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INTRODUCTION
The Transformational Challenge Reactor (TCR) targets
application of advances in manufacturing, materials, and computational sciences to accelerate development of new nuclear
reactor technologies as well as their adoption by the U.S. industry [1]. The TCR leverages advanced manufacturing capabilities at Oak Ridge National Laboratory (ORNL) to facilitate
an agile reactor design with the ability to take advantage of
advanced materials and data science-informed certification
schemes. Since TCR is gas-cooled a thermal reactor, the
choice of neutron moderating material is of crucial importance. To achieve a highly efficient and compact core while
minimizing the amount of high assay low enriched uranium
required [2], a hydrogen-bearing moderator that is stable to
high temperatures is required. This initially led to the selection of metal hydrides (i.e., ZrH x and YH x ) for the TCR
demonstration core.
ZrH x has been extensively studied and used in previous
reactor designs since the 1950s due to its low absorption cross
section and general availability [3]. However, during the same
period, the unavailability of high-purity yttrium as an industrial
metal barred it from being considered as another candidate
although it exhibits advantageous thermal stability compared
to ZrH x [4, 5]. Today yttrium metal of high purity is available
as an industrial metal and therefore, YH x was chosen as the
moderator material for the TCR. However, a complete thermal
scattering library is currently lacking and is needed for an
accurate representation of TCR core neutronics properties.
This paper details the first step towards the evaluation of a
YH x thermal scattering library through the conduct of thermal
neutron scattering experiments for various hydrogen atomic
concentrations x = 1.62, 1.74, 1.85, 1.90 at 5 Kelvin and
room temperature at the Spallation Neutron Source (SNS)
at ORNL. This information supplies the necessary data for
TCR’s YH x moderator while providing basic information that
is necessary for design and deployment of any other reactor
taking advantage of this high performance moderator.
YTTRIUM HYDRIDE
Yttrium hydride offers unique advantages as a moderator
for thermal nuclear reactors. In contrast to other hydrides
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under consideration, this material retains its relatively high
content of hydrogen at elevated temperatures. For example, the
hydrogen pressure required to maintain the thermodynamic
equilibrium of YH1.7 is 2.5–4.5 orders of magnitude lower
than that of ZrH1.7 at the same temperatures, indicating that
YHx has superior thermal stability over ZrHx.
The application of ZrHx in nuclear systems required careful management of the moderator temperature and additional
effort to develop a hydrogen barrier to mitigate hydrogen desorption at elevated temperatures. In contrast, the thermodynamic driving force for H desorption from YHx is significantly
smaller and results in its stability at elevated temperatures.
The yttrium hydride was manufactured at ORNL’s Low
Activation Materials Development and Analysis laboratory.
This was done by introducing specific amounts of hydrogen
into a small volume of yttrium that was kept in a vacuum [6].
This allowed for production of complex geometries of YH x
metals without cracking. The H/Y ratio was determined by the
weight change of the yttrium sample before and after inserting
hydrogen.
THERMAL NEUTRON SCATTERING THEORY
Double differential thermal neutron scattering is described
by,
σb
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where σb is the bound scattering cross section, kB is the Boltzmann constant, Ei, f are the incident and final neutron energies,
respectively, and S (α, β) is the thermal scattering law where
α and β are dimensionless quantities corresponding to momentum and energy transfer as defined by,
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where µ is the cosine of the scattering angle in the laboratory
system, and A is the ratio of the mass of the scattering atom to
the mass of the neutron. The thermal scattering law is defined
by the dynamic structure factor in,
E

S (α, β) = kB T e 2kB T S (Q, E),

(3)

where S (Q, E) is the dynamic structure factor defined by momentum transfer ~Q (where ~ is the reduced Planck constant)
and energy transfer E = Ei − E f .
There are several ways to calculate the dynamic structure factor (as described in Refs. [7, 8]). The most common
involves using the LEAPR module of NJOY [9], which generates the thermal scattering law from using the phonon density

EXPERIMENTAL RESULTS
Experimental data were gathered at the SNS from two instruments: the Fine-Resolution Fermi Chopper Spectrometer,
SEQUOIA [10], and the Vibrational Spectrometer VISION
[11].
SEQUOIA
To measure the double differential scattering cross section,
the time-of-flight direct geometry spectrometer SEQUOIA
was used. Measurements were taken at three incident neutron
energies: 45, 180, and 600 meV. The incident energies of 45
and 180 meV were selected based on previous calculations
and measurements of the phonon density of states [12, 13] that
show significant phonon density below 30 meV and between
110–145 meV (as shown in Fig. 1). In order to best see
these features, the incident neutron energies were chosen to
be slightly higher than the location of these peaks to ensure
the best resolution, which led to the choice of 45 and 180
meV. The 600 meV incident energy was chosen to measure
multi-phonon scattering.

to the yttrium vibration in the lattice, while the latter is from
hydrogen vibration in the lattice.
There is also an anharmonicity above E=400 meV which
can be seen in the Q-integrated dynamic structure factor for the
Ei =600 meV plot in Fig. 5, based on calculated multiphonon
neutron scattering in harmonic approximation using the spectra shown in Fig. 4 (see below discussion on VISION data).
This is an expected feature of YH x , and careful analysis will be
required to completely model this effect. Analysis of the SEQUOIA data is ongoing, and high temperature measurements
up to 800 K are scheduled for later this year. Measurements up
to 1,500 K are scheduled at the Wide Angular-Range Chopper
Spectrometer (ARCS) later this year, as well.
S(Q=0.4−4.0 Å,E), [a.u.]

