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a b s t r a c t

We report on an inelastic neutron scattering study of the proton dynamics in ZrH0.0155 and ε-ZrH2. In
particular, we present measurements of the incoherent dynamic structure factor, generalized vibrational
density of states, and proton momentum distribution of these two materials. Our results are generally
consistent with theoretical predictions of Els€asser et al. [Mat. Res. Soc. Symp. Proc. 453 221e226 (1997)].
They argued that the effective Born-Oppenheimer potential experienced by the hydrogen atoms in
ε-ZrH2 is nearly isotropic and harmonic at energies below 0.3 eV, but becomes anisotropic and anhar-
monic for higher energies. At low temperatures, the proton momentum distribution is dominated by the
quantum-mechanical ground state of the protons. We find that it assumes a Gaussian shape, consistent
with the concept that the potential surface is approximately harmonic for small displacements of the
hydrogen atoms. However, the anharmonicity of the potential becomes readily apparent in the excited
states of the hydrogen atoms, as the harmonic approximation breaks down in the description of the
multiphonon bands.

Published by Elsevier B.V.
1. Introduction

Zirconium-based alloys are used throughout the world as fuel
cladding and channel boxes in light water nuclear reactors (LWRs).
These alloys perform especially well in the primary coolant of
LWRs, despite undergoing uniform corrosion, hydrogen pickup,
radiation damage and embrittlement, and the evolution of signifi-
cant tensile hoop stress due to fuel swelling and fission gas release
[1]. All of these processes are understood and the world-wide nu-
clear industry continues to make important advancements of Zr-
based alloys [2].

The behavior of hydrogen is especially important since the sol-
ubility limit is exceeded, leading to hydride formation in the clad-
ding [3]. This has a few important consequences. First, hydride
formation causes embrittlement. Second, the hydrogen can be
released during off-normal temperature transients. Third, it is
possible for the hydrides to re-orient during long-term storage,
leading to delayed hydride cracking [4] that can result in radionu-
clide release. However, the likelihood of off-normal transients and
clad failure during storage is low. Experience indicates a failure rate
on the order of 10�6/year/rod during normal LWR operation [5].

The formation, structure, and properties of the zirconium hy-
drides are fully reviewed in Refs. [6e8]. At low concentrations,
hydrogen occupies tetrahedral interstitial positions in the crystal
lattice of a-phase (hcp, P63/mmc) and b-phase (bcc, Im-3m) zirco-
nium. At higher concentrations, the zirconium structure transforms
into the hydride phases: d-ZrHx>1.43 (fcc, Fm-3m) and ε-ZrH1.745�x�2
(bct, I4/mmm). In these phases, too, the hydrogen atoms occupy
tetrahedral interstitial sites. Fig. 1 illustrates the crystal structures
of the a, d, and ε phases near room temperature.

Here, we are interested in more fundamental aspects of
hydrogen in Zr that do not necessarily couple to LWR technology
and the associated utility of these alloys in primary coolant. A
fundamental scientific understanding of these materials depends
upon an accurate determination of the effective potential acting on
the hydrogen. Neutron scattering techniques are well-suited to
addressing this problem as they offer direct probes of the local
structure and dynamics of materials containing hydrogen [9,10].
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Fig. 1. The crystal structure of (a) a-Zr [58] (space group: hcp P63/mmc; primitive unit
cell dimensions: a ¼ b ¼ 3:24205ð3Þ �A, c ¼ 5:16643ð9Þ �A, a ¼ b ¼ 90+ , g ¼ 120+ ,
V ¼ 47:03 �A3); (b) d-ZrH1.55 [59] (space group: fcc Fm-3m; unit cell dimensions: a ¼
b ¼ c ¼ 4:776ð3Þ, a ¼ b ¼ g ¼ 90+ , V ¼ 108:94 �A3); and (c) ε-ZrH2 [59] (space group:
bct I4/mmm; unit cell dimensions: a ¼ b ¼ 3:518ð3Þ �A, c ¼ 4:47ð3Þ �A, a ¼ b ¼ g ¼
90+ , V ¼ 55:03 �A3). Zr atoms are shown as dark gray spheres while H atoms are
shown as red spheres. The wedge on the H atoms in panel (b) signifies a partial oc-
cupancy of the tetrahedral interstitial sites of 77.5%.

Fig. 2. The solid solution phase behavior of ZrH0.0155 (170 mg/g). The dissolution (TSSD)
and precipitation (TSSP) boundaries reported in Ref. [3] are shown as red and blue
curves, respectively. The short solid lines indicate our previous determination of the
boundaries at this concentration, discussed in Ref. [19]. Blue squares denote thermo-
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A carefully studied case is ε-ZrH2. Ikeda et al. examined the local
potential and hydrogenwavefunctions of ZrH2 bymeans of inelastic
neutron scattering (INS) [11e13]. They found that the vibrational
motion of hydrogen within ZrH2 can be described as an isotropic
harmonic oscillator with a level spacing of Zu ¼ 147 meV. Evans
et al. have performed neutron Compton scattering measurements
of the proton momentum distribution nðkÞ of ZrH2 at low tem-
peratures [14,15]. They report that nðkÞ is Gaussian and that the
average proton kinetic energy CEK D is 112±2 meV. This is consistent
with the ground state wavefunction inferred by Ikeda et al.; the
virial theorem requires CEK D¼ 3

