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Executive Summary

This report summarizes the neutron imaging techniques and experimental activities performed at
the Los Alamos Neutron Science Center (LANSCE) with the main goal of measuring temperature-
driven hydrogen diffusion within bulk-yttrium hydride (YHx) materials. The experimental results
and technique developments reported herein support the US Department of Energy Office of Nuclear
Energy’s (DOE-NE) Microreactor Program under Technology Maturation. In particular, the critical
need to experimentally validate and verify hydrogen-diffusion models of metal hydrides used in high-
temperature microreactor designs is addressed by means of high-spatial-resolution neutron imaging
coupled with custom-built and application-specific furnaces. These capabilities were designed to
apply large temperature gradients across centimeter-sized YHx pellets to simulate conditions faced
in the microreactor environment. Neutron imaging, combined with in-situ sample heating, enables
near real-time tracking of hydrogen diffusion in YHx on the sub-millimeter scale.

In this report, an overview of neutron imaging methodology and technologies are given in the
context of recent spatial measures of hydrogen concentrations in similar metals hydrides. Addition-
ally, the commissioning and operation of a custom-built compact dual-zone furnace is given along
with details on the first two in-situ heating measurements of YHx performed over the 2020 and
2021 LANSCE operation cycles. In parallel with in-situ heating measurements, neutron computed
tomography scans were performed to visualize hydrogen aggregates in post-heated YHx samples.
Analysis and results from these neutron imaging measurements are given along with outlooks and
plans for improving future hydrogen diffusion measurements at LANSCE.
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Acronym Definition
ANP Aircraft Nuclear Propulsion
CCD Charge Coupled Device
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EDS Energy Dispersive X-ray Spectroscopy
ERNI Energy Resolved Neutron Imaging
FOV Field-of-view
FP5 Flight Path 5
FP11 Flight Path 11
HI High-Intensity moderator
HIPPO High-Pressure-Preferred Orientation diffractometer
HEU High Enriched Uranium
KF Kwik Fit vacuum connections
LANL Los Alamos National Laboratory
LANSCE Los Alamos Neutron Science Center
LEU Low Enriched Uranium
MAUD Material-Analysis-Using-Diffraction
MCP Micro Channel Plates
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RF Radio-Frequency
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SEM Scanning Electron Microscopy
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1 Introduction

Microreactors are an emerging class of advanced, transportable nuclear reactors with the promise of
providing power on the order of 0.1–20 MW to remote or hard-to-reach locations such as disaster-
relief areas, military bases, and space systems. Given the transportable and remote nature of
operations, new microreactor designs will require modular factory-like production, passively safe
operations, compact self-contained form factors, and minimal maintenance and personnel require-
ments over its lifetime. With the goal to deploy the first prototypes within the next 5-10 years,
the Department of Energy Office of Nuclear Energy (DOE-NE) Microreactor Program (MRP) aims
to identify and bridge the technological gaps to meet design requirements. One of the overarching
goals is to deliver a completely operational reactor on civilian transportation infrastructure. This
prerequisite alone requires any microreactor design to be compact enough to fit on the back of a
truck bed for transportation, while also requiring the use of low-enriched uranium (LEU), instead
of high-enriched uranium, to minimize concerns for safety, security, and nuclear safeguarding.

To meet these design goals, new and advanced materials such as metal hydrides have been
identified for microreactor moderator components, as the higher hydrogen density within the metal
hydrides offer a higher moderating power and thus increased neutron absorption efficiency within the
reactor core. Microreactors may potentially operate at temperatures higher than those at current
commercial reactors for the purpose of achieving higher thermal efficiency [1]. Therefore, yttrium
hydride (YHx) is the leading moderator material candidate for several microreactor designs within
the DOE-NE MRP and elsewhere due to its ability to retain hydrogen at very high temperatures
relative to other metal hydrides. For example, with potential reactor operating temperatures in
excess of 600 ◦C, hydrogen in yttrium hydride exhibits superior thermal stability over other metal
hydrides such as zirconium hydride (ZrHx), as illustrated in Fig. 1-1. By comparing hydrogen atom
densities for various metal hydrides in Fig. 1-1, it is clearly illustrated that both zirconium and
yttrium hydride retain the highest amount of hydrogen for temperatures above 500 ◦C. Moreover,
comparisons between zirconium and yttrium hydride show that it onset of desorption in zirconium
hydride occur at much lower temperatures than that of yttrium hydride.

The microreactor core is a dense composite of yttrium hydride moderator sandwiched between
various heat sources and sinks. The anticipated temperature gradients across the moderator will
drive hydrogen diffusion in a way that is not well understood and thus hinders design qualification
and verification. For example, a key finding from the Systems for Nuclear Auxiliary Power (SNAP)
and the Aircraft Nuclear Propulsion (ANP) programs was that strong hydrogen dissociation, migra-
tion, and diffusion effects were present in the metal hydride (ZrHx) moderators [3], which negatively
affected reactor performance. Hydrogen diffusion can be driven by various non-equilibrium trans-
port processes, including Fickian diffusion (due to concentration gradients) and/or Soret diffusion
(caused by a temperature gradient) [4]. As discussed in [4], Fickian and Soret diffusion present
opposing effects, creating a feedback loop between the two processes until either a steady state is
reached or the net hydrogen flux goes to zero. During this process, the diffusion of hydrogen through
the hydride material can ultimately result in potential spatial stoichiometric variations within the
moderator.

Currently, several computer models are being developed to better understand moderator be-
haviour of YHx at various nominal and extreme reactor conditions, such as the code "Stoichiometry
With Internally Fluctuating Temperature (SWIFT)" [5] as well as MCNP and Abaqus-based Re-
actor Multiphysics software (MARM) [4]. In order to validate these models, diffusion coefficients
must be measured and verified experimentally. Moreover, in trying to capture off-normal opera-
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Introduction

Figure 1-1: Atomic hydrogen densities, in equilibrium with 1 atm. of hydrogen gas, for various metal hydrides along with water
for comparison. As temperatures increase, hydrogen within the metal hydrides becomes highly mobile and ultimately

desorbs. Figure reproduced from [2]

tion behaviours, such as reactor start up or during an accident, understanding temperature-driven
diffusion becomes most critical.

In this regard, significant investments have been made to build up neutron imaging capabilities
at the Los Alamos Neutron Science Center (LANSCE) that characterize and measure temperature-
driven hydrogen diffusion in YHx. Here, neutron imaging offers the advantages of probing hydrogen
movement in the interior of, and across, centimeter-sized YHx samples both remotely and non-
destructively; meaning that in-situ heating measurements can be performed with resulting 2D (and
possibly 3D) maps of the corresponding hydrogen distributions. This presents an opportunity
to induce temperature gradients across YHx samples and measuring hydrogen distributions as a
function of time and temperature to extract the valuable diffusion information.

