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Neutron double-differential cross sections of four polycrystalline samples of ZrH, with hydro-
gen-to-zirconium ratios (x) of 0.54, 1.03, 1.56, and 2.00 have been measured with high-energy
resolution by downscattering of neutrons from initial energies of 171.5 and 244.8meV. Clear
evidence of structure in the one-phonon optical peak of ZrH, is observed for the first time.

This structure consists of two maxima located at energy transfers of 137 and 143 meV and a
shoulder located at 154meV. Similar structure is indicated for the other hydride samples but
it becomes less well defined as the hydrogen-to-zirconium ratio decreases. The observed
structure is compared with predictions of a central-force model calculation by Slaggie, which
includes the effects of interactions between hydrogen atoms. The widths of the hydrogen vibra-
tion peaks are found to depend upon the zirconium-to-hydrogen ratio as well as upon the mo-

mentum transferred in the scattering process.

I. INTRODUCTION

One reason zirconium hydride has attracted in-
terest during the past few years is because the
hydrogen atoms appear to behave somewhat as in-
dependent Einstein oscillators in the zirconium
lattice. Neutron-scattering experiments!-® and
heat-capactiy measurements®:? lend support to this
simple model; both give consistent results indicat-
ing a vibration-level spacing of about 140 meV.
Significant differences between experiment and the
Einstein model do exist, however, and they have
stimulated further efforts to understand the zirco-
nium-hydrogen system in more detail. For one
thing, the widths of the optical peaks obtained by
neutron-scattering experiments indicate a much
broader frequency distribution than that predicted
by this theoretical single-frequency model, even
with Doppler broadening and contributions from
low-energy acoustic modes taken into account, &

At least two models—the Gaussian-plus-Debye
(GD) model®-! and the central-force (CF) model'?—
have been used to account for the width of the first
optical peak in ZrH,. The GD phenomenological
model uses a combination of an optical level with

a Gaussian distribution of frequencies plus a Debye
spectrum. The CF model extends the Einstein
model by taking into account the longer-range
forces, the H-H interactions in particular, in ex-
plaining the broad optical peak. An interesting
feature of the CF model is its prediction of structure
in the optical peak.

The various published zirconium-hydride neutron
double-differential cross-section results!~® are
generally consistent with an optical-peak location
and width corresponding to the first vibration level
of 140 meV and ~26 meV, respectively. However,
none of these data reported in the literature reveal
detailed shape or structure in the optical peaks.
Although previous measurements have shown that
the peak shape, particularly the width, does not
change significantly with hydrogen concentra-
tion, #'7:10:11:18:14 5ne might expect that any finer
structural characteristics of the scattering peaks
will differ noticeably for different H/Zr ratios.

In the present work we report high-resolution
neutron-downscattering measurements of polycrys-
talline zirconium hydride, carried out at two dif-
ferent incident energies (171.5 and 244. 8 meV) and
four different hydrogen concentrations (ZrH, s, ,
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ZrH, o3, ZrH, 55, and ZrH, o). Structure in the
one-phonon optical peak is observed for all con-
centrations studied, the structure for ZrH, g, being
the most evident. A comparison is made between
the experimental double-differential cross sections
for ZrH, , and the prediction of the CF model.

II. EXPERIMENTAL DETAILS

Details of the Battelle rotating-crystal spectrom-
eter used in this work have been described else-
where. !5 In all, eight data sets were collected,
four at each of two different incident neutron ener-
gies. Table I summarizes the experimental energy
resolutions used in the measurements reported
here. Flight paths (fp) of 1.5 m were used in all
cases except for 16° at 244.8 meV, wherea4.0-m
fp was used. All data were collected at a room
temperature of ~296 °K.

The incident energy of 244.8 meV was chosen
because it yields inelastically scattered neutrons
of sufficiently high energy to ensure minimal muiti-
ple scattering, as predicted by total-cross-section
curves, '® and yet it is low enough that only one op-
tical phonon can be excited. The 4.0-m fp was
used at 16° for this incident energy in order to im-
prove the experimental resolution because resolu-
tions are relatively large for a 1. 5-m fp at this
high energy. A lower incident neutron energy of
171. 5 meV was also used to obtain favorable reso-
lutions even though the very low energy of neutrons
scattered inelastically at this incident energy has
a much higher cross section for multiplte scatter-
ing.?