4 Zu at zero temperature. Els€asser
et al. calculated the effective Born-Oppenheimer potential of
hydrogen within ZrH2 by means of density functional theory [16].
They find that the potential well is approximately isotropic and
harmonic below 300meV, but it becomes anisotropic and anhar-
monic at higher energies. It is noteworthy to compare the behavior
of ε-ZrH2 with uranium nitride, where it was recently shown that
nitrogen acts as a simple harmonic oscillator in a uranium matrix
over many energy levels [17,18].
In this paper, we present a comparative neutron scattering study
of the hydrogen dynamics within ZrH0.0155 and ZrH2. The experi-
ment was performed using the SEQUOIA spectrometer at Oak Ridge
National Laboratory. In particular, we report high-precision mea-
surements of the generalized vibrational density of states GðEÞ and
the average proton kinetic energy CEK D as a function of temperature.
We show the known hydrogen solubility for dissolution (the ter-
minal solid solution solubility for dissolution, TSSD) and for pre-
cipitation (TSSP) in Fig. 2. Inelastic neutron scattering
measurements were performed at 6 K, 550 K, and 617 K, the latter
two being shown on the figure. In addition, we have recently
measured the TSSD and TSSP for our sample at a hydrogen con-
centration of 170 mg/g [19]; these measurements are indicated in
Fig. .2 as well. Thus, the data set presented here encompasses
ε-ZrH2 and a-Zrþ d-ZrH1.6, where a-Zr is the H solid solution phase.

To date, nearly all neutron Compton scattering studies of proton
momentum distributions have been carried out with indirect ge-
ometry instruments based upon a resonance foil technique [20,21].
This is because, until recently, only these instruments have been
capable of simultaneously achieving an appropriately wide kine-
matic range and sufficiently fine energy resolution [22]. The
application of direct geometry instruments has been limited almost
completely to quantum fluids and solids, such as 4He [23e26], 3He
[27], para-H2 [28], and Ne [29]. However, the advent of high flux
spallation sources with fine resolution chopper spectrometers
designed for operation in the eV energy range enable Compton
scattering studies of protons in condensed matter on direct ge-
ometry instruments. This paper demonstrates the effectiveness of
SEQUOIA [30,31] at the Spallation Neutron Source [32] for such
studies.

The paper is organized as follows. In Section 2, we briefly review
the conceptual basis our experiment in the neutron scattering
formalism. Section 3 provides the details of the sample character-
ization, experimental setup, and data treatment. In Section 4, we
present our experimental data and compare the observed INS
spectra of ZrH0.0155 and ZrH2. We apply the Impulse Approximation
in Section 5 to obtain empirical estimates of the average atomic
kinetic energy CEK D. Our findings are summarized in the Conclusion.
An appendix outlining our calculations of the inelastic energy
resolution of SEQUOIA has also been included.
dynamic conditions considered in this paper.
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2. Neutron scattering formalism

Inelastic neutron scattering techniques provide direct experi-
mental probes of the atomic-scale dynamics of condensed matter
systems [33,34]. In this paper, we will consider the powder-
averaged dynamic structure factor S(Q,E) of ZrH0.0155 and ZrH2.
Two different regimes of momentum ZQ and energy E transfer will
be investigated. At “low” Q ((20 �A�1), the scattering from these
materials is dominated by acoustic and optical phonons as well as
local modes. At “high” Q (a20 �A�1), the scattering is determined by
single-particle excitations, and the recoil of individual atoms is
observed. The boundary between these two regimes is not sharp,
but rather smooth and continuous. Multiphonon scattering trans-
forms into the recoil dispersion when Q becomes sufficiently large.
Let us consider each case in turn.

To first approximation, the scattering at energy transfers be-
tween 100meV and 200meV is dominated by the incoherent one-
phonon cross section of the hydrogen atoms. The reasons for this
are twofold. First, the incoherent scattering cross section of H is
approximately thirteen times larger than the total scattering cross
section of Zr. Second, the intensity of optical modes is inversely
proportional to themass of the participating atoms. Since H ismuch
lighter than Zr, there is a large relative gain in intensity for modes
involving the H atoms. Neglecting multiphonon scattering, we may
write the incoherent dynamic structure factor as follows [33]:

SðiÞðQ ; EÞfe�2WZ2Q2

2m
GðEÞ
E

ð1þnðE; TÞÞ (1)

Here e�2W is the Debye-Waller factor, where 2W ¼ Q2Cu2D; Cu2D
is the dynamic mean-squared displacement of the scattering
atoms; m is the individual mass of those atoms; GðEÞ is the
generalized vibrational density of states; and
nðE; TÞ ¼ ðexpðE=kBTÞ � 1Þ�1 is the Bose population factor.

