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Two uranium dioxide (UO,) targets of (414 + 23) nm and (1092 + 93) nm thicknesses were prepared on
6061 aluminum alloy and puratronic grade aluminum backing materials. The targets were deposited with a
novel method combining spin coating and solution combustion synthesis (SCS). The target layers consisted
of small (3-7 nm) UO, grains and uniformly distributed ultra-small (1-3 nm) pores. The prepared targets
were tested at the Los Alamos National Laboratory’s LANSCE facility for neutron irradiation damage and
suitability for neutron capture experiments. The samples showed no signs of target material loss after the
irradiation. However, irradiation caused a significant increase in the grain size (4-10 nm), as well as upward
mass diffusion and coalescence of the pores due to the thermal spikes. The magnesium in the aluminum 6061
alloy backing also diffused into the UO, layer during neutron irradiation. The structural changes in the target
after the irradiation do not affect the data from neutron capture. The new method can be used more broadly

to prepare other actinide targets for nuclear physics experiments.

1. Introduction

Thin actinide targets are of great interest for a variety of needs,
from better quantification of advanced nuclear fuel cycles to stockpile
stewardship programs and from nuclear astrophysics to nuclear struc-
ture studies [1-4]. One of the sources of uncertainties in measurements
involving actinides is the precise determination of the thicknesses,
uniformity, and robustness of the targets in experiments. The existing
target preparation techniques have considerable limitations. For exam-
ple, the neutron capture measurements of 238U reported by Ullmann
et al. utilized depleted uranium foils and enriched uranium oxide tar-
gets electrodeposited on a thin titanium backing [5]. The preparation of
metallic foils requires significant initial processing (mechanical rolling),
posing safety hazards associated with using pyrophoric uranium. Elec-
trodeposition and molecular plating methods are more straightforward;
however, the targets are often inhomogeneous and contain impuri-
ties [6-9]. Also, the target layers generally have low adherence to
the backings, thereby reducing the mechanical integrity of the targets
during experiments.

Casperson et al. [10] used a high vacuum evaporation method to
prepare thin (100 pg/cm?) 238U and 235U targets for neutron capture
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cross-section measurements. Despite the high uniformity of vacuum-
deposited targets, the material collection efficiency for this method
is low (10%-30%). The loss of expensive and sometimes highly ra-
dioactive isotopically enriched materials limits the application of this
method. Also, it is challenging to prepare relatively thicker (above
200 pg/cm?) targets by vacuum deposition.

Recently, we reported on simple procedures to prepare thin uranium
oxide targets [11,12]. The process involves depositing a thin layer
of uranyl nitrate-acetylacetone-2-methoxyethanol or uranyl nitrate-glycine-
water solutions on a backing, followed by short (20 min) annealing at a
temperature range of 350-400 °C. The annealing results in the combus-
tion of the solution layers, creating thin (35-50 nm) and uniform films
of UO,. The use of multiple deposition cycles allowed us to produce
targets with thicknesses up to ~300 nm. The targets prepared by these
approaches are highly robust when irradiated with high-energy (1.7
MeV) Ar?* ions of up to 1 x 107 ions/cm?2. X-ray fluorescence (XRF)
measurements and alpha-particle spectroscopy showed that the targets
did not undergo degradation.

This article reports on the preparation of thicker (up to 1100 nm)
UO, targets (depleted uranium) on two different aluminum backings
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Fig. 1. Neutron capture spectra from Target-1 (A) and Target-2 (B) showing the neutron capture peaks from 238U (labeled with*) and the backing elements peaks (labeled).

utilizing the spin coating-assisted solution combustion synthesis (SCS)
method. These targets were tested for robustness under neutron irradi-
ation at the Los Alamos Neutron Science Center (LANSCE) of the Los
Alamos National Laboratory. We characterized the targets before and
after exposure to the neutron beam by an array of high-resolution elec-
tron microscopy, diffraction methods, and alpha-particle spectroscopy.
While the targets were robust through the experiment showing no sign
of degradation, the characterization of the neutron-irradiated targets
revealed structural and compositional changes at the nanoscale level.