1.1 Previous Work Using Neutron Imaging to Characterize Hydrogen in Metals

The application of neutron radiography to non-destructively characterize hydrogen concentrations
in metal hydrides was first demonstrated by Klepeer et al. in 1968 for thin-walled, irradiated
Zircaloy-2 tubing [6]. Using this method, it became clear that neutron radiography is a viable
method to probe hydrogen concentrations with sensitivity resolution on the order of 500-1000 ppm
wt.%, depending on the thickness of the Zircaloy samples. Since this first demonstration, neutron
radiography techniques probing hydrogen concentrations in metal hydrides have steadily improved
with implementations of modern digital imaging systems [7, 8, 9], calibrated samples [Grosse2013,
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Introduction

10, 11], and attenuation models [12] all of which were demonstrated in recent measurements by
Buitrago et al. wherein energy-resolved neutron imaging at the pulsed-neutron source ISIS resulted
in hydrogen concentration resolutions of 5 wt.% ppm [Buitrago2018]. While these measurements
were made at ambient conditions, there have been recent developments in sample environments
enabling in-situ heating measurements to investigate hydrogen uptake and diffusion in zirconium
alloys (Zircaloys) [13]. Here, the samples were heated up to approximately 1750 K while exposed to
an Ar/H2 atmosphere in a custom-built furnace specifically made for in-situ neutron radiography.
Following a calibration step where the relationship between neutron attenuation and hydrogen con-
centration per-pixel was established using pre-loaded hydrogenated samples, Fickian-like diffusion
coefficients were determined from analysis of images of hydrogen diffusion fronts into Zircaloy-4 at
various temperatures [13].

To date, most of the previous neutron imaging measurements on metal hydrides have been
applied to zirconium metals and alloys. Given these successful demonstrations and reported results,
this project aims to build similar neutron imaging capabilities at LANSCE to spatially map hydrogen
concentrations in yttrium hydride samples, and potentially determine diffusion coefficients as a
function of temperature and stoichiometry.
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2 Setups and Methods

Hydrogen-mapping capabilities have steadily grown at LANSCE over the past three years, specif-
ically on Flight Path 5 (FP5) and Flight Path 11 (FP11), in support of metal-hydride moderator
research and development. This section covers sample preparation, furnace designs and implemen-
tations, neutron imaging flight paths, and recent measurements on YHx samples, both ambient and
at high temperatures, during the LANSCE 2021 run cycle. Additionally, measurements of YHx and
experimental setups on FP5 as performed during the 2020 LANSCE run cycle are described for
completeness.

2.1 Sample Preparation

Samples were prepared by machining small cylindrical pellets from high-purity yttrium metal stock
(Ames Laboratory, USA) and directly hydrided using established procedures [14, 15]. Yttrium
metal was placed in a Sieverts-type apparatus consisting of an Inconel pressure vessel with the Y-
metal placed on a molybdenum boat to prevent sample-vessel reactions. The vessel was evacuated
to <1 Torr before heating up to approximately 820 °C. Hydriding was initiated by introducing
approximately 10 Torr of hydrogen gas followed by additional small aliquots over time. During this
process, the hydrogen flow rate was kept low (<40 Torr) to avoid cracking due to significant volume
expansion encountered during hydriding. When the correct stoichiometry (H/Y ratio) was achieved,
the sample temperature was lowered and the vessel evacuated to halt further hydrogen uptake. In
total, five YHx samples were made for hydrogen characterization measurements at LANSCE. Details
on these samples are given in table 2-1.

Label Stoichiometry (H/Y)1 Containment
176-1 1.899 Bare
172-2 1.906 Bare
178-1 1.919 Bare
157-2 1.628 TZM can
168-2 1.148 TZM can

Table 2-1: Information on all YHx samples that were sent to LANSCE for neutron imaging measurements. A�er the hydriding
process, all samples have similar geometries of approximately 5 mm diameter and 9 mm tall cylinders. The 157-2 and 168-1
samples were both loaded and sealed into a single TZM can under vacuum to prevent any oxidation during in-situ heating

measurements.

The samples’ dimensions were roughly 9 mm tall by 5 mm in diameter after hydriding. The
containment used for the 157-2 and 168-2 YHx pellets was a container (can) made of titanium-
zirconium-molybdenum (TZM) alloy that was roughly 24 mm tall, 7.5 mm wide, and had a wall
thickness of 0.25 mm. The two samples were loaded into a single TZM can and hermetically sealed
under vacuum to prevent oxidation during heating. For all samples, their stoichiometries (H/Y
ratios) were determined by weight gain after the hydriding process, whereas sample phase purity
was confirmed through X-ray diffraction scans on identical witness sample from each hydriding
batch.

1All stoichiometries were determined by weight gain after hydriding
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Setups and Methods

2.2 Designing a Novel Furnace for In-situ Neutron Imaging Measurements

Detailed and quantitative investigations of hydrogen mapping in YHx require high-spatial reso-
lution neutron imaging and a novel furnace design - both made possible at LANSCE. The main
requirements for this furnace were cast as follows: First, the geometry at the sample position must
be as compact as possible with the a short sample-to-detector distance to reduce geometric-blur
artifacts. Second, the furnace requires two independent heating elements that can sustain either
uniform or gradient temperature profiles across samples up to several hundred degrees Celsius. Fi-
nally, the furnace must maintain a high-purity inert-gas atmosphere that prevents oxidation during
heating. The so-called Compact Dual Zone (CDZ) furnace was thus designed in house specifically
for such measurements (illustrated in Fig. 2-1a). With an outer tubing diameter of approximately
1", the CDZ furnace operated with minimal sample-to-detector distance that mitigates image blur
and therefore resolution degradation. Additionally, heat transfer from the sample to the imaging
detector was minimized by using quartz tubing with low thermal conductivity, inert gas flow within
the furnace, and constant air cooling applied to the detector.

As seen in Fig. 2-1a, the core of the CDZ furnace design consists of two large molybdenum
platens acting as thermal masses in contact with the sample at two opposing ends. Capable of
operating in two distinct modes, these platens are either heated using radio-frequency (RF) coils,
as shown in Fig. 2-1b, or resistive heating elements as shown in Fig. 2-1c. While RF heating
tends to reach very high temperatures (beyond those tested here), the uniformity of the applied
heat is difficult to control during experiments. With resistive heating, however, fine temperature
control is readily achievable for both uniform and gradient temperature profiles, but the maximum
temperature that can be applied to the sample is much lower (this was tested to be roughly 1100
°C). Additionally, using custom made resistive heaters fabricated by Zircar Ceramics that were
independently controlled, temperature gradients of up 200 °C/cm can be applied across centimeter-
long samples within the furnace.

Figure 2-1: (a) Schematic of the CDZ furnace with resistive heating elements. Here, two molybdenum platens are potted inside
Zircar ceramic heaters, which operate independently to create gradient or uniform temperature profiles across the samples.
During heating operations temperature control is maintained by two thermocouples embedded in both of the molybdenum
platens near the sample contact surface. Purified Ar cover gas prevents any oxidation of materials or samples. (b) The CDZ

furnace operating in RF mode to apply uniform temperatures to YHx samples in the 2020 measurements. (c) The CDZ furnace
operating in resistive-heating mode to apply gradient temperatures to YHx samples in 2021.
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Setups and Methods

In order to prevent oxidation of materials and samples at elevated temperatures, a cover gas
manifold system was built around a 2-Series Oxygen monitor and purifier from CENTORR Vacuum
Industries. This manifold would allow for an argon cover gas to be purified before flowing through
the furnace using a zirconium metal getter, while also monitoring the oxygen concentration in the
exhaust once the argon exits the furnace. Additionally, a GD-70D gas sensor-transmitter from RKI
Instruments, with a full-scale sensitivity of H2-500ppm/sec was inserted on the exhaust to monitor
any hydrogen leaving the furnace.