Measurements made using an empty target assem-
bly were used to correct for background in the ex-
periments done at 244. 8 meV and also for the ZrH, 5q
and ZrH, ,; experiments done at 171. 5meV. Back-
ground corrections for the other 171, 5-meV data
were made by simply subtracting a constant back-
ground determined from the extremes of the time-
of-flight spectrum. This is justified because the
background measurements gave only a flat structure-

TABLE I. The incident neutron energies E; are given
with energy spread due to Bragg uncertainty only. The
total resolution on downscattered neutrons for an energy
transfer of 140 meV is also tabulated as AE and includes
all appropriate resolution elements.

E;=171,5+3.4meV E;=244.8+3.5meV

65 (deg) AE (meV) 05 [deg) AE (meV)
14.5 4.1 16 5.0
29.6 4.2 29.6 9.0
44.5 4.3 44.5 10.0
59.5 4.5 59.5 11.2
90.5 5.0 90.5 13.9

121 4.2 119.5 8.9
156 11.8
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TABLE II. ZrH, target properties.

Crystal  Thickness Percent

x at.% phase (g/cm? transmission
0.54 35.1 a +6 +y 0.87 84.4
1.03 50.8 a++y 0.47 86.8
1.56 60.9 6 +y? 0.24 90.4
2.00 66.7 € 0.24 88.8

2Reference 6 shows samples at this hydrogen concen-
tration to be ~97% & phase. Reference 17 gives ~ 93%
6 phase, ~7% vy phase.

less spectrum in the region of the inelastic peak.
The four targets used in this work consisted of
commercially available ZrH, powder samples
sandwiched between two 7. 6X15. 2X0. 025-cm
aluminum sheets. Basic properties of the targets
are summarized in Table II. The hydrogen contents
listed in Table II were determined by a method of
driving off hydrogen from known weights of the
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FIG. 1. Typical time-of-flight spectra of neutrons

scattered by ZrHg 54, ZrHy o3, ZrHy 56, and ZrH, o at an
incident energy of 171.5meV. Only data in the region of
the optical peak are shown. The dashed lines. indicate
approximate background levels. '
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FIG. 2. Double-differential cross sections for neutrons

scattered by ZrH, o, at an incident energy of 171.5meV.
Only results in the region of the optical peak are shown.
The small arrows at the bottom of the figure indicate the
locations of fine structure and the large arrow indicates
the center of the main peak.

powder, in a furnace, and measuring the gas pres-
sure developed in a known volume. Hydrogen con-

tents quoted by the manufacturer are in good agree-
ment with the tabulated values.

III. EXPERIMENTAL RESULTS

Typical time-of-flight (TOF) spectra in the region
of the inelastic peak are shown in Fig. 1 for the
171.5-meV data sets. The experimental resolution
in the region of the combined elastic and acoustic
phonon peak, which would be centered at about
channel 24 in Fig. 1, was too coarse to allow ex-
amination of the peak shape in any detail. Further-
more, comparable data for the quasi-elastic peak
have already been published. *® Consequently, re-
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FIG. 3. Typical double-differential cross sections for

neutrons scattered by ZrHy, 54, ZrHy, o3, ZrHy, 56, and
ZrH, o at an incident energy of 171.5meV and a scatter-
ing angle of 14.5°. Large arrows indicate centers of the
inelastic peak and small arrows indicate the location of
any structure in the peak. Only results in the region of
the optical peak are shown.

sults of measurements in the neighborhood of the
elastic peak are not included in this study. The
dashed lines in Fig. 1 represent approximate back-
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FIG. 4. Double-differential cross section for neutrons
scattered by ZrH, oo at 16° with an incident energy of
244.8meV. The small arrows indicate the location of
structure and the large arrow the center of the main peak
for neutrons scattered at 14.5° by ZrH, g, at an incident
energy of 171.5meV.
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TABLE III, Peak locations Zw (meV) for ZrH, for incident
energies E; and scattering angles 6.

AN 0.54 1.03 1.56  2.00
E;{=244.8 meV
16° 143.6 143.4 142.3 142.5
29.6° 142.8 142.8 142.3 141.8
44.5° 142.8 143.1 141.5 141.5
59.5°  143.1 143.6 142.0 142.0
90.5° 144.1 144.6 142.8 143.1
119.5°  145.1 146.1 144.8 144.8
156° 147.6 146.9 143.1 144.1
av 144.2  144.4 142.7 142.8 143.510.3
E;=171.5meV
14.5° 140.5 141.0 140.6 140.0
29.6°  140.5 140.6 140.4 139.9
44.5°  140.4 140.4 139.9 139.7
59.5°  140.0 140.8 140.0 139.7
90.5°  140.4 140.2 140.2 139.7
121° 141.0 141.4 141.1 140.3
av 140.5 140.7 140.4 139.9 140.4:0.1

ground levels. The horizontal bar centered at the
peak location represents the spectrometer resolu-
tion. This resolution is calculated from all known
elements, including the energy spread and time
width of the incident neutrons, and the elements due
to various path-length uncertainties.!® The resolu-

tion is represented in a similar manner in the cross-

section curves that follow. Error bars in the TOF
data and in the cross sections are due to counting
statistics only.