2. Experimental method and data analysis

Two depleted UO,, targets were prepared using spin-coating assisted
SCS. The target preparation method is reported in our previous work
[11]. Briefly, to prepare the first target (Target-1), 100 pL of uranyl
nitrate-acetylacetone-2-methoxyethanol solution was pipetted on a mir-
ror finished Al 6061 alloy (McMaster-Carr) disc with 41.4 mm diameter
and 0.25 mm thickness while rotating it at a speed of 3000 rpm for 35s.
This 6061 alloy backing contains the following additives: Mg (~1%),
Si (~0.6%) Fe (~0.7%), Cu (~0.25%), Cr (~0.15%), Zn (~0.25%), Mn
(~0.15%), and Ti (~0.15%) by weight. After the deposition of the
solution, the material was placed in a pre-heated (400 °C) furnace for
15 min. The process was repeated 13 times. The second target (Target-
2) was made with the same solution and coating parameters but the
process was repeated for 30 deposition cycles on a puratronic grade
aluminum (99.997%, Alpha Aesar) backing. The active areas of both
targets were circular region with a 20 mm diameter at the center of
the backings.

The neutrons were produced by spallation reactions of 800 MeV
protons (100 pA) impinging on tungsten targets at LANSCE. The proton
pulses are 125 ns full width at half maxima with a frequency of
20 Hz [13]. The neutron flux follows a 1/E, curve and has the value
of 1.5 x 10* neutrons per energy decade per proton pulse within the
neutron energy range from 1 eV to 1 MeV at the sample site [14]. The
neutron beam diameter was ~10 mm. Targets 1 and 2 were irradiated
with neutrons for 22 and 29 h to deposit a total fluence of 2.3 x 1011
and 3.0 x 10'! neutrons/cm?, respectively. The Detector for Advanced
Neutron Capture Experiments (DANCE) array, consisting of 160 barium
fluoride crystals, was utilized to detect y rays emitted during the
capture.

A Titan 80-300 (FEI) transmission electron microscope (TEM) was
used to investigate the morphology, composition, and crystallinity of
pristine and neutron-irradiated targets. An electron dispersive X-ray
spectroscopy (EDS, Oxford Inca) system with a Si-Li detector (energy
resolution of ~130 eV at 5.9 keV) installed within the microscope is

used for elemental analysis. A Helios Nanolab 600 (Thermo Fisher
Scientific) dual electron/ion beam system was employed to produce
cross-sectional thin (50-100 nm) samples for TEM analysis [15]. An
Orbis XRF analyzer consisting of a Rh X-ray tube, poly-capillary op-
tics, and an 80 mm? Si (Li) drift detector is used to determine the
elemental composition of the targets at the millimeter scale. The «
particles emitted from the targets were counted with an Alpha Suite
Spectrometer (ORTEC-ULTRA-AS) at ~10 Pa pressure using an ion-
implanted silicon detector (active area: - 900 mm?, resolution: - 29
keV at 5.486 MeV). These measurements were used to determine the
number of each uranium isotope per cm? target area before and after ir-
radiation. For this purpose, the effects of detector geometry, the energy
loss of a-particles before reaching the detector, and the branching ratio
were considered. The detailed description of the a particle spectroscopy
analysis procedure followed is described in our previous work [11].

3. Results and discussion

The thicknesses or areal densities of the targets measured from
cross-sectional TEM images were (414 + 23) nm/ (454 + 26) pg/cm2
for Target-1 and (1092 + 93) nm/ (1199 + 102) pg/c:m2 for Target-
2. Table 1 shows the uranium isotopic composition of pristine targets
measured by a-particle spectroscopy. Table 1 also shows that the
number of each isotope in the targets did not change significantly
after the neutron capture experiment, indicating that targets are robust
and do not undergo any significant degradation. The robustness of the
uranium content in the targets was also confirmed using XRF analysis
by measuring the intensity of the characteristic U La line at multiple
locations on both targets before and after irradiation. The ratio of the
U La line is ~1 for both targets (Supplementary Information, Table S1),
consistent with the results of a-spectroscopy.

The robustness of the targets was confirmed by analyzing the cap-
ture yield during the neutron irradiation experiment as well. Fig. 1
shows the neutron capture yield spectrum obtained for Target-1 (Panel
A) and Target-2 (Panel B) for the neutron energy range of 1-10,000 eV.
The details of the neutron capture peaks by the targets and the backings
are shown in Table S2.

