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a b s t r a c t

Incoherent inelastic neutron scattering (IINS) measurements of the vibrational density of states (VDOS)

of hydrogen trapped at dislocations in deformed PdH0.0013 have been performed using ARCS at the SNS

and FANS at the NCNR. A comparison of data sets at 4 and 295 K indicates good agreement of

the measured VDOS for the two instruments. The low hydrogen inventory (�10-3 g) provides a test of

the response of each instrument over the energy transfer range of 40–100 meV corresponding to the

vibrational density of states of the hydrogen modes.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Incoherent inelastic neutron scattering (IINS) has found wide
utility in the study of hydrogen in various crystalline materials [1–5].
Generally, the measured spectra after proper scaling are proportional
to the vibrational density of states (VDOS). The VDOS represents
normalized phonon density of states, quantifying the number of
phonon modes or states per unit energy. For the Pd hydride, optic
modes are typically assumed to be due solely to hydrogen since
Pd has a single atom in the primitive cell and displacements are
inversely proportional to mass. In the strictest sense, however, Pd
displacements will couple to optic mode propagation, leading to a
coherent (Pd has a very small incoherent scattering cross-section)
inelastic intensity contribution. We have recently measured the
VDOS of hydrogen trapped at dislocations in deformed polycrystal-
line PdH0.0008 using the Filter-Analyzer Neutron Spectrometer (FANS)
at 4 and 295 K [6]. These data support the hypothesis that trapped
hydrogen undergoes a solid solution-to-hydride (a-b or a-a0)
phase transformation upon cooling from 295 to 4 K. As demonstrated
previously [6] and shown below in additional spectra, a shift of the
primary peak energy from �68 meV (corresponding to the local
mode of dilute hydrogen in regular octahedral sites in a-Pd [7–9]) to
�58 meV (corresponding to the transverse optic phonon mode of
b– or a0–Pd [10–12]) characterizes the response of the system upon
ll rights reserved.
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cooling. This energy shift, together with significant peak broaden-
ing and peak asymmetry at 4 K [6], was the basis of the phase
transformation hypothesis. This hypothesis has recently been sup-
ported by small-angle neutron scattering measurements of hydrogen
segregation at dislocations in deformed single crystal Pd consistent
with hydride phase formation at low temperature [13].

In this paper we present additional VDOS measurements using
FANS and the Wide Angular-Range Chopper Spectrometer (ARCS) at
the SNS [15] in the same sample matrix (deformed polycrystalline
Pd with-hydrogen concentration �10-3 [H]/[Pd]) with-hydrogen
inventories of �1–2 mg at 4 and 295 K. The purpose of measuring
the same sample matrix with two different instruments is two-fold.
First, a comparison of the measured spectra will demonstrate that
the VDOS is independent of spectroscopy method and data reduc-
tion, as expected. Second, the data sets facilitate a comparison of
counting statistics for each instrument, and therefore spectroscopy
method and neutron source.

Incoherent inelastic neutron scattering spectra are integrated
over a large solid angle and corresponding wavevector transfer
range DQ. The IINS technique requires some form of energy dis-
crimination to resolve neutron energy transfer, E. FANS resolves
energy transfer by fixing the final energy with the Be–Bi–graphite
composite filter (�1.2 meV average final energy with a �1.1 meV
full-width half-maximum resolution) and scanning the incident
energy via a y–2y rotation of a crystal monochromator-sample
table assembly [14]. FANS operates on the 20 MW reactor at the
NIST Center for Neutron Research. The FANS filter-detector array
covers a solid angle range of DO�4p/10 sr. The integrated
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wavevector transfer range varies from 4rQr5 Å-1 at Ei¼40 meV
to 6rQr7.5 Å-1 at E¼100 meV. For the current measurements,
the energy transfer resolution varied over these limits from DE�2
to 5 meV, respectively. We note the resolution of the FANS
instrument can be improved at lower incident intensity by
adjusting the monochromator resolution. ARCS, on the other
hand, is a chopper instrument operating on the 1.1 MW Spallation
Neutron Source, a pulsed time-of-flight (TOF) facility. ARCS uses a
Fermi chopper to fix the incident energy and total neutron TOF to
determine final energy. The ARCS detector array covers a solid
angle of DO�4p/5 sr and a corresponding wavevector transfer
range of 5rQr12 Å-1 at an incident energy of Ei¼150 meV and E