of states or crystallographic structure information as needed.
The phonon density of states is used to calculate incoherent
scattering, while the crystallographic structure information is
used to calculate coherent scattering. Both are needed to fully
describe the thermal scattering law of YH x .
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Fig. 2. Temperature comparison of Q-integrated dynamic
structure factor of YH1.85 for Ei =45 meV at 5 K and 295 K.
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Fig. 1. Phonon density of states of YH2 from ENDF/B-VIII.0.
Measurements of YH x , for x = 1.62, 1.85, were taken at
temperatures of 5 and 295 K. Experimental results are shown
in Figs. 2–5. Figure 2 shows the Q-integrated dynamic structure factor for Ei =45 meV, where the intensity increase at
E < 0 (corresponding to neutron upscattering) at 295 K is
due to the increase of the Bose population factor[7], which is
significantly muted at 5 K. Figures 3 and 4 display the Ei =180
meV data in as a 2D mesh of the dynamic structure factor for
YH1.85 and as a Q-integrated spectra comparing YH1.62 and
YH1.85 . The two phonon density peaks shown in Fig. 1 can
be seen in both of these figures. Specifically, the contribution
from the phonon density of states peaks can be seen in the
yellow patch just above the elastic line around E=15 meV
and between 100 and 150 meV. The former corresponding

Fig. 3. 2D mesh of the dynamic structure factor of YH1.85 for
Ei =180 meV at 5 K.
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Fig. 4. Hydrogen concentration of Q-integrated dynamic structure factor of YH1.62 and YH1.85 for Ei =180 meV at 5 K.

0 100 200 300 400 500 600
Energy Transfer [meV]

Fig. 5. Q-integrated dynamic structure factor of YH1.85 for
Ei =600 meV at 5 K and 293K.
VISION
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To study the vibrational features of YH x , the indirect
geometry VISION instrument was used. VISION shines a
white beam of neutrons (wide distribution of incident neutron
energies), and the final energy is set to 4 meV. This allows for
an analysis of the whole energy range of interest (up to 1 eV),
with a constant relative energy resolution of ∆E/E = 1.5%.
Experimental results for YH x , where x = 1.62, 1.74, 1.85, 1.90
for forward scattering (45◦ ) and backscattering (135◦ ) at 5 K,
are shown in Figs. 6 and 7, respectively, while a comparison
of the YH1.85 results at 5 and 293 K are shown in Figs. 9 and
10.
0.018
0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0

YH1.62
YH1.74
YH1.85
YH1.90

0

100

200
300
400
Energy Transfer [meV]

500

600

0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0

YH1.62
YH1.74
YH1.85
YH1.90

0

100

200
300
400
Energy Transfer [meV]

500

600

0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0

YH1.85
Harmonic Approximation
Sjölander Approximation

0

100

200 300 400 500
Energy Transfer [meV]

600

700

Fig. 8. Comparison of VISION backscattering 5K experimental data with multiphonon harmonic and Sjölander approximations.
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Fig. 9. Forward scattering data of YH1.85 at 5 K and 293 K.
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Fig. 6. Hydrogen concentration comparison of forward scattering data of YH x , for x = 1.62, 1.74, 1.85, 1.90 at 5K.

suggest that potential well for hydrogen in yttrium is anharmonic at energies higher than 300 meV. There is a significant
red-shift of the lower peaks in the 3-, 4- and 5-multiphonon
bands compared to the multiphonon INS spectra calculated in
harmonic approximation [14] and the Sjölander approximation
for higher order multiphonon scattering [15] using experimental spectra in the range of fundamental modes, E<160 meV,
as shown in Fig. 8. The temperature comparisons in Figs. 9
and 10 show the effects of this anharmonicity as a function
of temperature. As with the SEQUOIA data, analysis of the
VISION data is ongoing.
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Fig. 10. Backscattering data of YH1.85 at 5 K and 293 K.

Fig. 7. Hydrogen concentration comparison of backscattering
data of YH x , for x = 1.62, 1.74, 1.85, 1.90 at 5K.

CONCLUSIONS AND FUTURE WORK

Because of the constant relative energy resolution, the
full energy spectrum can be more easily seen in Figs. 6 and
7. The magnitude and location of the vibrational modes are
very similar across the four samples. There is evidence to

Thermal neutron scattering measurements of YH x for hydrogen concentrations x = 1.62, 1.74, 1.85, 1.90 at 5 K and
room temperature were conducted at the SEQUOIA and VISION beamlines of the SNS for use in the TCR. There are

small differences in the spectra, which could be due to the
non-uniform hydration of the samples. This will be confirmed
with x-ray diffraction measurements.
Analysis of the experimental data is ongoing, with the
result being a thermal scattering law for YH x depending on the
final choice of hydrogen concentration x for use in the TCR.
Computational simulations of the YH x samples using density
functional theory (DFT) codes (i.e., CASTEP [16] or VASP
[17, 18, 19]) will be used to replicate the data at VISION,
while Monte Carlo neutron transport programs will replicate
the direct-geometry spectrometer results from SEQUOIA.
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