For temperature control, thermocouples were embedded in the central axis of both the top and
bottom molybdenum platens near the sample contact surface and connected to a Lakeshore-336
temperature controller. Once Proportional-Integral-Derivative (PID) parameters were calibrated,
temperature resolution on the order of 0.1 °C was readily achievable with set-point temperatures up
to 900 °C. The temperature stability of the furnace was found to work well over periods of hours to
days during initial testing, and was able to hold large temperature gradients across surrogate steel
samples for longer periods of time.

After two YHx measurements on FP5, the CDZ furnace underwent several design iterations and
upgrades, with further upgrades being implemented for the upcoming measurements during the
2022 LANSCE run cycle. Most recently, the CDZ furnace underwent a complete redesign in order
to mitigate some of the oxygen incursion issues encountered during the latest experiment. The
details of the redesign and upgrades are given in Sec. 4.1.

2.3 Neutron Imaging Beam Lines at LANSCE

FP5 and FP11 are both located at the Lujan Neutron Scattering Center (Lujan Center), an ISIS-
class spallation neutron source at LANSCE [16]. Positioned on the lower tier of the Target-
Moderator-Reflector-Shield (TMRS) assembly at the Lujan Center, FP5 views thermal to epi-
thermal neutrons from a high-intensity, room-temperature water moderator, whereas FP11 views
cold neutrons from a liquid-hydrogen moderator [17]. Specifications for both flight paths are given
in table 2-2, while typical neutron flux as seen in nominal operations is shown in Fig. 2-2.

Flight Path
Instrument En Range Station

Distance
L/D
Resolution

Beam
Dimensions

Integrated Flux
(n/cm2 s)

FP-11 0.5–20 meV 18–22 m 1000 6 cm × 6 cm 4.0x107

FP-5 25 meV–10 keV 7-11 m 100 8" diameter 4.0x107

Table 2-2: Neutron imaging flight path specifications for FP11 and FP5 at the Lujan Center. Values reproduced from [18]

From Fig. 2-2 it can be seen that the FP5 and FP11 flight paths are ideal platforms for
visualizing hydrogen within metal hydrides as both have large fluxes in the thermal (FP5) or cold
(FP11) neutron energy ranges where the hydrogen cross-sections dominate over the cross-sections
of other isotopes like zirconium and yttrium.
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Figure 2-2: Neutron flux as a function of neutron energy for FP5 at a distance of 8 meters(black) and 60 meters (green) from the
source, and FP11 at 20 meters (blue). Figure taken from [18]

2.4 In-situ Heating Measurements on FP5

Over the past two years, two separate in-situ heating measurements have been performed on FP5
with the goal of observing and characterizing hydrogen diffusion in YHx samples. The first was
performed during the 2020 LANSCE run cycle as a proof of principle measurement, while the
second was performed during the 2021 LANSCE run cycle with the aim of measuring temperature
driven hydrogen diffusion in a single bare-YHx sample.

2.4.1 2020: Proof of principle measurements on FP5

Proof of principle measurements, with utilization of the first iteration of the CDZ furnace, were
performed on FP5 during December of the LANSCE 2020 run cycle. A schematic of these mea-
surements on FP5 are given in Fig. 2-3. On FP5, high-intensity pulsed neutrons stream out of the
moderator of the TRMS [17] and down the flight path tube where the neutron beam is collimated
down to a 2 cm diameter circular beam after exiting the flight path shutter. Located roughly 10m
downstream of the moderator, the CDZ furnace, loaded with the YHx samples, was positioned in
front of a MCP-Timepix detector. With a slightly diverging beam, the beam spot size on the de-
tector is slightly larger than 3 cm. The sample-to-detector distance was measured to be roughly 3.1
cm. The samples chosen for this first measurement were the YH1.15 and YH1.63 that were stacked
on top of each other and sealed within a TMZ can.

The imaging detector used for these measurements was an MCP-Timepix camera constructed
by Tremsin et al. [19, 20]. This ultra-fast imaging detector consists of two neutron-sensitive micro-
channel plates (MCPs), stacked in a chevron pattern, and coupled to four Timepix readout chips.
Each readout chip contains an array of 256 x 256 pixels with a pixel-pitch of 55 µm, totaling to a
0.26MP sensor with a field-of-view (FOV) of 28mm x 28mm. With these Timepix readout chips,
the detector setup is capable of producing images at frame rates above 60 kHz, or roughly 3000
frames per neutron pulse at the Lujan Center (which operates at 20Hz). Given that each frame has a
timestamp with respect to the time-zero (T0) signal of the 1L target, neutron energies for each image
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Figure 2-3: Setup for neutron radiography measurements on FP5 during the 2020 proof-of-principle measurements. Here,
pulsed moderated neutrons stream out of the moderator and down the collimation of FP5. The samples, furnace, and imaging

detector are located 10m downstream of the moderator.

can be determined by their time-of-flight along the fixed flight path lengths. Additionally, with the
ability to configure the exposure shutters, certain neutron energies can be selected to create energy-
specific contrast in a given neutron image. For these measurements, the MCP-Timepix camera
shutters were configured to record 2461 images over a neutron energy range of approximately 10
meV to 1 eV, allowing for maximum contrast with the hydrogen within the YHx samples as possible.
A typical exposure time needed to accumulate enough statistics within a given image stack (in this
configuration) was on the order of 15 to 30 minutes, depending on the source beam current.

Once the samples and container were placed inside the furnace, a 12-hour room-temperature
exposure was recorded to understand baseline distributions of hydrogen within the sample. The
final attenuation image at room temperature is shown on the right in Fig. 3-1. After the ambient-
condition images were recorded, the furnace (in an RF configuration) was used to heat the samples
with the following temperature profiles: 650°C, 750°C, 780°C, 800°C, 820°C, 840°C, 860°C, 880°C,
895°C, 750°C, 850°C, 825°C, 800°C, 775°C, 750°C. Six 30 minute exposures were recorded at each
temperature, totalling to 3 hours per temperature. A selected few neutron attenuation images are
shown on the left side of Fig. 3-1. Ramp rates between temperatures were set to 10°C per minute.
The total beam time for the collection of all images, including ambient and open beam images, along
with temperate ramping times, was roughly 55 hours. Given that the samples were sealed within
the TMZ can, oxygen and hydrogen concentrations were not monitored for this measurement.