from �0 to 100 meV. This Q range is applicable to the integrated
VDOS data presented here. The full Q range is larger: at the elastic
line (E�0) 0.5rQr16 Å-1, at E�40 meV 1rQr15 Å-1, and at
E�100 meV 4rQr13 Å-1. The energy resolution improves with
E, varying from DE�5 to 2 meV over an energy transfer range of
E�40–100 meV, respectively. ARCS uses position sensitive detec-
tors and can therefore provide Q–E information without DQ

integration.
Neutron scattering instruments on each type of source have

advantages and disadvantages. Spallation sources are under-
moderated with respect to the neutron spectrum exiting thermal
and cold moderators. This leads to lower time-averaged on-
sample neutron intensity in the sub-eV energy range compared
to reactor sources. However, pulsed source-based instruments
typically operate in the time domain and can therefore use
neutron TOF information to record a wide range of Q or E in each
pulse, compensating for reduced differential intensity. Another
consideration is the operation of reactor-based filter-analyzer
incoherent inelastic scattering instruments. Scanning incident
energy permits efficient use of beam time since the user can
select the energy transfer range of interest. In our measurements
using FANS, for example, we scanned the range from �35 to
105 meV exclusively, thereby devoting all measurement time to
the hydrogen vibrational mode region. Chopper spectrometers, on
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Fig. 1. Neutron energy transfer (E) versus wavevector transfer (Q) for ARCS

(dotted line) and FANS (solid lines). Both boundaries in E–Q space represent

detector extremes (�3–1351 for ARCS; �10–1201 for FANS) and correspond to a

fixed incident energy of Ei¼150 meV for ARCS and a fixed final energy of

E0 ¼1.2 meV for FANS.
the other hand, yield spectra over a large Q–E space by default.
While this is generally advantageous, it can represent additional
information not of interest to the user. A comparison of Q–E space
for the FANS and ARCS instruments is shown in Fig. 1. The utility
of a chopper spectrometer, especially the large covered Q range, is
evident. The statement related to this extensive parameter space
provided by default is placed in proper context with this figure;
the advantage of the TOF methodology is offset to a degree,
at least for VDOS measurements, by the portions of unusable
Q–E space.

Experimental details are described in the next section. This
includes a tabulation of sample and instrument properties and
parameters. The IINS measurements at 4 and 295 K from each
instrument are then presented and compared. Discussion will
focus on overall similarity of the spectra from each instrument at
a given temperature and a qualitative comparison of instrument
performance.
2. Materials and methods

The polycrystalline Pd sample material used here was identical
to that of Ref. [6]. Cold-rolled polycrystalline Pd sheet was
supplied by Alpha Aesar with a purity of 99.98% (metal basis)
and thickness of 0.25 mm. A cellular dislocation substructure is
typical in cold-worked Pd, as observed with transmission electron
microscopy [13]. The as-received sheet was cut into 0.3 � 5 cm
pieces and subsequently cycled twice across the hydride misci-
bility gap by ex situ exposure to H2 gas at ambient temperature.
Hydride cycling is known to generate a relatively uniform
dislocation substructure [13,16]. The cold-rolled, cycled polycrys-
talline material is referred to as the deformed Pd sample here.
The FANS and ARCS IINS measurements were performed with the
deformed sample held in an Al can mounted on a top-loading He
closed cycle refrigerator (CCR). The total sample mass was
increased from 21 g (Ref. [6]) to 103 g (current FANS measure-
ment) and to 175 g (current ARCS measurement). The difference
in sample mass between the two current measurements was due
to the on-sample beam widths used, 2.5 versus 5 cm for FANS and
ARCS, respectively. The FANS instrument can employ a 5 cm
beam, but this option is no longer necessary with the larger
composite filter now in use. The total hydrogen concentrations
were 0.00130 and 0.00134 [H]/[Pd] for the FANS and ARCS
measurements, respectively. These concentrations were mea-
sured directly by total H2 gas pressure reduction in a Sievert’s
apparatus with a volume of approximately 2 l. Thus, the total
hydrogen inventory was increased from 0.16 mg (Ref. [6]) to
1.3 and 2.2 mg for the current FANS and ARCS measurements,
respectively.