Neutron capture on 233U has a Q value of 4.8 MeV (Figure S1),
which is used to isolate the 238U capture signature. The spectrum for
Target-1 also exhibits peaks for neutron capture reactions on the iso-
topes present in the backing Al 6061 alloy (%7 Al, >>Mn, 36Fe, 58Fe, 63Cu,
65Cu, %4Zn, %6Zn, and 7Zn). However, peaks from neutron capture
on some of the additives present in Al 6061 (Si, Mg, Cr, and Ti) are
not seen. Si, Mg, and Cr have low neutron cross-sections compared to
the rest of the isotopes detected. Although Ti has a significant neutron
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Table 1
The nuclei number per cm? of each isotope present in pristine and irradiated targets measured by a particle spectroscopy.
Target 1 Target 2
Pristine Irradiated Pristine Irradiated

238y (4.20 + 0.16)E+18 (4.27 + 0.17)E+18 (8.96 + 0.34)E+18 (9.44 + 0.37)E+18
25y (1.19 + 0.47)E+16 (1.25 + 0.45)E+16 (2.35 + 0.15)E+16 (2.49 + 0.20)E+16
26y (2.00 + 0.14)E+14 (2.07 + 0.19)E+14 (4.72 + 0.40)E+14 (5.11 + 0.31)E+14
234y (3.08 + 0.37)E+13 (3.09 + 0.35)E+13 (6.36 + 0.11)E+13 (6.09 + 0.14)E+13
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Fig. 2. Normalized neutron capture yield from the 238U peak at neutron energy of 6.67 eV is shown for each hour of 22 and 29 h long runs for Target-1 (A) and Target-2 (B)

respectively.

capture cross-section, the abundance of this isotope in the alloy backing
is low (0.15%). Target 2 shows peaks resulted from neutron capture on
2387 and ?’Al

We selected the most prominent peak at E, = 6.67 ¢V for 238U
(Fig. 1) to evaluate the target robustness [16]. Using appropriate Q
value (3.25-5.25 MeV) and neutron energy (E, = 5.5-7.5 eV) gates,
yields obtained from 238U neutron capture for each hour-long run are
determined. These yields are normalized using the total charge of the
proton beam. Fig. 2 shows that the yield stays reasonably constant
throughout the irradiation. The uncertainty of the method can be
inferred from the standard deviation of the capture yield, which is 4.8%
for Target-1 and 4.1% for Target-2. Fig. 2 shows no specific pattern in
the data, such as a steady decline of the counts during the experiment,
further reinforcing the initial determination of the high robustness of
the targets.

Small samples (5 x 5 x 0.07 pym?) lifted from the targets were
imaged with the high-angle annular dark-field (HAADF) scanning TEM
method. From these images, the UO, layers before irradiation are
found to be smooth (Fig. 3). Each deposited layer is ~32 nm for
Target-1 and ~36 nm for Target-2. All the layers were found to be
uniform throughout the entire target thickness. Imaging the irradiated
Target-1 revealed the emergence of 5-10 nm pores relatively uniformly
distributed throughout the UO, target. The near-surface layer of this
target also contains a few larger (10-15 nm) pores. Fig. 3 reveals that
the near-surface layer of the irradiated Target-2 exhibits significantly
larger (20-25 nm) pores. Close to the target/backing interface, the UO,
exhibits much less porosity than the surface for both irradiated samples.
Exposure to high-energy neutron beams is known to cause swelling,
bubbling, and formation of pores in UO, due to the release of fission
gas products [17,18]. However, the neutron capture experiment in this
work is performed primarily at energies below the fission threshold.
Therefore, the origin of the morphological changes in our targets must
be due to a different effect.

To reveal the irradiation effect on grain-scale restructuring, we use
high-resolution TEM imaging for near-surface layers of Target-1. A TEM
image of the pristine target displays grains with lattice fringes from the
(111) and (220) planes (Fig. 4A, left panel). The grain diameter ranges
from 2.5 to 6.5 nm, with an average value of 4.3 nm (Fig. 4A, center).