2.4.2 2021: Temperature driven diffusion measurements on FP5

Building upon the 2020 in-situ heating measurements with YHx samples on FP5, modification were
made to the in-situ heating setup such that hydrogen diffusion due to temperature gradients could be
readily observed and possibly quantified. A schematic of the setup for the 2021 FP5 measurements
are shown in Fig. 2-4. This setup was similar to the previous 2020 measurements, except for a few
key changes. First, the CDZ furnace was modified to operate using resistive heating to allow for
applied temperature gradients across samples. Second, the samples used for these measurements
were not sealed in any containment, and instead bare YHx samples were imaged. Finally, the MCP-
Timepix detector was exchanged for a more traditional radiography setup with a Charge Coupled
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Device (CCD) camera. Originally, 10 days of beam time were allocated to perform measurements
on four YHx samples, but unfortunately only a single in-situ measurement could only be performed
on a YHx sample (See 178-1 in Tab. 2-1) as the main power wires for the heating elements oxidized
to the point of breaking and not enough parts were available at the time to repair the furnace to
continue the additional measurements.

Figure 2-4: Setup for 2021 YHx measurements on FP5. This setup was similar to the 2020 measurements, except that the CDZ
modified to run with resistive heating, thus allowing for temperature gradients; and, a CCD camera was used instead of the

MCP-Timepix detector, allowing for shorter exposure times on the order of minutes. Also, bare YHx samples were used instead
of samples sealed in a TZM container.

With the delivery of the Zircar Ceramics heating elements in the summer of 2021, the CDZ
furnace could be outfitted to operate as intended with applied temperature gradients across single
samples of YHx. In order to ensure heat flow was directed along the vertical axis of the sample,
the TZM can was removed, opting for bare-YHx as the best path forward. In this case, the sample
has good thermal contact with both top and bottom platens, and simple assumptions can be made
between the temperature reading of the thermocouples and the actual temperature of the top and
bottom of the sample. Additionally, alumina insulation was used to insulate the bare sample from
potential cooling due to argon gas flow within the furnace. With the use of bare samples, oxygen
and hydrogen monitors were utilized on the exhaust of the argon cover gas line of the CDZ furnace.
Outputs of the oxygen and hydrogen monitors for the "178-1" in-situ heating measurements are
shown in the bottom of Fig.2-5.

The thermal temperature profiles chosen for these measurements were similar to the ones used
in the 2020 FP5 measurements, except that there is now a 50°C temperature gradient between the
top and bottom of the sample. This is illustrated in the top of Fig.2-5, with the temperature profile
that was recorded during the heating of the "178-1" sample. Here, neutron imaging measurements
started at 300 °C and were incrementally increased to a maximum temperature of 900°C with
alternating uniform and 50°C-gradient profiles. The temperature ramp rate was set for 10°C per
minute. Each temperature change was held for approximately 30 minutes during which six 5-minute
image exposures were taken of the sample. In total, the full in-situ measurement on the "178-1"
sample, including the recording of open beam and dark images for analysis, took roughly 30 hours.

With the goal of reducing exposure times and capturing shorter hydrogen movement time scales,
a traditional neutron radiography setup was selected for capturing neutron images in this particular
setup. This consisted of a 200 µm Lithium doped zinc-sulfide scintillator screen (ZnS:LiF) from
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Figure 2-5: Top: Thermal profile for the in-situ gradient measurements on the "178-1" sample. Starting at 300°C, temperatures
were increased by increments of 50°C, from 300°C to 900°C, with alternating uniform and gradient temperature profiles.

Bottom: H2 and O2 concentrations as sampled in the exhaust of the CDZ furnace.

RCTretec coupled with a pellicle mirror, a Zeiss 50mm lens, and a ZWO-ASI 1600mm-Pro CCD
camera. With this setup the optical resolution was determined to be around 35µm and the neutron
resolution was found to be roughly 50um, which is due to the light spread in the ZnS:LiF scintillator.
With this setup, exposure times needed to fill the dynamic range in contrast within neutron images
was on the order of 5 minutes, depending on beam currents.

2.5 Ambient Neutron Imaging on FP11

After initial in-situ heating measurements were performed on the pair of YHx samples at the end of
the 2020 LANSCE cycle, additional measurements were needed to investigate the final distribution
of the hydrogen with in the two samples. Utilizing the cold neutron imaging setup on FP11, neutron
computed tomography (CT) was performed to better understand the final hydrogen distributions
in the YH1.15 and YH1.63 samples. Neutron CT measurements on FP11 were performed using a
traditional radiography setup similar to that on FP5. Here a 50 µm ZnS:LiF scintillator screen was
used, which resulted in a neutron image resolution of roughly 25µm. The detector consisted of a
Atik-490 EX monochrome CCD camera coupled with a 50mm Nikor lens. For the CT scan, a total
of 360 neutron images were recorded over a full 360° sample rotation. Image exposure times were
roughly 5 minutes per sample rotation, totalling to 30 hours for a full CT scan.
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3 Analysis and Results

3.1 In-situ Heating Measurements of YH1.1 and YH1.6 Samples on FP5

The goal of this measurement was to utilize our neutron imaging techniques to observe hydrogen
distributions in YHx in the as-manufactured state as well as after H-redistribution at elevated
temperatures. By obtaining accurate images that represent neutron attenuation lengths in each
pixel, hydrogen densities distribution can be directly measured over the full area of the sample. For
YHx samples, the relationship between neutron attenuation lengths and hydrogen densities is given
as,

Σtotal = NHσH(n, tot) +NY σY (n, tot), (1)

where Σtotal is the total sum of neutron attenuation lengths, NH and NY are the hydrogen and
yttrium densities through the sample thickness along the beam path, and σH(n, tot) and σY (n, tot)
are the total microscopic neutron cross-sections for hydrogen and yttrium, respectively.

With neutron imaging, transmission images, T (x, y), are obtained by taking an image of the
sample, Iin(x, y) and normalizing it to an image with the sample out of the beam ("open beam"),
Iout(x, y). A correction for background noise is made by subtracting a detector dark-current image
taken with the beam off, IB(x, y). For energy resolve neutron imaging (ERNI), this is given as,

T (x, y, En) =
Iin(x, y, En)− IB(x, y, En)

Iout(x, y, En)− IB(x, y, En)
= exp (−Σtotal s(x, y)) . (2)

Here, Iin(x, y, En), Iout(x, y, En), and IB(x, y, En) are sample, open beam, and background images,
respectively, as a function of pixel position (x, y) and neutron energy (En). Furthermore, neutron
attenuation images, which include attenuation lengths Σtotal and the thickness of the sample s(x, y),
can be obtained by taking the negative logarithm of the transmission image, as seen in Eq. 2.

Nominally, neutron transmission and attenuation images can either be calibrated or modeled
using the equations above to extract hydrogen density distributions. For these initial measure-
ments, highly polished aluminum plates filled with water were initially used to calibrate hydrogen
density to neutron transmission and attenuation. Though these calibration images were not used
due to bubbles and other artifacts that prevented a clear analytical relationship. Instead, attenu-
ation images were used to qualitatively assess hydrogen movement within samples as a function of
temperature. A model-based approach was later used to quantify hydrogen concentration and is
presented in Appendix A with some preliminary results.