The with-hydrogen deformed sample in each case was equili-
brated ex situ with respect to hydrogen absorption at room
temperature in the Al measurement can and then isolated with
an all-metal valve. The Al can was then mounted to the CCR cold
finger and inserted into the CCR sample well. The sample well
was evacuated, backfilled with He exchange gas, and cooled to 4 K
for the first IINS measurement on both instruments. On ARCS, the
isolated sample was then heated to 295 K and re-measured,
maintaining equilibrium with respect to H2. On FANS, the isolated
sample was incrementally heated and re-measured at 100, 200,
and 295 K while maintaining equilibrium with respect to H2. Here
we present only the 4 and 294 K FANS spectra; the complete
temperature series has recently been published by Trinkle et al.
[17]. Generally, heating to 295 K results in a b-a or a0-a phase
transformation; IINS measurements in Ref. [6] and presented
below to support this statement. A zero hydrogen concentration
deformed reference sample was measured on each instrument at



Table 1
Sample and instrument parameters.

Sample T [K] Sample

mass [g]

Hydrogen

mass, mH

[mg]

Meas.

time, Dt

[h]

DO
[st]

Ei

[meV]

E0

[meV]

ARCS 2.5 150 0–150

PdH0.00134 4 175 2.2 16

PdH0.00134 295 175 2.2 16

Pd reference 4 175 0 16

Pd reference 295 175 0 12

FANS 1.3 35–105 1.2

PdH0.00130 4 103 1.3 33

PdH0.00130 295 103 1.3 33

Pd reference 4 103 0 33

Pd reference 295 103 0 33

PdH0.63
y 4 21 124 0.17

PdH0.015
y 295 21 3.0 4.3

PdH0.0008
y 4 21 0.16 83

PdH0.0008
y 294 21 0.16 122

y From Ref. [6]. The measurement time for the deformed PdH0.0008 sample at

4 and 295 K includes the zero hydrogen Pd background runs.
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4 and 295 K by ex situ outgassing of the with-hydrogen sample for
�48 h at 120 1C under vacuum without removing the sample
from the Al measurement can. The FANS fast neutron background
was measured with the deformed sample in place by scanning
incident energy with the detector bank blocked with 0.6 mm Cd
sheet. All FANS spectra were normalized by total beam monitor
count on a point-by-point basis. Normalization by total beam
monitor eliminates the influence of minor reactor power fluctua-
tions and correctly scales the data with respect to the k0/k ratio, as
described below. All ARCS spectra were normalized to total
integrated on-target current (again to eliminate the influence of
source power fluctuations), corrected for pixel sensitivity and
pixel solid angle.

In addition to the deformed PdH0.0013 4 and 295 K measure-
ments just described, a 4 K PdH0.63 measurement and a 295 K
measurement of well-annealed PdH0.015 were previously mea-
sured with FANS [6] and are included here. Ref. [6] should be
consulted for further details regarding these measurements.
Relevant sample characteristics, measurement characteristics,
and instrument properties are listed in Table 1.
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Fig. 2. Normalized ARCS spectra at 4 K with and without (Ref.) hydrogen as a

function of neutron energy loss. Inset shows the net response (the reference

spectrum subtracted from the with-hydrogen spectrum) and the linear back-

ground subtraction that accounts for additional contributions including multi-

phonon events.
3. Theory

The one-phonon emission (i.e., neutron down scattering
employed for both FANS and ARCS measurements) incoherent
inelastic scattering cross-section, per unit solid angle O, per unit
energy E0, is given by [18–20]