At high Q, the scattering may be described within the frame-
work of the Impulse Approximation (IA) [23]. According to the IA,
the kinetic energy transferred by an incident neutron to an indi-
vidual hydrogen atom is so large that the potential energy of the
hydrogen atom in both its initial and final states may be neglected.
Intuitively, a high-energy neutron undergoes an impulsive collision
with a single target atom, and this atom recoils freely from the
impact. If the interparticle potential does not contain an infinitely
hard core, then, in the limit Q/∞, SðiÞðQ ; EÞ reduces to an integral
transform of the atomic momentum distribution nðkÞ:

SIAðQ ; EÞ¼
ð
nðkÞd

 
E� Z2Q2

2m
� Z2k,Q

m

!
dk: (2)

A constant Q cut of the dynamic structure factor SIAðQ ; EÞ con-
sists of a single symmetrical peak located at the recoil energy of
hydrogen atom initially at rest, namely Z2Q2=2m. Due to the third
term in the energy-conserving d-function, the width of the peak is
proportional to the product of Q and the width of nðkÞ.

While nðkÞ can be inferred from the dynamic structure factor
SIAðQ ; EÞ, it is convenient to recast the data in terms of the West
scaling variable Y and the neutron Compton profile JðY;QÞ. These
quantities are defined as follows [23,35]:

Y ¼ m

Z2Q

 
E� Z2Q2

2m

!
: (3)
JðY ;QÞ¼ Z2Q
m

SðQ ; EÞ: (4)

The West scaling variable Y has the physical interpretation of
being the component kk of the atomic momentum that is parallel to
themomentum transferQ; that is, kk ¼ k, bQ . The neutron Compton
profile is a one-dimensional projection of the momentum distri-
bution, at least in the IA-limit:

lim
Q/∞

JðY;QÞ¼ JIAðYÞ¼2p
ð∞
jY j

knðkÞdk: (5)

The u2-sum rule of neutron scattering requires that the second
moment of the neutron Compton profile be proportional to the
average atomic kinetic energy CEK D:

ðþ∞

�∞

Y2JðY;QÞdY ¼ 2m
3Z2

CEK D (6)

Accordingly, the average atomic kinetic energy CEK D may be
extracted from the intrinsic second-moment of the scattering.
3. Experimental procedure

3.1. Sample preparation and characterization

The Zircaloy 2 (Zy-2) material used for this study is a solid so-
lution ZreSn binary alloy with Fe, Cr, and Ni added to promote
corrosion resistance [36]. The composition of our Zy-2 material has
been published previously [19]. The solubility of Fe, Cr, and Ni in Zr
is very low and these elements form intermetallic second phase
precipitates in Zr. Generally, the metal solutes do not influence
hydrogen behavior. For example, Kearns demonstrated the
hydrogen diffusivity is unaffected by alloy composition [37]. The
local interatomic interaction potential likewise is not expected to
be influenced by the trace solutes since these are at very low
concentration, less than 0.1% by weight (for Fe, Cr, and Ni) and
approximately 1% by weight for Sn. Thus, we believe our study of
the vibrational modes and zero-point energy of hydrogen in Zy-2
and the comparison to ε-ZrH2 is warranted.

Beta-quenched, un-recrystallized rolled Zircaloy 2 plate sup-
plied by ATI Specialty Materials with a composition consistent with
UNS R60802 specification [38] was used for the neutron scattering
experiments described here. The as-received plate was 3.4mm
thick. Zircaloy 2 bars with a 4mm by 3.4mm cross section and
45mm long were cut from the plate using electric discharge
machining to avoid plastic deformation associated withmechanical
cutting. All surfaces were mechanically abraded with 1200 grit
paper to remove surface contamination and to facilitate hydrogen
loading. The in situ neutron scattering temperature cycling
employed here involved temperatures in excess of 750 K that
would induce recrystallization. The sample material was therefore
annealed in flowing Ar gas at 973 K for 6 h to ensure complete
recrystallization prior to the neutron scattering measurements. The
research purity (99.999% source gas) Ar gas streamwas purified by
a getter furnace upstream of the anneal furnace. Recystallization
was confirmed using X-ray diffraction [19]. Additional details
regarding sample characterization can be found in Ref. [19].

Hydrogen loading to a concentration of 170 mg/g (formula unit of
ZrH0:0155) was performed using a Sievert’s apparatus described
previously [39] by exposure of the sample material to H2 gas at
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673 K. Briefly, this system allows controlled exposure of materials
(Zircaloy 2 in the present case) to hydrogen gas in a constant vol-
ume with accurate absolute pressure measurement in a stainless
steel gas manifold. The measured pressure decreases as the spec-
imen absorbs solute atoms. The ideal gas law can then be used to
calculate the absorbed solute concentration once equilibrium is
obtained for a given sample mass and the measured total pressure
reduction. Gas pressure was monitored with four capacitance ma-
nometers spanning a pressure range from 105 Pa to 10�2 Pa. The
total H2 pressure change was 8666 Pa, corresponding to a hydrogen
concentration of 170 mg/g calculated using the ideal gas law, the
known volume of the Sievert’s system (4.549 l), and the total
sample mass (187 g). The sample material for the neutron scat-
tering experiments presented here was identical to that published
elsewhere [19] and the reader is directed to that publication for
additional details.