After normalizing all Iout(x, y, En) and Iin(x, y, En) images to the proton beam current recorded
by LANSCE facility using the Experimental Physics and Industry Control system (EPICS) [21], they
were summed over all neutron energies (En) to enhance statistics and overall contrast quality. Using
Eq. 2, neutron transmission and attenuation images were created for room temperature as well as
each temperature within the heating profile. The final room-temperature neutron attenuation image
is shown in Fig. 3-1, along with a head-on picture of the sample loaded in the CDZ furnace. Here,
light-green and yellow colors represent high neutron attenuation (H-dense) whereas blue or purple
represent little-to-no attenuation. Within this image, both YH1.15 (top) and YH1.63 (bottom)
samples can be seen clearly within the TZM can, along with the two top and bottom platens.
Additionally, a webbing structure within both the samples can be seen, which most likely represent
hydrogen inhomogeneities with the samples. This structure later disperses once the samples are
heated, thus casting little doubt that the higher attenuation regions within the sample are due to
hydrogen aggregation.
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Figure 3-1: Le�: Image taken of CDZ furnace with RF configuration and loaded with the TMZ can containing the YH1.15 and
YH1.63 samples, along with the MCP-Timepix detector directly behind the furnace. Right: A neutron attenuation image taken at
room temperature. The total exposure time was 12 hours. At room temperature, a webbing structure of hydrogen in both the

YH1.15 and YH1.63 samples is easily observed.

Attenuation images of the YH1.15 and YH1.63 samples are shown in Fig. 3-2 for the various
temperatures during the heating and cooling process. From this series of images, several key obser-
vations are made to understand hydrogen diffusion. First, the hydrogen webbing structure observed
at room temperature persists up to approximately 800 °C, at which point the hydrogen mobilizes
and appears to homogenize across both samples. This spatial uniformity appears as a constant uni-
form attenuation across both samples from 800°C to 860°C. Above 860°C, an attenuation gradient,
and therefore a hydrogen gradient, appears within the samples with a strong downward orientation
(more hydrogen at the bottom of the YH1.63 sample). This hydrogen gradient continues to grow
as the sample is heated up to 895°C and then cooled down to 700°C. After some initial analysis,
it is proposed that the RF coupling to the bottom platen was not as strong as the coupling to the
top platen. This in turn created a temperature gradient that would drive hydrogen to the cooler
temperature regions within the sample container, which was at the very bottom of YH1.63 sample.
Additionally, this effect might have been exacerbated by the argon gas flow within the furnace,
which flowed from the bottom up, and thus would affect the bottom platen and bottom of the TZM
can disproportionally. Finally, as the samples cooled, a strong 3D-Gaussian-like distribution of hy-
drogen can be observed at the bottom of the YH1.63 sample in the final attenuation image at 700
°C. Given that the actual temperature at the bottom sample is not strictly known, it becomes ex-
tremely difficult to understand the movement and final distribution of hydrogen without speculation
for the temperature profile applied across the samples. Nevertheless, the observation of hydrogen
movement within the samples via neutron imaging was the first of its kind with yttrium hydrides
and shows promise provided certain corrections are made to the sample environment and furnace.
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One of the key lessons from this set of measurements was the need for better sample environment
designs with good thermal contact between sample surfaces and heating elements.

Figure 3-2: Neutron images taken as a function of temperature for two YHx samples, YH1.15 (top) and YH1.63 (bottom).
Samples were sealed within a TZM can thus preventing hydrogen from leaving the samples or surrounding container

completely. Additionally, temperatures inside the TMZ can were not characterized.

3.2 In-situ Temperature Gradient Measurements of the YH1.9 Sample on FP5

Given the successes and issues experienced with the 2020 measurement, several changes were made
to the 2021 measurement plan on FP5. The main difference was the switch to a CCD camera instead
of the MCP-Timepix detector, which means images were integrated over all neutron energies at each
temperature profile for faster acquisition.

Similar to the 2020 measurements, in 2021 neutron images, Iin(x, y), were taken for the YH1.9

sample at room temperature and at elevated temperatures along with the sample out, Iout(x, y),
and background, IB(x, y). After images were normalized to the LANSCE accelerator beam current,
neutron transmission and attenuation images were obtained according to Eq. 2. A final room
temperature neutron attenuation image is shown in Fig. 3-3, along with a head-on image of the
sample loaded into the furnace. Here, the sample is shown to have bright (yellow) contrast features
translating to larger neutron attenuation from hydrogen. Additionally, the hydrogen distribution
appears to be homogeneous throughout the sample, which is unsurprising for YHx samples that are
nearly stoichiometric, i.e., YH 2. The sample homogeneity was confirmed by spatially averaging the
image pixel intensity along the vertical axis of the sample, which showed virtually the same intensity
levels. This is in stark contrast to the YH1.15 and YH1.63, which showed large spatial variations in
hydrogen distributions at room temperature.

Upon heating the sample from 300 °C to 900 °C, an interesting behavior was observed in the
attenuation images where intensity levels within the sample increased linearly with temperature.
Selected attenuation images are shown with adjusted high contrast in the top of Fig. 3-4. To
verify this effect, spatially averaged intensity plots as a function of image sequence and temperature
are shown in the bottom Fig. 3-4. It is well understood that as metal hydrides are heated to
high temperatures, hydrogen will become mobile and eventually desorb until the partial pressures
at the surface of, and around, the sample are equal. With hydrogen actively desorbing from the
sample at elevated temperatures, a corresponding decrease in attenuation is expected since the
macroscopic cross section decreases with hydrogen loss. Instead, a slow and constant increase
in the attenuation is observed even at lower temperatures of roughly 400 °C. This behavior in the
attenuation might be explained by oxidation of the sample during heating as was previously observed
for zirconium cladding tubes subjected to systematic oxidation studies [12, 13]. Furthermore, oxygen
concentration levels, as recorded by in the exhaust by an O2 monitor depicted in Fig 2-5, show a
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Figure 3-3: Le�: Photograph taken of the YH1.9 sample and insulation loaded into the CDZ furnace, the red-dotted box
represents the image field of view. Right: Neutron attenuation image of the sample inside the CDZ furnace and adjusted for

contrast, where high attenuation is represented as bright yellow, and low attenuation is dark blue.

significant decrease and therefore explained as oxygen uptake by the sample acting as an O2 getter.
We suspect the root cause is the Kwik Fit (KF) connections failing under heat and allowing small
amounts of oxygen to be leak into the furnace and oxidizing the outer layers of the sample.

Figure 3-4: A series of selected neutron attenuation images as a function of temperature. Here, the temperature labels
represent measurements performed with uniform temperatures, and the green and blue boxes illustrate regions of interest

over which spatial averages are take of neutron attenuation.

Disassembly of the furnace after these imaging measurements revealed obvious sample oxidation
by the color change from the as-received metallic dark blue to a grey-black oxide surface. In
addition, there were fine grooves running azimuthally along the surface that were decorated with
what looked to be particles from the alumina insulation. This is shown in a photo taken of the
sample after heating in Fig. 3-6a. For completeness, a microstructural analysis of the YH1.9 sample
was performed using electron microscopy (SEM) to verify potential oxidation. The results are shown
in Fig. 3-6b-c with scanning electron microscopy (SEM) images. Fig. 3-6b shows two levels of grey-
scale contrast, the darker of which highlights the oxide film that grew along the sample surface as
well as evidence of oxidation in the bulk. Additional elemental analysis of the sample surface via
SEM energy dispersive spectroscopy-imaging in Figure 3-6c and 3-6d confirms the presence of an
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Figure 3-5: Plot of spatially averaged attenuation lengths and sample temperature versus image slice. Average attenuation
lengths were taken over the blue (top sample) and green (bottom sample) regions highlighted above.

oxide. These SEM results confirm that sample experienced a significant amount of oxidation, most
likely Y2O3, with build up on the surface and even inside the sample to some extent.