The raw TOF data have been converted by com-
puter to double-differential cross sections per
hydrogen atom, with normalizations using assumed
cross sections for zirconium and hydrogen of 6. 2
and 22.3b, respectively. Representative double-
differential cross sections are shown in Figs. 2-4.
These cross sections are plotted against energy trans-
fer 7w =E, - E,, where E,and E,arethe initial and
scattered neutron energies, respectively. The
large arrows inthe figures indicate the center of
the inelastic peak [determined by bisecting a line
drawn full width at the half-maximum (FWHM)]
and the shorter arrows indicate the location of any
structure in the peak.

The locations of the center of the one-phonon
optical peak at all scattering angles for the eight
different data sets are listed in Table III. Average
peak locations for the 244.8- and 171. 5-meV mea-
surements are 143.5+0.3 and 140.4+ 0.1 meV,
respectively. The uncertainties represent random
errors only and are expressed as deviations from
the mean in each case. Estimates of possible sys-
tematic errors are 1.0 and 0.7 meV for the 244. 8-
and 171. 5-meV data, respectively.

FWHM values of the optical peak corrected for
experimental resolution are displayed in Fig. 5.
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A scale of momentum transfer k, rather than scat-
tering angle 6,, was chosen so that widths obtained
at the two different incident energies could be com-
pared directly. « and 6, are related by

‘o (zm)llz

- [E,+ E; - 2(E,E,)? cos8,]'72,

where m is the neutron mass, 7 is Planck’s con-
stant, and E; and E, are the initial and scattered
neutron energies, respectively. Typical estimated
errors for the FWHM values, representative of all
the peaks at 244, 8 meV, are shown only for ZrH; g.
FWHM values for the 171. 5-meV peaks could be
determined with considerably more certainty be-
cause of the smaller statistical errors involved;
estimated errors for these peak widths are repre-
sented approximately by the sizes of the symbols.

IV. DISCUSSION OF RESULTS

Locations and widths of the optical peak appear
to depend on incident energy as shown in Table III
and Fig. 5. Some of the observed differences may
be due to systematic errors arising from the dif-
ferent operating conditions at the two incident en-
ergies. However, even small differences in peak
shape, possibly due to different amounts of multi-
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FIG. 5. Width (FWHM) of the inelastic double-differ-
ential cross-section peak in energy units vs momentum
transfer for different H/Zr ratios. Error bars represent
typical uncertainties in 244.8-meV widths (open symbols).
Errors for 171.5-meV widths (filled symbols) are typi-
cally the size of the symbol. Widths have been corrected
for experimental resolution.
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phonon contributions at these two energies, have a
noticeable influence on the measured peak locations
and widths. For example, compare the shapes of
the ZrH, o peak at E, = 244. 8 meV (Fig. 4) to the
same peak at E; =171, 5meV (Fig. 2). The half-
height positions of the 171.5-meV peaks lie slightly
above the shoulder on the right side of the peak,
whereas the half-height position falls slightly below
the shoulder on the 244.8-meV peak. This tends
to give a greater measured width and a slightly
higher measured value for the location of the peak
centers for 244, 8-meV initial energy.

An increase in peak width with momentum transfer
is indicated by the results shown in Fig. 5. Both
multiphonon scattering and multiple scattering of
neutrons are expected to make small contributions
to the width. The amount of multiphonon scattering
increases monotonically with momentum transfer,
whereas multiple scattering effects are expected
to be at a minimum at 45° and 135° scattering
angles because the 45° orientation of the target with
respect to the incident neutrons gives a minimum
effective target thickness for second scattering at
these angles. The observed variation with scatter-
ing angle indicates that multiphonon scattering is
the major cause of the increase in width.

A variation in peak width with hydrogen concen-
tration is apparent in Fig. 5, in contrast to several
previous reports that widths are independent of
concentration for ZrH,.710:11:1¢ At 171, 5-meV
incident energy the peak widths for ZrH, 4 are
substantially less, about 20%, than those for the
other hydrogen concentrations, and the widths for
ZrH,; s, somewhat less than those for ZrH; s, and
ZrH, 3. At 244.8meV the differences in peak
widths for the various concentrations are less
dramatic. Peak widths at this energy for targets
of H/Zr <2.00 are approximately the same regard-
less of hydrogen concentration, but the ZrH; g,
widths tend to be consistently lower than the widths
for the other sample concentrations in the region
of small k. The similarity of peak width for ZrH, ,
and ZrH, 5, at both initial energies is in contrast
to an earlier report'® that the peak width continued
to increase with decreasing hydrogen concentration
in this region.