The ZrH2 sample was obtained from Sigma-Aldrich. It has 325
mesh (particle size smaller than 44 mm) and 99% purity. We per-
formed X-ray powder diffraction measurements using Cu K-a ra-
diation, confirming that the composition is ε-ZrH2 (a ¼
4:980922ð19Þ �A, c ¼ 4:4482ð2Þ �A, c=a ¼ 0:893, space group I4=
mmm) [40]. There was no evidence in the X-ray powder diffraction
data for the presence of a d-hydride phase or untransformed Zr in
this sample.

3.2. Inelastic neutron scattering

We conducted an inelastic neutron scattering study of ZrH0.0155
and ZrH2 using the Fine-Resolution Fermi Chopper Spectrometer,
also known as SEQUOIA [30,31]. This instrument is a direct geom-
etry, time-of-flight spectrometer located at the Spallation Neutron
Source. It will be briefly described here. The incident neutron flight
path begins with a decoupled poisoned water moderator. The
neutrons are transported through a parabolic focusing guide. A T0-
chopper is located 10.0m from the moderator. This chopper re-
duces the background produced by the initial prompt pulse of
neutrons and g-rays emitted by the liquidmercury target. However,
in order to access energies as high as 6.2 eV, the T0-chopper is not
fully closed at the time of the prompt pulse. The neutrons continue
through the guides to a Fermi chopper located 18.0m from the
moderator. The incident neutron energy is chosen by the phase of
this chopper relative to the pulse. For this work, we employed a
Fermi chopper having 100 mm long slit package, 33 slits of 1.5 mm
width, 0.35 mm thick absorbing slats, and a radius of curvature of
1.83 m. When performing measurements with an incident neutron
energy Ei of (200meV, 350meV, 500meV, 800meV, and
6200meV), we operated the Fermi chopper with respective fre-
quencies (360 Hz, 360 Hz, 480 Hz, 600 Hz, and 600Hz) and the
T0-chopper with respective frequencies (120 Hz, 120 Hz, 150 Hz,
180 Hz, and 180 Hz). All of these chopper settings were used to
study ZrH0.0155, but only the 200meV and 6.2 eV incident energies
were used with ZrH2. The resolution width is a function of Fermi
chopper frequency, incident neutron energy Ei, and the energy
transfer E. Calculations of the resolution width are described in the
Appendix. Python code for evaluating the (inelastic) energy reso-
lution is available through an online repository [41].

The sample environment, described below, is located 20m from
the moderator. The secondary flight path of SEQUOIA is comprised
of a cylindrical detector bank, centered on the sample environ-
ment, with position-sensitive 3He detectors. They span � 30+ �
4 � 60+ in the horizontal plane and ±18+ vertically. Two low ef-
ficiency beam monitors are located 18.26m and 29.0 m from the
moderator. The beam profile observed at these monitors is used to
determine the neutron energy Ei and moderator emission time t0,
quantities necessary for transforming the observed double-
differential scattering cross section d2s=dUdtf to the dynamic
structure factor SðQ ; EÞ. The data was reduced using Mantid [42]
and analyzed with DAVE [43]. We have not attempted to put the
scattering on an absolute intensity scale (i.e. in units of 1/meV). We
will present the scattering intensity in arbitrary units throughout
the paper.

We placed 59.67 g of ZrH0.0155 bars into a 0.4 cm thick plate-
shaped sample cell and oriented the bar surfaces normal to the
incident neutron beam.We expect approximately 90% transmission
from this sample geometry, as the bound macroscopic scattering
cross section of Zr with a density of 6.5 g/cc is 0.28 cm�1. In the
same geometry, we measured 59.61 g of Zr bars containing no
hydrogen. The beam size was set to 5.0 cm by 5.0 cm and the
remainder of the sample cell was shielded by boron nitride. We
loaded the ZrH2 powder (m ¼ 1:526 g) into a flat aluminum cell of
0.1mm thickness. A lower limit for the ZrH2 sample transmission
can be estimated to be approximately 96%. Given these trans-
mission estimates, we assume that multiple scattering makes a
negligible contribution to the observed scattering for the three
samples, Zr, ZrH2, ZrH0.0155. A top-loading closed-cycle refrigerator
was used for the ZrH0.0155 measurements, whereas a bottom-
loading closed-cycle refrigerator was used for the ZrH2
measurements.

Measurements were carried out on the ZrH0.0155 sample in the
following sequence: 6.0 K, 550 K, and 617 K. At 6.0 K, nearly all of
the hydrogen atoms may be found in the d phase. However, at
higher temperatures, the a and d phases co-exist. We estimate that
the mole fraction of hydrogen in the solid solution a-phase is
approximately 23% at 550 K and 59% at 617 K.

4. Results

Fig. 3 illustrates the dynamic structure factor S(Q,E) of ZrH0.0155
at 6.0 K. Acoustic phonons are observed at energies below z30
meV. The fundamental optical modes appear as a dispersionless
band located at 140meV. Beyond these fundamental modes, there
is a series of unevenly spaced, dispersionless bands corresponding
to the higher oscillator states of the hydrogen atoms. At 6.2 eV
incident energy, the recoil dispersion of the hydrogen atoms is
observed.