Figure 3-6: (a) Photograph taken of the YH1.9 sample showing potential oxidation. Additionally, circumferential striping was
observed on the sample, possibly coming from the alumina insulation used in the furnace. (b) Electron micrograph of sample

cross-section that reveals oxidation contamination. (c)-(d) SEM elemental analysis of the yttrium and oxygen within the
sample, respectively. Scale bars in all SEM images are 100 µm.

3.3 Neutron Imaging of post-heated YH1.1 and YH1.6 Samples on ASTERIX

As described above in Sec. 3.1, one of the main results of the 2020 in-situ measurement on FP5
was the observation of a Gaussian-like structure forming at the very bottom of the YH1.63 sample
during the cool-down phase after heating to roughly 895°C. This structure was not expected based
on the temperature assumptions made during the measurements, and could only be explained if
there was a faster cooling rate on the bottom of the sample container than on the top, which in
turn resulted in an unintended temperature gradient on the two samples. As stated this could be
explained possibly by a bottom-up cooling effect from the Ar cover gas flow or similarly a weaker
RF coupling to the bottom platen.
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To investigate this further, a full neutron-CT scan was performed on the sample on FP11.
In total, 360 cold neutron radiographs (Iin(x, y, θ)) were recorded over a full sample rotation of
360°. After recording images with sample out, Iout(x, y), and background, IB(x, y), attenuation
images were determined according to Eq. 2. With a full rotation set of attenuation images, a CT
reconstruction of the samples was performed using the software Muhrec [22].

The results of this reconstruction are shown in Fig. 3-7. Fig. 3-7a shows an attenuation
image taken at a given sample rotation, 3-7b shows a cross-sectional slice of the reconstruction with
enhanced contrast, and 3-7c shows a 3D representation of the reconstruction using the program
Paraview [23], where again contrast is enhanced to highlight the Gaussian-like structure. One of
the key observations seen in this CT reconstruction is that this structure is not radially symmetric
and is elongated in along one axis, illustrating that more complex temperature profiles might have
been present.

Figure 3-7: (a) Selected neutron attenuation image taken from CT scans performed on FP11. (b) Vertical cut of reconstruction
samples at a given angle. The CT reconstruction was performed using the so�wareMuhrec. (c) 3D representation of the two
samples using the so�ware Paraviewwith contrast tuned to highlight the large distribution of hydrogen at the bottom of the

YH1.63 sample.

In-Situ Spatial Mapping of Hydrogen in Yttrium Hydrides at LANSCE
Page 3-6 Los Alamos National Laboratory

In-Situ Spatial Mapping of Hydrogen in Yttrium Hydrides at LANSCE
Page 3-6 Los Alamos National Laboratory

In-Situ Spatial Mapping of Hydrogen in Yttrium Hydrides at LANSCE
Page 3-6 Los Alamos National Laboratory



4 Summary and Conculsions

To date, several measurements of imaging hydrogen distributions, both static and dynamic, have
been performed using neutron imaging techniques on FP5 and FP11 at LANSCE. Initial proof-
of-principle, in-situ heating measurements during that LANSCE 2020 run cycle proved successful
in demonstrating that hydrogen movement within the YHx samples could be observed at elevated
temperatures. With RF heating, these measurements initially showed Fickian-like diffusion as the
two samples with different stoichiometries ultimately reached equilibrium in their hydrogen con-
centrations and stoichiometries. Though as temperatures increased, hydrogen began to accumulate
more and more in the bottom of the YH1.63 sample, suggesting an unintended temperature gradient.
Given that the actual temperatures of the samples inside the TMZ can were not well understood,
and that many assumptions are needed to use the temperature reading on the top thermocouple, any
diffusivity information could not be readily determined without speculation and perhaps extensive
modeling.

With initial success and issues experienced from the 2020 in-situ measurements on FP5, the
second set of in-situ measurements were designed with certain modifications to the sample and CDZ
furnace. The first was the implementation of the Zircar heating elements into the CDZ furnace,
which allowed for finely tuned temperature gradients to be applied across samples. The second
was the exclusion of TZM cans that prevented good thermal contact with the top platen on the
sample. Instead, bare YHx samples were loaded into the furnace and an alumina insulation was
used to surround the sample. This ultimately allowed for a better understanding of the applied
temperature gradients across the samples; however, given the furnace connections of KF fittings,
this setup allowed for oxygen leaks into the furnace during heating and thus readily oxidized the
YHx samples. This oxidation of the single YH1.9 sample was later confirmed through electron
microscopy analysis. Additionally, ambient-condition neutron-CT measurements were performed
on FP11 to investigate the final hydrogen distributions of the two YHx samples from the 2020 FP5
measurements. These results show that the Gaussian-like distribution of hydrogen with the YH1.63

sample was non-symmetric and therefore alluded to a more complex temperature profile during
heating and cooling while inside the furnace.

Moving forward, new measurements are planned for the 2022 LANSCE run cycle, both on
FP5 and FP11, most likely starting in the October-November 2022 time frame. Additionally, new
updates are being implemented with the CDZ furnace to allow for better oxygen mitigation during
in-situ heating measurements. Finally, new sample containment designs are planned with the reuse
of TZM cans along with tantalum wire that would allow for remote thermometry throughout the
experiment.

4.1 Upgrades to CDZ Furnace and Redesign of TMZ containment

Given the issues with oxidation of samples with the older CDZ furnace design, new ConFlat (CF)
seals with copper gaskets are being implemented and replacing all the original Kwik Flange (KF)
connections. This will reduce the potential for oxygen leaks in the majority of the furnace connec-
tions. Additionally, the original quartz-tube assembly will be replaced with either a stainless-steel
full CF flange, roughly 19" long, or ceramic tubing such as mullite (SiO2Al2O3) or quartz(SiO2)
with bonded metal-CF flanges on either side. For reference, a photograph of the setup is given in
Figure 4-1 with the 19" stainless steel CF tubing.

The furnace redesign also includes several auxiliary improvements. Namely, the bottled-argon
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Summary and Conculsions

source gas will be replaced with liquid-argon boil-off coupled with both upstream and downstream
gas monitoring to characterize gas purity. This will not only allow for potentially more pure argon
gas on the furnace inlet (less oxygen), but the simultaneous monitoring in the upstream and down-
stream will allow for real time detection of oxygen leaks in the furnace. The addition of a linear
motion device at the top of the furnace along with alumina baffles on the heaters (see Fig. 4-1
schematic) will enable easier and more reproducible sample positioning in the beam. Moreover, the
linear motion device allows for variable sample height with a 50 mm stroke length. Finally, a 6-port
CF cube at each side of the furnace allows for future expansion, including an array of thermocouples
to better map the temperature profile anywhere in the furnace. We note that these additions will
reduce the time needed to swap samples, leading to more efficient use of the planned beam time.