Inspection of the cross sections of Fig. 2, for
ZrH, o at various scattering angles, reveals struc-
ture in the inelastic scattering peaks, There are
two maxima near the center of the optical peak at
about 137 and 143 meV as well as a shoulder at
145meV. This is believed to be the first clear
experimental evidence for structure of this type
in zirconium hydride or any other metal hydride.
The energy locations of the fine structure and also
the center of the peak are approximately the same
for all scattering angles and are indicated by the
small arrows and large arrow, respectively, at
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the bottom of the figure. Some smoothing of the
structure is observed as the scattering angle is
increased.

Figure 3 presents the small-angle scattering
cross sections for all the hydride samples. These
results indicate that structure in the optical peak
decreases with hydrogen concentration. The cross
section for ZrH, 5 is similar to that for ZrH, g,
although the two maxima near the center are slightly
broadened and shifted to higher energy, and there
is no clear evidence for a shoulder near 154 meV.
For the ZrH, o; data shown in Fig. 3, any indication
of structure near the center of the peak or for a
shoulder at 154 meV can be attributed to statistical
scatter in the data. However, the results for ZrH, g
at other scattering angles (not shown) do give per-
sistent evidence for separate maxima at approxi-
mately 140 and 145 meV, the structure being com-
parable to error limits, but no clear evidence for
a shoulder at 154 meV. Data with improved statis-
tics would clear up the question of structure near
the center of the ZrH, (; peaks. There is a shoulder
at ~130meV in the cross-section peaks for H/Zr
=0. 54 and 1. 03 which is not seen in the higher
hydrides. For the ZrH, ;, data there is no evidence
of structure near the center of the band, or for a
shoulder at 154 meV. ’

The fine structure near the center of the optical
peak generally becomes less distinct as the scat-
tering angle is increased. This can be seen in
Fig. 2 for ZrH,, but the same trend is observed
in the results for the other hydrides. This progres-
sive smoothing probably reflects the increase in
multiphonon scattering mentioned earlier, and is
evidence that the fine structure itself is not caused
by either multiphonon excitation or multiple scat-
tering of neutrons.

The structure in the ZrH, ,, data for 244.8 meV
incident energy and 16° scattering angle, shown
in Fig. 4, is not as well defined as in the corre-
sponding 171. 5-meV data. This is probably due
to the shorter counting times with resultant poorer
statistics. The arrows in Fig. 4 indicate the lo-
cation of structure found in the 171. 5-meV data.
There are some indications of similar structure
in the 244.8-meV data. The cross sections for the
other hydrides and scattering angles obtained with
244, 8-meV incident energy are not shown since
the poorer energy resolution at angles other than
16° (see Table I) would not allow positive identifi-
cation of fine structure.

Slaggie!? has carried out the lattice-dynamical
calculation for ZrH,, assuming CF, in an attempt
to relate the shape of the frequency distribution
to the interatomic forces. After making the sim-
plification that ZrH, is fcc [ZrH, is actually fct
with ¢/a=0.89], he introduced four force constants,
each related to one of the interactions: Zr-Zr,
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FIG. 6. Comparison of CF theory for the optical scat-
tering peak with experimental results for 171.5-meV in-
cident energy. The CF-model curve has been shifted by
approximately 3meV to allow for the difference between
optical-peak energy used in the theory and the experimen-
tal position of the center of the main vibration peak. No
other normalizations or shifts were applied to the theo-
retical or experimental results. Arrows represent the
locations of the fine structure in the experimental data.

Zr—H (nearest neighbors), H-H (second nearest
neighbors), and H-H (third nearest neighbors).
The Zr-Zr force is related to acoustic modes, the
Zr-H nearest-neighbor force determines the posi-
tion of the optical frequencies, and the H-H forces
cause a splitting of the optical peak. A frequency
spectrum and corresponding double-differential
cross-section curve were reported by Slaggie'® for
a representative incident energy (239 meV), scat-
tering angle (40°), optical-peak position (137 meV),
and width (20 meV). (Spacial averaging was in-
cluded to allow for polycrystalline materials.)

