from
the filtering action (i.e., the Bragg cutoff energy)
of the polycrystalline-graphite layer, it is not
necessary for the Bi filter to possess such a sharp
Bragg cutoff edge. Rather, it is sufficient that
the total cross section be relatively low below
1.8 meV (as is the case) to minimize the attenua-
tion of the inelastically scattered neutrons from the
sample.
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With these expectations in mind, a prototype,
room-temperature, coarsely polycrystalline, bis-
muth filter was constructed for testing purposes,
permitting a variable filter thickness between 0 and
146 mm. The bismuth-filter material was machined
from poured Bi ingots. These ingots typically
possessed relatively large single-crystal domains
with average dimensions of the order of 5-10 mm.
The final filter had a 70 x 70 mm cross section and
was composed of several individual sections. The
filter thickness was varied by the appropriate
addition or subtraction of these sections. The filter
was positioned inside a 70 x 70 mm square-cross
section Cd tube (with 0.6-mm wall thickness) that
was 150mm in length. The Cd tube provided an
orifice of constant solid angle for detection of
neutrons scattered by the sample, independent of
the filter thickness. Moreover, it acted as an
absorber of thermal neutrons scattered by the
filter. The neutron energy dependence of the total
cross section of this prototype Bi filter was
determined from transmission measurements per-
formed on DCS for a filter thickness of 146 mm.
The resulting total cross section curve is plotted in
Fig. 7 for comparison with those for polycrystal-
line and single-crystal Bi. This comparison corro-
borates the coarsely crystalline morphology of the
prototype Bi filter. The total cross section values
above 50meV and below 1.9meV correspond
favorably to the estimated transmission lines in
Fig. 6.

Although a filter material with much finer than
centimeter-sized crystallite domains was ultimately
more preferable, the synthesis of such a fine-
grained material was nontrivial, requiring more
advanced powder-metallurgy techniques. Hence,
the current prototype filter was a first attempt with
commercially available bismuth to test the viability
of the concepts proposed. Following from the total
cross section data in Fig. 7 and the discussion
above, it is evident that such a filter provided a
useful lower limit for the efficiency for removing
the ““‘undesirable” elastically scattered neutrons as
well as for transmitting the “‘desirable” inelasti-
cally scattered neutrons. The setup is depicted
schematically in Fig. 8.

Figs. 9-11 display FANS spectra of coarsely
polycrystalline Bi, polycrystalline V, and single-

Fig. 8. A schematic diagram of the FANS filter-analyzer test
setup with the additional, prototype, coarsely polycrystalline,
bismuth-filter layer, as described in the text.

Neutron Counts

30 40 50 60 70 80 90
Neutron Energy Loss (meV)
Fig. 9. Room-temperature FANS spectrum of Bi with (a)

0mm, (b) 53 mm, (c) 100 mm, and (d) 146 mm thick, prototype,
bismuth filter added to the front of the filter analyzer.

crystal NbDy ¢, respectively, before and after the
addition of various bismuth filter thicknesses to
the front of the filter analyzer. For each material, it
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Fig. 10. Room-temperature FANS spectrum of V with (a)
0mm, (b) 53 mm, (c) 100 mm, and (d) 146 mm thick, prototype,
bismuth filter added to the front of the filter analyzer.
Overlapping data points were measured with the PG(002)
(®) and Cu(220) (O) monochromators. All spectra are
normalized to the same neutron monitor counts. For clarity,
each successive V spectrum above the bottom spectrum is offset
vertically from the previous spectrum by 1000 additional
neutron counts. Solid lines plotted below the V data represent
the corresponding room-temperature FANS spectra for bis-
muth (lower-energy curve) and beryllium (higher-energy curve)
for comparison.

is clear that the bismuth filter dramatically
attenuates the features due to Be-filter phonons.
A quantitative estimate of the attenuations of the
Be-filter phonon scattering vs. Bi-filter thickness
was determined from the Bi sample spectra in
Fig. 9. Similarly, the corresponding attenuations
of the “desirable” sample phonon scattering were
determined from the VDOS spectra of V in Fig. 10
and NbDgye in Fig. 11. The attenuations are
completely in line with the calculated values
discussed in the previous section (see Fig. 6).
Comparisons are summarized in Table 2. It is clear
from the V spectra in Fig. 10 that the spurious Be-
filter phonons between 50 and 85meV have been
essentially removed by the 146-mm Bi filter, but
they have been replaced by new spurious Bi-filter
phonons at 12meV.

Fig. 9 also illustrates an added benefit of using
an auxiliary Bi filter. A closer inspection of the
baseline scattering levels vs. Bi-filter thickness
indicates that they decrease significantly with

5000
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40 60 80 100 120 140
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Fig. 11. Room-temperature FANS spectrum of NbDg¢ with
(a) O0mm, (b) 53mm, (¢) 100mm, and (d) 146 mm thick,
prototype, bismuth filter added to the front of the filter
analyzer. Peaks at 85.5 and 120meV are due to D optical
phonons. All spectra are normalized to the same neutron
monitor counts. For clarity, each successive spectrum above the
bottom spectrum is offset vertically from the previous spectrum
by 500 additional neutron counts.

increasing filter thickness. For example, even after
normalizing the spectrum measured with the
146-mm Bi filter to compensate for the attenuation
of “desirable” sample scattering as measured in
Figs. 10 and 11, the amount of baseline scattering
intensity is still lower by ~50%. This means that
the Bi filter does a better job at removing
monotonic thermal neutron background noise
that can contribute to the overall scattering
background. For weakly scattering samples, this
decrease in the noise from thermal neutrons
translates into significant gains in the signal-to-
noise ratio.