The radially averaged intensity distribution profile as a function of the
scattering vector obtained from the selected electron diffraction (SAED)
pattern displays broad diffraction peaks (right panel on Fig. 4A). These
peaks are aligned well with diffraction lines for the calculated UO,
pattern. Several adjacent diffraction peaks, such as (111) and (200) or
(220), (311), and (222), are not well resolved due to the ultra-small
sizes of the grains. The neutron irradiation considerably increases grain
sizes making them more polydisperse, ranging from 3.5 to 9.5 nm with
an average of ~6.7 nm (Fig. 4B). The SAED pattern and diffraction
profiles display noticeable changes related to the grain coarsening. For
example, the (220), (311), and (222) reflections become significantly
narrower and well resolved (right panel on Fig. 4B).

We also conducted TEM/SAED measurements on samples taken
from the irradiated Target-2 (Fig. 5). TEM images of the near-surface
layers and the target/backing interface show grains with lattice fringes
from (111) and (220) planes. The grain sizes on the surface range from
3 to 6 nm, while at the interface, they are slightly smaller (2.5-5 nm).
For the near-surface layer, diffraction peaks are narrower and better
resolved than those at the interface.

The pristine targets prepared by SCS have small (1-3 nm) pores
uniformly distributed throughout the UO, layers. Although there is no
target heating at macroscopic scales during irradiation, each neutron
capture reaction or scattering event can deposit energy resulting in
thermal spikes within the grain containing the given target atom. Due
to small grain sizes, this process of thermal spikes could propagate
across grain boundaries facilitating rapid atomic migration (mass diffu-
sion), new grain nucleation, and growth. The diffusion depends on the
atomic mobility at the given irradiation temperature. The grain growth
is more pronounced on the surface than in the inner layers due to the
unequal heat deposition along the target thickness, i.e., the deposited
heat is higher on the surface and decreases along the target thickness.
We can suggest that irradiation-induced clustering on the surface is
promoted by the lower steric hindrance (higher mobility of atoms).
Within the target layers, the material has to overcome a higher energy
barrier to diffuse and re-organize, forming clusters. For both targets, the
grain growth is confirmed by the TEM image (Figs. 4 and 5). However,
grain growth is more pronounced for Target-1.
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Fig. 4. High-resolution TEM images (left), grain size distribution (center), and selected area electron diffraction patterns and profiles (right) for pristine (A) and irradiated (B)

Target-1.

We also conducted EDS elemental mapping to reveal the origin of
different grain growth. These analyses show that uranium and oxygen
are uniformly distributed in the target layers before and after irradia-
tion (Figure S2). However, the distribution of Mg for Target-1 deposited
on the Al 6061 alloy backing shows an interesting pattern. Fig. 6A
illustrates that the pristine Target-1 exhibits an increased concentration
of Mg at and near the target/backing interface. Fig. 6B indicates that
irradiation increases the Mg concentration in the UO,. The point-by-
point EDS analysis confirms that the Mg diffuses from the backing into
the target layer during irradiation (Fig. 6C). These results show that
the multiple target deposition and heat treatment cycles selectively
leach the Mg from the Al 6061 alloy backing even though the Mg
is mainly confined to the target/backing interface. Compared to the
pristine target, neutron irradiation facilitates further diffusion of Mg
and incorporation into the target layers. EDS analysis for Target-2
deposited on high-purity Al does not show the presence of Mg. The
small amount of Mg could accelerate mass diffusion and facilitate grain
growth in Target-1.

4. Conclusion

This work shows that spin coating-assisted SCS allows the prepara-
tion of relatively thick (up to ~1100 nm or 1.2 mg/cm?), robust, and
uniform uranium dioxide targets. This method will be extended to make
more exotic and isotopically pure targets required for fundamental
science research and applications. The two depleted UO, targets of
varying thicknesses and backings were prepared at the University of
Notre Dame and tested by neutron irradiation at the LANSCE facility of
the Los Alamos National Laboratory. The targets remained robust under
neutron beam irradiation and showed no material loss throughout the
experiment as monitored by capture yield. The robustness of the targets
was further confirmed with offline analysis using XRF and a-particle
spectroscopy. Electron microscopy investigations before irradiation ex-
hibited that the targets have small grains (3-6 nm) and ultra-small
pores (1-3 nm). After irradiation, these pores became significantly
larger (20-25 nm), primarily located at the near-surface layers. The
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beam-induced thermal spikes likely cause mass diffusion, grain nucle-
ation, and growth. The backings also influence the composition of the
targets upon irradiation.
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