Fig. 4 compares the inelastic scattering function of ZrH0.0155 and
ZrH2 at 6.0 K. Although two different hydride phases exist within
these samples, namely the d-ZrH1.6 phase in ZrH0.0155 and the ε

phase in ZrH2, their inelastic scattering functions S(E) are qualita-
tively similar. The scattering from the d-hydride precipitatesmay be
regarded as showing bulk dynamics, as the d-hydride particles are
greater than 1mm in size [44]. As can be seen, the observed oscil-
lator transitions occur at nearly the same energies. However, a
broadening of these peaks is observed in ZrH0.0155. This is likely due
to the fact that the vacancies on the H sublattice are disordered in
the d-hydride. In particular, hydrogen atoms randomly occupy only
80% of available positions in the fcc fluorite-type (Fm3m) lattice.
One expects a larger distribution of HeH nearest neighbor dis-
tances in the non-stoichiometric d-hydride than the fully ordered
ε-ZrH2.

The inelastic scattering function SðEÞ in the region of the
fundamental optical modes (100meVe190meV) is shown in Fig. 4
(a). Four distinct transitions are observed in ZrH2 at 134meV,
138meV, 146meV, and 156meV. This result is consistent with
previous measurements [45]. These four modes are also present in
the d-hydride of ZrH0.0155, apart from a shift in energy and an



Fig. 3. The dynamic structure factor SðQ ; EÞ of ZrH0.0155 at 6.0 K. Measurements were
performed with the SEQUOIA spectrometer using incident neutron energies of (a)
200meV, (b) 800meV, and (c) 6200meV. In panel (c), the scattering from the zirco-
nium has been subtracted and the dashed white line indicates the recoil dispersion of
atomic hydrogen.

Fig. 4. The inelastic scattering functions SðEÞ of ZrH2 (black circles) and ZrH0.0155 (red
triangles) at 6.0 K. The incident neutron energies used to obtain the data shown in
panels (a), (b), and (c) are 200meV, 350meV, and 800meV, respectively. The resolu-
tion width in panel (a) at 140meV is 1.8meV. In panel (b), the resolution width is
6.2meV and 3.1meV at 140meV and 280meV energy transfers, respectively. Error bars
are smaller than symbol sizes.
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increase of the intrinsic width. By inspection, the new peak posi-
tions are: 130meV, 140meV, 151meV, and 157meV. The extent of
the broadening is difficult to determine as these four peaks
significantly overlap. The feature near 165meV in the INS spectra of
both samples is likely a combination mode comprised of acoustic
phonons and optical vibrations.

Fig. 4 (b) illustrates the inelastic scattering function SðEÞ at en-
ergies between 100meV and 350meV. The fine structure of the
fundamental optical modes is washed out by the instrumental
energy resolution and so only a single peak appears in the scat-
tering. This peak is located at 139meV and 141meV in ZrH2 and
ZrH0.0155, respectively. A breakdown of the harmonic approxima-
tion is evident from the data. In the two-phonon band, sharp peaks
are observed at 260meV and 253meV for ZrH2 and ZrH0.0155,
respectively. These peaks are the first overtones of the transitions
located at 134meV and 130meV. If these systems were perfectly
harmonic and isotropic, then these overtones would occur at
exactly twice the energy of the fundamental mode, namely
268meV and 260meV. The remainder of the two-phonon band is
peaked near 283meV in both materials.

Fig. 4 (c) plots the observed scattering between 100meV and
750meV. The broad peak in the three-phonon band is centered
near 418meV. A low energy shoulder is located at 386meV and
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366meV in ZrH2 and ZrH0.0155, respectively. This peak is the second
overtone of the lowest fundamental mode. These peaks would
occur at 402meV and 390meV were the harmonic approximation
correct. The difference between the observed peak energy and the
harmonic approximation is 16meV in ZrH2 and 24meV in ZrH0.0155,
indicating greater anharmonicity in the ZrH0.0155 sample.

The four-phonon band has a broad peak centered approximately
at 560meV. In ZrH2, sharp peaks occur at 506meV and 610meV.
While the 506meV peak may be assigned to the third overtone of
the fundamental optical peak, it does not occur at 536meV as the
harmonic approximation would require. The higher overtones are
too broadened to determine their detailed positions. The observed
anharmonicity in ZrH2 is in good agreement with the total-energy
calculations of Ref [16], which reports that the hydrogen potential
in ε-ZrH2 is harmonic at low energies and becomes anharmonic at
energies above 300meV.
5. Discussion

5.1. Vibrational density of states

In order to determine the generalized vibrational density of
states GðEÞ, we applied Equation (1) to the observed dynamic
structure factor SðQ ; EÞ. The mean-squared displacement Cu2D was
estimated from the Ei ¼ 500 meV measurements. The dynamic
structure factor SðQ ; EÞ was initially transformed into GðEÞ under
the assumption that Cu2D ¼ 0:0 �A2. The fundamental optical peak
was fit to a single Gaussian and the integrated intensity was ob-
tained as a function of Q, allowing for an estimate of Cu2D. We find
that Cu2D¼ 0:015 �A2 at all temperatures.