The CF-model—-calculated double-differential
cross-section curve is reproduced in Fig. 6 to-
gether with experimental results for comparison,
even though the conditions for the theoretical cal-
culation and the experimental cross section do not
match precisely. The energy scale of the CF curve
was shifted by 3 meV to account for differences
between theory and experiment in peak position.
No cross-section normalizations have been made.
The CF curve appears to have three maxima. The
most dominant maxima at the highest and lowest
energies are attributed to second-nearest-neighbor
hydrogen interactions and the much smaller maxi-
mum near the center arises from third-nearest-
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neighbor hydrogen interactions.

The cross-section results for both ZrH, and
ZrH, ;¢ (Figs. 3 and 6) have two maxima that are
qualitatively similar to the two most dominant
maxima of the CF-model calculation. The dominant
maxima of the CF curve have a larger energy sep-
aration than the experimental maxima but improved
agreement would be attained by choosing a smaller
second-nearest-neighbor H-H interaction in the
CF-model calculation. Although Slaggie’s choice
for the strength of the second-nearest-neighbor
H-H interactions does predict structure at approxi-
mately 154 meV, as indicated in Fig. 6, the shoulder
observed at this energy in the cross sections for
ZrH, is qualitatively different and is assumed to
be due to other effects. The lack of evidence for
structure at 154 meV in the results for ZrH, g,
which is predominantly cubic 6 phase, suggests
that the shoulder may be due to the tetragonal struc-
ture of the e-phase ZrH, which was not considered
by Slaggie.

The deviation from cubic symmetry of the ZrH,
lattice should be important in determining the
shape of the optical peak. If CF interactions be-
tween the H atoms and the nearest Zr neighbors
alone are considered, the localized hydrogen vi-
brations should correspond to two distinct frequen-
cies. There should be a nondegenerate frequency
(w,) corresponding to vibrations parallel to the ¢
axis and a doubly degenerate frequency (w,) corre-
sponding to vibrations in the plane perpendicular to
the c axis. It can be shown that these frequencies
are related to the ¢/a ratio of the fct lattice such
that w,= (a/c)w,. Therefore for ZrH,, where a/c
=1.12, the hydrogen-vibration modes would be
comprised of two different frequencies which are
separated by 12% or approximately 17meV. When
interactions between hydrogen and its second and
third nearest neighbors are considered, then only
for the infinite-wavelength vibration modes in which
the hydrogen atoms vibrate in phase and opposite
the lattice of zirconium atoms should the above
calculation provide a reasonable estimate of the
splitting due to tetragonality. For finite wave-
lengths and for the vibration modes in which the
fct hydrogen lattices vibrate against each other,
interactions between hydrogen and its second and
third nearest neighbors will be important, and re-
sult in a more complicated frequency distribution.
It would be interesting to compare the measured
cross sections for ZrH, with a refined lattice-dy-
namical calculation which incorporates the effects
of tetragonality.
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Diffusion of Helium Isotopes in Vitreous Silica®

J. E. Shelby
Sandia Labovatovies, Livermove, California 94550

The diffusion of He® and He? in vitreous silica was experimentally measured in the tempera~
ture range 100~760°C. The ratio of the diffusion coefficients is given by D(He®)/D (He?)

=(1.205+ 0. 003) exp[~(131+7 cal/g-at.)/RT].

These results cannot be explained by classical

diffusion theory, which does not predict an isotope effect in the activation energy for diffusion.
The quantum corrections proposed by LeClaire for the special case of low-atomic-mass isotope
diffusion satisfactorily explain the observed results.

I. INTRODUCTION

There have been several studies of the diffusion
of He* in vitreous silica, '™® but only one determin-
ation of the relative diffusivities of He® and He * in
vitreous silica has been reported.® Jones® calcu-
lated the isotopic diffusivity ratio from the corre-
sponding ratios for permeability and solubility.
However, no direct determination of the diffusiv-
ity of He? in glass has been previously reported.

The magnitude of the experimentally observed
isotope effect, when compared with theoretically
predicted values, should allow a distinction be-
tween various possible diffusion mechanisms.

Classical diffusion theory predicts that the ratio
of the isotopic diffusion coefficients should vary as
the reciprocal of the square root of the mass of the
diffusing atoms.” LeClaire® has suggested that a
quantum correction be applied to classical theory
when the diffusing species are of low atomic mass.
He has applied these corrections to hydrogen iso-
tope diffusion in metals with some success. How-
ever, this analysis has not been tested on helium
isotope diffusion because of a lack of experimen-
tal data. The relatively large values of the He*
diffusivity in vitreous silica'™® would suggest that
a helium isotope diffusion study in this material
might provide a significant test of LeClaire’s the-