Figure 4-1: (le�) Partial assemblies of the redesigned CDZ furnace with a stainless steel option of the main sample housing.
(right) Schematic of the furnace layout. Here, all of the original fitting are replaced with CF flanges that are rated for much

higher temperatures than KF connections.

In parallel with the current upgrades in the CDZ furnace, a new sample containment design with
TMZ containers has been implemented to allow for better understanding of the true temperatures
closest to the samples. More specifically, tantalum (Ta) wires have been included as wedges around
and above the samples within the TZM container. These Ta wires serve two purposes. The first
is to prevent any radial contact with the TMZ can and thus prevent non-axial heat flow to the
sample. Second, neutron capture resonances within the Ta wires can be used to measure changes in
temperature by measuring the Doppler broadening in any individual resonance. A schematic of the
TZM container with the sample and Ta wires is shown in Fig. 4-2. With three wires running down
the sides and a large Ta wire placed on top, a temperature profile can be mapped out remotely,
relative to the bottom platen, using the changes observed in the broadening of the neutron capture
resonances in Ta. With the use of this type of sample containment, oxidation is mitigated further
and temperature profiles can be obtained remotely.
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Summary and Conculsions

Figure 4-2: Schematic diagram of the current sample and container design. Here, samples will be loaded and sealed in TZM
containers to help mitigate oxidation during heating. Additionally, Ta wires will be used as wedges around the sample to

prevent any radial contact with the TZM container. These wires will enable remote temperature sensing of the sample to better
understand the applied heating profiles.

The technique of using the Doppler broadening from neutron absorption resonances of Ta metal
for remote temperature measurements was first demonstrated on FP5 in 2001 [24] and was later used
in Energy Resolved Neutron Imaging (ERNI) to create a spatial map of temperatures in Ta foils
[25]. Results from [25] are shown in Fig. 4-3 where the 4.26 eV and 10.3 eV resonances were imaged
in a heated-Ta foil, 100 µm thick, using ERNI techniques, thus allowing for a spatial mapping of the
applied temperature to the Ta foil within the detector’s field of view. Building upon the success of
this first measurement on FP5, adoption of this technique for future in-situ heating measurements
on YHx samples will help better understand temperature profiles along the vertical axis when using
a TZM container. Essentially, good thermal contact between the top platen and the sample will no
longer be needed as the thermocouple reading with the bottom platen and the profile of Doppler
broaden resonances around the sample can be used to build an applied temperature profile during
each in-situ heating measurement.

Figure 4-3: Remote temperature mapping of 100 µm-thick tantalum foils using the observed Doppler broadening of the 4.26
eV (right) and 10.3 eV (le�) neutron capture resonances in 181Ta. Figure modified from [25].

4.2 Planned 2022 LANSCE Run Cycle Measurements

With the described upgrades to the furnace and sample containment, several new sets of measure-
ments are planned for the upcoming 2022 LANSCE run cycle. In total, 15 days of beam time on
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Summary and Conculsions

FP5 have been granted by the LANSCE PAC, along with 10 days on FP11. Beam time on FP5 will
be used for the main in-situ heating measurements, while beam time on FP11 will be used for pre-
and post-characterization of 3D hydrogen distributions within the given sample set via neutron-CT
scans. These CT scans will aid in better understanding the initial and final hydrogen distributions.
In total, 10-15 samples with variation in their stoichiometries, original metal stock, and hydriding
processes, have been identified for in-situ heating measurements on FP5. Additionally, 2-3 samples
of interest have been identified based on computer simulations using SWIFT in collaboration with
theorists [5].

Initial FP5 in-situ heating measurements will first utilize samples in TMZ containers to com-
pletely eliminate any oxidation effects with the samples. Given this choice, the MCP-Timepix
detector will be used, allowing for ERNI measurements that capture the epi-thermal neutron flux
for neutron capture resonances within the surrounding Ta wires, along with the thermal neutron
flux that is most sensitive to the presence of hydrogen. Prior to in-situ heating measurements, sev-
eral calibrations are required. The first will be to establish temperature dependence of the Doppler
broadening of Ta wires of a given neutron absorption resonance. The second will be to use water
calibration samples to allow for more reliable mapping between neutron attenuation and hydrogen
density in each detector pixel. We note that if the Ta wire fails to remotely measure temperature,
either being insensitive or ineffective, we will then turn to using bare samples with great care to
monitor and mitigate oxygen incursions during heating.

In addition to neutron CT scans on FP11, neutron diffraction measurements on the HIPPO neu-
tron diffractometer are planned to investigate micro-structure and phase fractions of the samples in
the as-received state. Diffraction measurements on post-heated samples will be considered as well,
time permitting. This proposed multifaceted approach will enable the most comprehensive under-
standing of macro-scale hydrogen mobility, along with both pre- and post-heating characterization,
which is critical for better diffusion measurements and ultimately diffusion modeling.
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Appendix A: Quantitave Analysis of Hydrogen in YH

In this section, neutron radiography data that was collected during in-situ heating of yttrium hy-
dride solid state moderator pellets are analyzed in a quantitative way. The data correspond to an
experiment where two moderator pellets with different initial compositions are vertically stacked
and subjected to heating. The bottom pellet has a higher initial hydrogen composition (YH1.6)
while the top one was lower (YH1.1). The heating profile consists of two stages: temperature in-
crease and decrease. A number of images (16) were taken at temperature of 650°C, 750°C, 780°C,
800°C, 820°C, 840°C, 860°C, 880°C, 895°C, 750°C, 850°C, 825°C, 800°C, 775°C, 750°C and 700°C.
Fig. A-1 displays these 16 snapshots where k corresponds to a temperature in the temperature
sequence above.

Figure A-1

To model and solve for hydrogen concentrations under this temperature gradient, neutron at-
tenuation images were further processed in that contributions from the TMZ containment as well
as the cylindrical geometry of the samples were corrected for by dividing out the s(x, y) term in Eq.
2. The results represent images of true neutron attenuation lengths per unit thickness coming only
from the YHx samples. With these final images, a system of linear equations was constructed based
on the physics of neutron attenuation from YHx samples, specifically with hydrogen being able
to move freely between pixels while the yttrium atoms remain static. The system of constructed
equations then follow,

n(H)ijkσH + n(Y )σ(Y ) = pijk (3)∑
ij

n(H)ijk
n(Y )N

= C (4)

where n(H)ijk is the areal concentration of hydrogen in each pixel (i, j), per snapshot k in atoms/mm2,
and n(Y ) is the areal concentration of yttrium. σH and σY are the thermal averages of neutron
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Appendix A: Quantitave Analysis of Hydrogen in YH

cross-sections of hydrogen and yttrium, respectively. pijk is the pixel intensity for each k snapshot.
N is the number of pixels per snapshot k, and C is a constant representing global composition ratio,
which is taken as the average of the two stoichiometries of YH1.15 and YH1.63. The first set of equa-
tions expresses the fact that for each snapshot k, the intensity measured for each pixel (i, j) should
be the result of the (i, j) spatial composition of the pellet at snapshot k; this in turn corresponds
to the cross-section for neutrons of each material multiplied by their areal concentration. Note that
the yttrium concentration is constant throughout the stacking of pellets and throughout all the
snapshots, while the hydrogen concentration varies spatially (i, j) as well as temporally (k). The
second set of equations state that in each snapshot k, the ratio of total hydrogen vs. total yttrium
should correspond to the known global composition C = 1.39, which is constant throughout all the
snapshots k.