The generalized vibrational density of states GðEÞ vs E is shown
in Fig. 5. The fine structure in the G(E) of ZrH0.0155 is lost as the
temperature increases. The asymmetrical, triangular shape of GðEÞ
at 617 K is similar to that found in ZrH0.05 at 873 K [46]. At 617 K, the
fundamental peak extends to low energies, approaching the pho-
nons of the Zr lattice. Part of the increase of GðEÞ below 120meV is
Fig. 5. The generalized vibrational density of states of ZrH2 (black line) at 6.0 K and
ZrH0.0155 at 6.0 K (blue circles), 550 K (green triangles), 617 K (red diamonds). The
plotted symbols share a common intensity scale; the solid black curve has been scaled
for ease of comparison.
due to the multiphonon processes of a-Zr. However, it seems un-
likely that the large increase of GðEÞ down to 60meV can be
accounted for by these proceses alone. Instead, we suspect that the
redistribution of intensity toward lower energies is at least partly
due to the diffusion of hydrogen at these temperatures. The self-
diffusion constant of H through Zr-alloys is of order 10�7 cm2/s to
10�6 cm2/s at temperatures between 570 K and 670 K [19,37,47].
Hon [48] and Majer et al. [49] suggest that, while moving from one
tetrahedral site to another, hydrogen passes through octahedral
sites. The octahedral interstices in hcp and fcc lattices are larger
than their tetrahedral counterparts, thereby softening the funda-
mental modes [50]. For example, the fundamental optical mode of
face-centered orthorhombic TiH0.71, with hydrogen on octahedral
sites, has an energy of 75meV. In contrast, in other TieH hydrides
where H occupies tetrahedral positions, the fundamental peak is in
the range 140meVe160meV. Therefore, we suggest that the
observation of additional intensity in the INS spectrum of a-
ZrH0.0155 at high temperatures is connected to the passage of
hydrogen through octrahedral positions. The quasi-elastic neutron
scattering data which is presently available [19] does not extend to
sufficiently high Q to probe elementary diffusion steps, and so a
conclusive statement cannot be made at this time.

The phonon dispersion curves of ε-ZrHx have been calculated
from first principles [51,52] and the predicted spectra are in good
Fig. 6. The neutron Compton profile JðY;QÞ of the hydrogen atoms in (a) ZrH2 and (b)
ZrH0.0155 at 6.0 K. The scattering from the zirconium has been subtracted from the data
shown in panel (b) but not from the data shown in panel (a). The solid red curve
represents a model fit as described in the main text. Error bars throughout the paper
represent one standard deviation, unless stated otherwise.



Table 1
Proton Kinetic Energies in Metal Hydrides

Material T [K] CEK D [meV] Source

ZrH2 6.0 109:0±0:3 Present Work
ZrH2 20 112±2 Ref [15]
ZrH2 290 108:0±0:5 Ref [15]
ZrH0.0155 6.0 112:9±1:4 Present Work
ZrH0.0155 550 119:4±1:4 Present Work
ZrH0.0155 617 118:3±1:4 Present Work
NbH 20 122±3 Ref [15]
NbH 290 115:6±1:6 Ref [15]
TiH2 20 115±2 Ref [15]
TiH2 290 114±2 Ref [15]
CaH2 20 83:3±1:4 Ref [15]
CaH2 290 88:4±1:9 Ref [15]
NaH 20 66:3±0:9 Ref [60]
LiH 20 80±1 Ref [60]
LiH 20 73:8±0:3 Ref [60]
NaH 20 66:9±0:4 Ref [61]
KH 20 57:7±0:4 Ref [61]
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agreement with the experimental spectra. At room temperature,
hydrogen in the phases studied here have ZreH distances of
2:070 �A in fcc d-ZrH1.6, 2:083 �A in fct ε-ZrH2, and 2:055 �A in hcp a-
Zr. In other words, the nearest ZreH distances decreases with phase
in the following manner: ε/d/a. As the temperature increases,
more H goes into the solid solution a-ZrHx phasewith smaller ZreH
distance. This “hardens” GðEÞ in the low H-concentration data.

The fine structure of the fundamental peak in ε-ZrH2 can be
explained by tetragonal distortion of the tetrahedral lattice site and
dispersion of the optic phonon modes is due to strong HeH in-
teractions. The fundamental peak of d-ZrH1.6 is less structured than
that in ε-ZrH2. This is due to the disordered hydrogen sublattice,
where the H lattice sites on average have cubic symmetry. Further
broadening of the fundamental peak in a-ZrHx (x <0:009Þ at high
temperature is presumably due to the shorter occupancy time of
hydrogen positions and the large diffusion of hydrogen through the
material, as suggested above.
RbH 20 55:0±0:2 Ref [61]
CsH 20 51:3±0:2 Ref [61]
5.2. Proton momentum distribution

Fig. 6 shows the neutron Compton profile JðY;QÞ at Q¼ 28 Å�1.
In ZrH2, the measured scattering consists of three different con-
tributions to the signal: the recoil of hydrogen atoms produces a
peak located at Y ¼ 0 with a full-width at half-maximum (FWHM)
of z10 �A�1; scattering from Zr produces a smaller peak located at
Y ¼ � 15 �A�1; and finally there is a high-energy tail due the
transmission of unmoderated, fast neutrons through the spec-
trometer [22]. The same features are observed in the scattering
from ZrH0.0155. In this case, we have performed separate mea-
surements of the scattering from zero hydrogen concentration
Zircaloy-2 rods and subtracted this signal from the ZrH0.0155 data
set.