d2s
dOdE0

¼
sinc

4p
k0

k

N

2M

Q2

o nðoÞþ1½ �e�2W ZðoÞ ð1Þ

where sinc is the incoherent microscopic cross-section, M is the
atomic mass, N is the atoms per unit cell, k0 and k are the scattered
and incident wavevectors, respectively, E0 is the energy of the
scattered neutron, Q is the wavevector transfer, o is the fre-
quency of the phonon normal mode given by o¼(Ei-E0)/‘ ¼E/‘ ,
n(o) is the Bose occupation factor given by n(o)¼exp(�‘o/kT),
exp(�2W) is the Debye–Waller factor with 2W¼Q2/ud

2S/3 where
ud is the atomic displacement and /ud

2S is the mean value
average of over the atoms in the unit cell [18], and Z(o) is the
normalized phonon density of states. For high incident energy Ei,
k05k and Q2 is proportional to o. Further, if kT5‘o, then
n(o)þ1�1 and the Debye–Waller factor slowly varies with Q.
Under these assumptions, FANS spectra are proportional to the
Z(o), provided the spectra are recorded for constant monitor
counts on a point-by-point basis. This requirement corrects for
the k0/k scaling in Eq. (1) when the monitor is a 1/v neutron
absorber [19]. Time-of-flight IINS spectra are recorded in the time
domain over an extended dynamic range, and thus cannot be
normalized on a point-by-point basis using a beam monitor. For
ARCS, these data are collected as discrete neutron events (discrete
detector pixel and time-of-flight values) and converted directly
into final neutron energy bins dE0. This conversion is represented
by the Jacobian transformation dE0/dt0p (t0)3, where t0 is the time-
of-flight from the sample to a given detector pixel. The binned
data are scaled by the energy bin width, detector pixel solid angle
and detector pixel sensitivity to provide a signal proportional to
the double differential cross-section given by Eq. (1). Following
Eq. (1), the binned data are then scaled by k/k0, E/Q2, the Bose
factor, and the Debye–Waller factor to yield a response propor-
tional to Z(w). Note that the sinc/M ratio in Eq. (1) defines the
incoherent response from the individual components of the
system. In the case of the Pd–H system, the response is dominated
by hydrogen (sinc�80 barns) and this response is largely,
although not completely, incoherent. We assume here that the
measured spectra (corrected and normalized intensity versus E)
over an energy transfer range of �40–100 meV represent the
incoherent-averaged, one-phonon emission (neutron down scat-
tering) VDOS from hydrogen.
4. Results

The foreground, background, and net spectra at 4 K from
deformed PdH0.0013 measured with ARCS and FANS are shown
in Figs. 2 and 3, respectively. These data are normalized over the
35–40 meV energy transfer region where the Pd acoustic mode
intensity dominates the response. An additional background
subtraction from the net response has been performed, as shown
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is largely independent of neutron energy loss.
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spectra recorded with both instruments exhibit a central peak at E�58 meV and a

high-energy shoulder, corresponding to the TO mode (which lacks significant
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tively. The broadening of the primary peak observed in deformed PdH0.0013 at 4 K
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strain. The primary peak energy observed with each instrument from deformed

PdH0.0013 at 295 K is in agreement with the location of the local mode from well-