As suggested earlier, in addition to reductions in
the thermal-neutron background, an auxiliary Bi
filter was also found to reduce significantly the
fast-neutron background. The amount of fast-
neutron background varies from experiment to
experiment. Yet, typically at least half of the fast-
neutron background comes from the sample
scattering of fast neutrons originating from the
direction of the monochromator. The Bi filter does
a better job at reducing the background contribu-
tion from these neutrons. This is illustrated in
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Fig. 12. Fast-neutron background intensity (counts/min) for
the coarsely polycrystalline Bi sample with (a) Omm (@), (b)
S3mm (O), (c) 100mm (M), and (d) 146mm () thick,
prototype, bismuth filter added to the front of the filter
analyzer; (e) for no sample in the beam and no Bi filter ( x).
(Note: Using a 146mm Bi filter yields the same result.)
Measurements were taken with 60° and 40" horizontal
collimators, respectively, before and after the Cu(220) mono-
chromator and a 0.6-mm thick layer of cadmium placed in front
of the Bi filter. Solid lines are linear fits to the data.

Fig. 12, where the fast-neutron background
intensity (counts/min) is plotted for the different
Bi-filter thicknesses for the coarsely polycrystalline
Bi sample. In this particular case, the data with
and without the Bi sample (Figs. 12(a) and (e))
indicate that sample scattering is responsible for a
dramatic 70-80% of the fast-neutron background.
All Bi filter thicknesses are enough to remove
~50% or more of the fast-neutron background
contribution from the sample. There is a weak
decrease of fast-neutron background with increas-
ing Bi filter thickness between 53 and 146 mm,
illustrating that even the thin, 53mm Bi filter is
sufficient to halve the fast-neutron background
contribution from the sample. For the thicker
146 mm B filter, the attenuation of these neutrons
even surpasses 60% at the lower energy transfers
measured.

Again, cooling the bismuth filter below 90K
(similar to the main Be-graphite-Be composite
filter) should increase the transmission of the
vibrational signal due to less interference from
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Fig. 13. FANS spectra at 10K of a Zr-Fe-Mn-Al nitrogen
getter alloy [18]: (a) with and (b) without absorbed nitrogen; (c)
FANS difference spectrum {(a)—(b)} indicating two scattering
features due to nitrogen optical phonons; (d) FANS spectrum
of same sample as in (a) but measured at 295 K with the 146 mm
thick, prototype Bi filter. Spectrum was rescaled appropriately
for comparison with (c) and offset vertically by —200 counts for
clarity.

any thermally excited bismuth phonons at this
lower temperature. This is corroborated in Fig. 4
by the decrease in the polycrystalline-bismuth total
cross section with decreasing temperature found
for neutron energies below 1.9 meV.

In closing, Fig. 13 exemplifies the overall utility
of the Bi filter for the measurement of weak
scattering features that are otherwise contami-
nated by the spurious scattering from the Be filter.
In this case, the vibrations of interest are optical
phonons of nitrogen absorbed by a Zr—-Fe-Mn—Al
nitrogen-getter alloy [18]. Figs. 13(a) and (b)
display the 10K FANS spectra of the alloy with
and without absorbed nitrogen, respectively. It is
clear that a majority of the scattering in both
spectra is due to spurious Be-filter phonons. Fig.
13(c) is the difference spectrum, which successfully
eliminates the spurious scattering, leaving two
optical phonon bands for nitrogen near 62 and
82meV. Alternatively, Fig. 13(d) displays this
same bimodal spectrum (albeit at 295K) by
remeasuring the same nitrogen-loaded alloy from
Fig. 13(a), yet now using the 146mm thick,
prototype Bi filter. This illustrates that such weak
phonon features can be typically extracted by a
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FANS measurement without the need for sub-
tracting off any spurious background signal that
would otherwise originate from the Be filter.

4. Conclusion

The spurious background peaks between 50 and
85meV that are characteristic of filter-analyzer-
type neutron spectrometers were found to be
associated with phonon excitations of the beryl-
lium at the front of the filter analyzer by neutrons
elastically scattered from the sample. These
features are significantly reduced using an addi-
tional polycrystalline-bismuth layer placed in front
of the main filter, even when the bismuth possesses
relatively large crystallite domains. For example,
an additional 100-mm-thick, coarsely polycrystal-
line, bismuth layer at room temperature reduces
the spurious signal about an order of magnitude
with only a 20% attenuation in the vibrational
signal (and ~10% projected attenuation at 100 K)
concomitant with a marked reduction in the
thermal- and fast-neutron backgrounds. Increas-
ing the filter thickness by 50% to 150 mm would
reduce the spurious signal by almost two orders of
magnitude with only a 30% room-temperature
attenuation in the vibrational signal (and ~20%
projected attenuation at 100 K). It should be noted
that a similarly sized polycrystalline ***Pb filter
would probably do a better job attenuating the
spurious signal with a less significant loss in
vibrational signal, but such a single-isotope filter
is prohibitively expensive.

By sufficiently decreasing the average crystallite
domain size of the Bi filter, the total cross section
for 50-85meV neutrons will increase somewhat
compared to the filter used in the present study
and remain high down to the Bragg cutoff energy.
This should further improve the filter efficiency for
removing the spurious Be-filter phonon signal and
further decrease the thermal-neutron background.
In effect, a finer crystallite morphology should
lead to a decrease in the required filter thickness.
Ultimately, one would like to have a composite
filter that maximizes both the signal/spurion and
signal/background intensity ratios by optimizing
the thicknesses and layout of the various filters.

Nonetheless, it is clear that the addition of a
bismuth filter (preferably cryocooled and more
finely polycrystalline) will substantially enhance
the performance of filter-analyzer spectrometers
by improving their capabilities for characterizing
the phonons in weakly scattering materials, free of
spurious Be-filter phonon features.
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