We assume that the hydrogen atoms can be understood as
single particles moving in an effective external potential. At zero
temperature, the momentum distribution nðkÞ of these particles is
determined solely by the ground state wavefunction. At finite
temperatures, the momentum distribution is determined by a
mixture of different wavefuctions, each appropriately weighted
according to the canonical distribution of statistical mechanics.
Given the level spacing of z 140meV, only the ground state and
the lowest excited states contribute significantly to nðkÞ at the
temperatures considered here. We adopt a Gaussian model of the
momentum distribution:

nðkÞ¼ 1�
2ps2

�3=2e�k2
�
2s2

(7)

where the second moment s2 is an unknown parameter to be
determined by a least-squares fit to the scattering data. According
to Equation (5), the IA-scattering also assumes the following form:

JIAðYÞ¼
1ffiffiffiffiffiffiffiffiffiffiffi
2ps2

p e�Y2=2s2
(8)

We fit the observed JðY;QÞ from ZrH2 to a sum of three Gauss-
ians, representing the neutron Compton profile of H, the fast
neutron background at high energy, and the signal from the Zr
atoms. This last term was not included in the model when fitting
the ZrH0.0155 data sets as the scattering from Zr was separately
measured and subtracted from the raw data. In particular, the
neutron Compton profile JðY;QÞwas broken into sixteen groups for
25:0 �A�1 � Q � 40:0 �A�1. These sixteen groups were simulta-
neously fit so that the best estimate of s is determined by all values
of Q at once. The model fit function was convoluted with the
instrumental resolution function IðY;QÞ at each value of Q. We
found that the Gaussian model yielded a good fit at all tempera-
tures and that our data does not provide a statistical justification for
adopting a non-Gaussian model for nðkÞ.

Empirical estimates of the proton kinetic energy CEK D in various
metal hydrides are listed in Table 1. There is good agreement be-
tween our empirical estimate of the proton kinetic energy in ZrH2
and the value reported in Refs. [14,15]. The proton kinetic energy in
the d-hydride phase of ZrH0.0155 is 112:9±1:4 meV, slightly higher
than its value in the ε-phase of ZrH2, namely 109:0±0:3meV. As the
temperature increases from 6.0 K to 550 K and 617 K, the average
proton kinetic energy CEK D of ZrH0.0155 increases by approximately
5%.
6. Conclusions

In this paper, we presented measurements of the inelastic
scattering function SðEÞ, generalized density of states GðEÞ, and
average proton kinetic energy CEK D of ZrH2 and ZrH0.0155. In general,
our results are in good agreement with previous inelastic neutron
scattering studies of ZrH2, including the determination of the
average proton kinetic energy and the spectrum of optical modes.
The new data set was obtained with a state-of-the-art neutron
spectrometer, SEQUOIA. The source strength allowed for high-
precision and high-resolution measurements, not only on the
ZrH2 sample, but also the much lower concentration ZrH0.0155
sample. Previous neutron Compton scattering studies of proton
momentum distributions have been restricted only to resonance-
foil spectrometers; here we demonstrated the usefulness of direct
geometry spectrometers to examine proton momentum
distributions.

At low temperatures, the two samples form two different hy-
dride phases, ε-ZrH2 and a-Zr þ d-ZrH1.6. We find that the funda-
mental optical mode of ε-ZrH2 is split by tetragonal distortions of
the lattice and strong HeH interactions. In ZrH0.0155, the funda-
mental optical peak and higher energy transitions are broadened
by disorder in the hydrogen sublattice. Evidence of anharmonicity
is present in both samples: the overtones of the optical peaks are
shifted from their expected positions in the harmonic
approximation.
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Our data is broadly consistent with the theoretical predictions of
Ref [16], where it is argued that the effective potential experienced
by the H atoms in Zr is nearly isotropic and harmonic below
300meV, but anisotropic and anharmonic at higher energies. We
find that the momentum distribution nðkÞ is Gaussian, which is
consistent with the prediction that the potential well is approxi-
mately harmonic for small displacements of the hydrogen atoms.
Given the size of the level spacings, nðkÞ is governed primarily by
the ground state wavefunction and secondarily by the first excited
state. The anharmonicity of the potential only becomes evident for
higher excited states, which do not contribute significantly to nðkÞ
at the temperatures considered here.
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Appendix A. Instrumental Resolution