annealed PdH0.015.
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in each figure. This subtraction accounts for multiple phonon
events and is highly energy-dependent in the case of the ARCS
spectra. This is not a trivial situation and represents background
sources and/or instrumental responses for ARCS that are currently
not understood. In the FANS subtracted data, the spurious
intensity [14] is eliminated by subtraction, rendering a relatively
flat background beneath the hydrogen VDOS intensity. The back-
ground responses (the deformed Pd sample without hydrogen)
at 4 and 295 K are compared in Fig. 4 for both instruments.
These data have been normalized to the respective with-hydrogen
measurements at each temperature for each instrument, as
shown, for example, in Figs. 2 and 3 at 4 K. Both ARCS and FANS
Pd background responses contain weak spurious scattering. The
FANS spurious intensity is attributed to inelastic scattering events
in Be (comprising of the composite filter) of elastically scattered
neutrons from the sample [6,14]. The presence of Bi in the current
FANS filter attenuates these spurious peaks by two orders of
magnitude [14]. These features are somewhat sample dependent
via the coherent response (Bragg diffraction) of the scattering
system. The ARCS background exhibits broad features at �55,
�75, and �88 meV. These features may be sample dependent via

the coherent response (Bragg diffraction) of the scattering system
inducing inelastic scattering events with surrounding materials
such as steel structure components. The net normalized spectra at
4 and 295 K from both instruments are compared in Fig. 5. Also
included in this comparison are the 4 K PdH0.63 and well-annealed
295 K PdH0.015 spectra measured previously by FANS [6]. The
normalization implemented in Fig. 5 yielded a peak intensity
value of approximately 1 (hence, the use of arbitrary units) to
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facilitate a comparison of peak locations (on the energy axis)
when the spectra are offset vertically.
5. Discussion

The spectra measured with FANS and ARCS from deformed
PdH0.0013 at 4 and 295 K agree, indicating both instruments and
associated data reduction provide consistent quantification of the
hydrogen VDOS. The central peak (E�58 meV) in the 4 K ARCS
spectrum is slightly harder, while the opposite appears to hold at 295
K. The comparison of both sets of spectra with those measured from
PdH0.6 at 4 K and well-annealed PdH0.015 at 295 K is consistent with
the hydride to solid solution phase transformation at dislocations, as
previously discussed in Ref. [6]. The significant peak broadening and
high-energy shoulder observed previously at 4 K are again observed
in the spectra from both instruments. As discussed in Ref. [6], these
features are attributed to a loss of degeneracy of trapped hydrogen
and dispersion on the longitudinal optic [LO] mode of the hydride
phase [21], respectively. The loss of degeneracy is due to the local
strain dislocation trapping environment perturbing the three-fold
symmetry of the regular interstitial octahedral site, as confirmed by
recent first principles calculations [17,22].

The point-by-point comparison of counting statistics of the
PdH0.0013 samples indicates improved performance for ARCS. The
hydrogen inventory measured with ARCS was approximately a
factor of two larger than that measured with FANS. Furthermore,
the solid angle subtended with ARCS is a factor of two larger than
that of FANS. Both factors favor improved counting statistics for
ARCS, roughly by a factor of two because of the square-root
dependence of the measured foreground intensity on these factors.
However, the argument can be made that detector solid angle
coverage is an inherent property of instrument performance. In this
case, the correction for hydrogen inventory alone would favor ARCS
by a factor of 1.4. The ARCS counting statistics appear to be better
than this approximate factor, indicating the inherent performance of
this instrument is greater than FANS. However, undefined back-
ground contributions exist with this instrument that must ulti-
mately be understood and resolved. In particular, an additional
energy-dependent background subtraction (Fig. 2 inset) is required
for ARCS data. This issue must be considered in the comparison of
counting statistics. On the other hand, the origin of background
intensity is well understood for the FANS instrument [14]. This is not
too surprising given the longer operating experience for this instru-
ment. Moreover, it should be noted that FANS is being upgraded
with a new monochromator system that will yield a factor of four in
on-sample intensity and a second detector bank that will double the
solid angle. The FANS upgrade will effectively increase the detector
signal eightfold, thereby significantly enhancing performance.
The comparison of FANS and ACRS data from similar deformed
sample matrices presented here represents a test of the ability of
each instrument to characterize the vibrational density of states of
trapped hydrogen at very low total hydrogen inventory (�1–2 mg).
The overall agreement of the VDOS spectra obtained with a reactor-
based and TOF-based instrument for this challenging problem may
serve as a benchmark for the newer ARCS instrument.
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