For this above system, the number of unknowns is kN + 1, where N is the number of hydrogen
unknowns per snapshot times k snapshots, plus one yttrium unknown areal concentration, n(Y ).
The number of equations is kN + k, where there are kN equations coming from the N pixels in
each of the k snapshots and k equations from the known concentration at each snapshot. Because
this is an over-determined system, we use a regularized, least-squares solution method where we
seek the solution with minimum l2-norm. This also allows us to introduce another regularization:
since the areal concentrations for hydrogen and yttrium should be positive, we penalize solutions
that are not positive. The trade-off between both regularizations is given by a constant lambda >
0. Hence, the problem to solve corresponds to,

x
min
‖Ax− b‖2 + λχP (x). (5)

Here, the regularization rate is positive, λ > 0, and χP (x) is the characteristic function for set
P = {x|x > 0}, defined as χP (x) := 0 if x ∈ P , and χP (x) := ∞ if x /∈ P . Finally, A and b are
matrices that can be written as,

A =



A1 0 · · · 0 0
1 0 · · · 0 −NC
0 A2 · · · 0 0
0 1 · · · 0 −NC
...

...
...

...
...

0 · · · 0 AK 0
0 · · · 0 1 −NC


and b =



b1
0
b2
0
...
bK
0


. (6)

Here, individual A and b matrices for each snapshot, k, are taken as,

Ak =

σH 0 · · · 0
...

. . . · · · · · ·
0 · · · 0 σH

 and bk =

[
p11
...

]
, (7)

where, p11, is the very first pixel in snapshot k.
We set lambda = 1e-4 and used the Scientific Computational Imaging Code (SCICO) [26] -

a publicly available LANL Python software - to solve the regularized least-squares minimization.
Some post-processed results are shown Fig. A-2. Here, the evolution of the average vertical YHx

composition, in red for the top pellet and in blue for the bottom pellet, is plotted as a function
of temperature. Initial observations point to more inhomogeneous distributions within both pellets
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Appendix A: Quantitave Analysis of Hydrogen in YH

and where the bottom pellet had an initial average composition of YH1.6 while the top pellet was
closer to YH1.2. While the inhomogeneity was also observed in the room temperature images, the
as-determined average stoichiometries from this analysis required further investigation. Addition-
ally, it can be seen that hydrogen distributions within the top and bottom pellet seemed to reach
equilibrium (within the samples and between each other) around 800°C with an approximate aver-
age stoichiometry of YH1.4. Furthermore, as temperatures increased, there appeared to be a vertical
downward gradient towards a higher stoichiometry across the pellets, this points to the possibility
of unintended cooling at the bottom of the TZM can.

Figure A-2: Average vertical YHx composition for top (YH1.15) and (YH1.63) as a function of applied temperatures. The top
sample is plotted in blue and the bottom sample is plotted in red. Applied temperatures for each plot are given in green.

This type of analysis method was a novel application for modeling the relationship between
neutron attenuation and hydrogen concentration with promising results. Further work is planned to
refine the physics modeling with empirical parameters to the regularized least-squares minimization
process.
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Appendix B: Neutron Diffraction Measurements on YH

Neutron diffraction was conducted at the Los Alamos Neutron Science Center (LANSCE) using
the High-Pressure-Preferred Orientation (HIPPO) diffractometer [27, 28]. Samples were loaded
in vanadium cans to minimize the diffraction signal from sample holders. Diffraction data were
acquired from five groups of detector panels at nominal diffraction angles of 2θ = 144°, 120°, 90°,
60°, and 39°. To increase pole figure coverage, measurements were taken for different rotations
around the sample holder axis by 0°, 67.5° and 90° with respect to the beam. A Rietveld refinement
employing the Material-Analysis-Using-Diffraction (MAUD) program [29] was performed against
the resulting 135 neutron diffraction patterns per sample using the E-WIMV method with a 7.5°
resolution in order to simultaneously fit all of the diffraction data and determine the orientation
distribution function (ODF) of the phases (YH2 with the fluorite crystal structure and α-Y with a
hexagonal closed packed crystal structure) of each sample.

To investigate the decomposition of YH2, a yttrium hydride pellet designated “M112221C” was
heated in the HIPPO ILL furnace [28] from room temperature to 850°C. The sample was contained in
a vanadium can. Starting with initial measurements at room temperature, subsequent measurements
were taken at 150°C, 200°C, 300°C, 450°C, 600°C, 700°C, with each measurement taking on the order
of several minutes. Once at 700°C continuous data was collected during temperature ramping up to
850°C at 1C/min, followed by a one hour hold at 850°C.Additionally, data was also collected during
cooling. Two thermocouples recorded the temperature. The 300 diffraction patterns were analyzed
using the Rietveld method using the GSAS software package [30] automated by the GSAS-language
script language [31]

B.1 Results of Ambient Texture Measurements on HIPPO

Sample 157-1 consists mostly of αY (94.1 wt%), indicating per Y-H phase diagram a H/Y ratio of
<0.5. Remarkably, the texture of the αY is similar to a single crystal, meaning the probed volume,
essentially the entire pellet, is one large crystal of α-Y. This would in turn indicate that grain
boundaries etc. are largely absent, affecting the hydriding process of such a microstructure. This is
further illustrated in analyzed pole figures shown in Fig. B-1.

Sample 176-1 has no detectable α-Y phase present, which per phase diagram indicates a H/Y
ratio >1.9. Furthermore, there is no detectable preferred orientation in the YH2 phase. If the
original metallic yttrium cylinder used to prepare this sample has a similarly strong texture or
preferred orientation as the previous sample, this would be an indication that during the hydriding
process the texture is randomized.

B.2 Results of Heating Texture Measurements on HIPPO

In 2019 experiments were conducted with the same setup but characterizing powders of sub-
stoichiometric YH2−x (1.48, 1.81 and 1.92) and different temperature profile with holds at 750°C,
775°C, 800°C, 825°C, 850°C for approximately 3 hours each (8 times 20 minutes). In 2019, we saw
decomposition of all of the measured YH2−x samples around 800°C with a dependence of decom-
position temperature on the x. The goal of the current continuous heating with 1°C/min was to
determine the decomposition temperature more accurately over the 25°C steps from 2019. In the
current runs, at the end of the 850°C hold there is still no detectable α-Y. There is detectable Y
during cooling, with clear diffraction peaks. The weight fraction refines to 40 wt.%) during cooling.
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Appendix B: Neutron Diffraction Measurements on YH

This result is somewhat surprising since all samples in 2019 were decomposed to pure α-Y at 850°C.
Analysis of this experiment is still on-going.

Figure B-1: Pole figures of α-Y (top), YH1.9 "157-1" (middle), and YH1.9 "176-1" (bottom) as received from FP5. The sample
cylinder axis (pellet axis) is in the center of the pole figure. Note the di�erent scales for the pole figures of the two phases

between α-Y and YH1.9 (given in multiples of random distribution).
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