In order to obtain accurate empirical estimates of nðkÞ and CEK D,
one must account for the effects of the instrumental resolution
function IðY;QÞ upon the experimental neutron Compton profile
JEXPðY;QÞ. In general, the (inelastic) resolution function of a time-of-
flight spectrometer at a spallation neutron source assumes an
asymmetric shape. This is due to the fact that the neutron pulses
have a complex velocity and time distribution determined by the
target and moderator system [33]. In this case, it is appropriate to
adopt a Gaussian approximation wherein the contributions to the
energy resolution dE from the moderator pulse width dtm, the
Fermi chopper pulse width dtc, and the detector time uncertainty
dtd combine in quadrature [30,53,54]. In particular, the inelastic
energy resolution is given by the following expression:

dE¼mn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
v3i
L0

þv3f
L1
L0L2

!2

dt2mþ
 
v3i
L0

þv3f
L0þL1
L0L2

!2

dt2c þ
 
v3f
L2

!2

dt2d

vuut
(A.1)

Here mn is the mass of the neutron; vi and vf are the nominal
initial and final velocities of the neutron, respectively; L0 is the
moderator to Fermi chopper distance; L1 is the distance between
the Fermi chopper and the sample position; and L2 is the distance
from the sample to the detectors. We obtained the moderator pulse
width dtm from Monte Carlo N-Particle Transport Code System
(MCNPX) simulations of the decoupled water moderator [55]. The
observed profile width in the first beam monitor was taken as an
estimate of dtc. The detector time uncertainty dtd is given by the
width of a detector divided by the neutron final velocity vf .
To verify the appropriateness of this approximation, as well as
the incident neutron energy Ei used in the data reduction, we
performed a ray-tracing Monte Carlo simulation of the SEQUOIA
incident flight path with the McStas software suite [56,57]. The
results of the simulation are compared to experimental data in
Fig. A1. There is excellent agreement between the observed and
predicted monitor spectra. This confirms that our estimates of dtm
and Ei are correct. The simulated curves are shifted by 2 ms to ac-
count for delays in the experimental timing chain, e.g. cable length
effects [30,31]. We point out that Monitor 2 is particularly sensitive
to the description of the moderator. In addition, the profile shapes
indicate that it is appropriate to adopt a Gaussian approximation
for the resolution lineshape.

Fig. A.1. The time-of-flight spectra of (a) Monitor 1, located just after the Fermi
chopper, and (b) Monitor 2, which is located just before the beam stop. Black circles are
experimental points and red diamonds are from the Monte Carlo simulation. The
simulated points have been shifted to the right by 2 ms to account for differences
between the observed and predicted t0 and rescaled vertically to allow for a direct
visual comparison. Error bars on the experimental points are given by Poisson
counting statistics.

The observed neutron Compton profile JEXPðY;QÞ is obtained by
convoluting the intrinsic scattering with the instrumental resolu-
tion function IðY ;QÞ:

JEXPðY ;QÞ¼
ðþ∞

�∞

JIAðY ’ÞIðY �Y ’;QÞdY ’ (A.2)

The instrumental resolution function IðY;QÞ is represented by a
single Gaussian in Y. The full-width at half-maximum of IðY;QÞ
decreases smoothly from 3:93 �A�1 at Q ¼ 25:0 �A�1 to 1:54 �A�1 at
Q ¼ 40:0 �A�1.

Appendix B. Elastic and Acoustic Phonon Scattering

Fig. B1 compares the inelastic scattering function SðEÞ from
ZrH0.0155 and ZrH2 at energies between�50 meV and 175meV. The
spectrum of ZrH2 has been plotted with two different scale factors:
the black points approximately match the ZrH0.0155 intensity (red
points) at 140meV, while the blue points approximately match the
ZrH0.0155 intensity at 20meV. The scattering from acoustic phonons
is not well-separated from the diffraction peaks as the elastic en-
ergy resolution is approximately 4.5meV.
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Fig. B.1. The inelastic scattering function SðEÞ of ZrH0.0155 and ZrH2 at 6.0 K are
compared. The red points designate the scattering from ZrH0.0155 at a temperature of
6.0 K. The blue points plot the scattering from ZrH2, but appropriately scaled to permit
a comparison with ZrH0.0155 below 50meV. The black points illustrate the same data
set, but scaled so as to permit a comparison in the range of the optical modes near
140meV. The scattering from the aluminum sample holder has not been subtracted
from the data.

The spectra of the ZrH0.0155 and ZrH2 are similar up to 100meV,
at least within this coarse energy resolution. The most pronounced
difference is the relative intensity of the acoustic modes and the
fundamental optical modes. This difference may be understood, at
least in part, as stemming from the molar fraction of each type of
atom as well as the neutron scattering cross section divided by the
atomic mass s=m. In ZrH2, there are 133 times more H atoms per Zr
atom than in the ZrH0.0155 sample. In addition, the “strength” of the
scattering from H is much larger than the “strength” of the scat-
tering from Zr due to the ratio s=m, where s=m ¼ 0:071 barns/amu
for Zr and 81.4 b/amu for H. Therefore, one expects that the low
energy modes in ZrH2 will be weak in comparison with the optical
modes.
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