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Abstract

Rare earth element (REE) phosphates are an attractive host matrix for long-lived
radionuclides from nuclear waste because of the radiation tolerance exhibited by naturally
occurring REE phosphate specimens. Here we show that SmPO4 (monazite structure) and
TbPO4 (xenotime structure) exhibit a similar amorphization response to swift heavy ion
irradiation despite different starting structures. SmPO4 and ThPO4 were irradiated with 1.1
GeV Au ions and analyzed using synchrotron-based X-ray diffraction (XRD), Raman
spectroscopy, and transmission electron microscopy (TEM). The radiation response of the
phosphates was evaluated by extracting the amorphous fraction at each irradiation fluence,
and a single-impact model was used to determine the amorphous cross section and track
diameter. Amorphization within individual ion tracks was confirmed using head-on TEM
imaging, and the amorphous track size agreed with the value deduced by XRD analysis.
Raman measurements were performed to qualitatively confirm the ion-induced crystalline-

to-amorphous transformation which proceeds similarly for both phosphates.

1. Introduction

Rare earth element (REE) phosphates, REEPO4, have attracted much attention in
recent years because of their potential to act as host matrices for encapsulating long-lived
radionuclides from nuclear waste streams [1-7] . REE phosphates are naturally occurring
minerals that can incorporate significant amounts of uranium and thorium. Natural

specimens have been shown to structurally resist the effects from self-irradiation over long
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periods of time [4, 7, 8], suggesting that synthetic analogues can be tailored to exhibit
similar enhanced radiation tolerance [9, 10].

REE phosphates crystallize into two main structural families, monazite and
xenotime. Lighter REE phosphates (e.g., REE = Sm) form the monazite structure, while
the heavier REE phosphates (e.g., REE = Tb) adopt the xenotime structure [11-13].
Monazite crystallizes in a monoclinic system with space group P2i/n (Z=4), while the
xenotime structure, characteristic of the mineral zircon, is tetragonal with space group
14:/amd (Z=4) [13]. Previous high-pressure studies have shown that the structural response
of REE phosphates under compression depends strongly on the structure type, with the
xenotime and monazite phases remaining stable up to 10 GPa and 40 GPa, respectively
[14]. X-ray diffraction experiments on the monazite phase at high pressure have shown a
linear decrease in lattice parameters and peak broadening with increasing pressure.

Radiation effects studies of the two structure types are much less common than
high-pressure investigations [15, 16] with swift heavy ion studies being even less common.
The primary source of radiation damage in an actinide-bearing waste form is from alpha
decay, which produces an energetic alpha particle (~4 to 6 MeV) and a low-energy heavy
recoil nucleus (50 — 180 keV) [17]. These two projectiles are representative of the two very
different types of ion-matter interactions that occur depending on the kinetic energy. The
low energy recoil ion directly displaces atoms from their lattice sites via ballistic collisions
(nuclear energy loss). In contrast, the energetic alpha particle transfers its energy to the
electrons of the target material, inducing electronic excitation and ionization, initiating a
cascade of secondary electrons that quickly spreads radially (electronic energy loss). The

electronic energy loss regime, characteristic of alpha particle exposure, is isolated using
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projectiles produced experimentally at ion accelerator facilities; such “swift heavy ions”
typically have GeV energies and penetrate on the order of tens of micrometers into their
targets [18]. The resulting extremely high energy densities (up to tens of eVV/atom) produce
a confined, plasma-like state in the target material, which is dissipated through electron-
phonon coupling to the lattice [19]. This energy transfer results in complex structural
modifications within a highly localized nanoscale region, the so-called “ion track”. In many
ceramics, this cylindrical damage zone consists of an amorphous phase. While swift heavy
ions have only limited relevance for radioactive waste forms, their large penetration depths
allow for advanced bulk characterization, such as synchrotron-based XRD [20] and neutron
total scattering [21]. Previous irradiation studies of REE phosphates focused on the
monazite-structure family and revealed that Au ions with energies of 1.5 MeV induce
amorphization at high fluences (~1x10') [7]. In contrast, there is little information
available on the behavior of the xenotime phase under energetic ion irradiation [16, 22].
Thus, the influence of the starting structure on the radiation response of this important class
of materials is currently not understood. The behavior under high pressure suggests a
significantly different stability among the two structure types.

The aim of this study is to investigate how the two REE phosphate structure types
behave under swift heavy ion irradiation with predominantly electronic energy loss.
Monazite (SmPOg4) and xenotime (TbPOs) phases were irradiated with swift heavy ions
and analyzed by means of synchrotron-based XRD, Raman spectroscopy, and high-
resolution TEM. The two neighboring chemical compositions have been chosen to

minimize the effect of cation size (if any) on the observed radiation behavior.
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2. Experimental
2.1 Sample Synthesis
Two REE phosphate samples, SmPO4 and ThPO4, were synthesized at ambient temperature
via a coprecipitation route [5]. Aqueous lanthanide (Ln = Tb, Sm) nitrate solutions were
mixed with citric acid (CA) solution as a chelating agent in a molar ratio of Ln:CA = 1:2.
Subsequently, an excess of phosphoric acid (P) was added (Ln:P = 1:5). To obtain a
complete precipitation, the pH was adjusted to ~10 using 25% NH4(OH) while stirring.
After drying at 90°C, the precipitates were calcined (550°C, 3 h) and sintered (1600°C, 5
h). The samples were ground within an agate mortar after each thermal treatment step. The
chemical purity of both samples was verified via energy dispersive X-ray spectroscopic
analysis on pellet samples, using a scanning electron microscope (Quanta 200F, FEI)
equipped with an Apollo X silicon drift Detector (EDAX).
2.2 lon Irradiation

Microcrystalline (1-5 um) powders of SmPO4 and ThPO4 were irradiated with swift
heavy ions using sample holders designed to allow ions to completely penetrate and deposit
near-constant electronic energy loss, dE/dx, through the entire thickness [23]. The samples
were uniaxially pressed into several holes with a diameter of ~100 um drilled into 50-um
thin molybdenum foils. Details on the sample holders and the sample preparation method
for ion irradiation are provided elsewhere [24].

The irradiation experiment was performed in vacuum and at ambient temperatures
at the M1 beamline of the UNILAC linear accelerator at the GSI Helmholtz Centre for
Heavy lon Research in Darmstadt, Germany using 1.1 GeV '’ Au ions. The various sample

holders were irradiated to 10 different ion fluences, ranging from 2x10* - 8x10* jons/cm?.
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Each holder contained samples of both SmPO4 and TbPQOg, ensuring that both samples were
irradiated under identical beam conditions. This reduced the relative fluence uncertainty
and enabled precise comparison of the radiation responses between the two sample types.

The ion range and dE/dx value was calculated for both sample types using the SRIM
2008 code [25]. Based on previous sample preparation using the same holder system and
actinide oxide powders, the actual sample density was assumed to be on the order of 60%
of the theoretical value [26]. The ion range was accordingly adjusted and the SRIM data
scaled according to a procedure described in detail elsewhere [23]. The dE/dx evolution for
both samples is shown in Figure 1 as a function of density-corrected penetration depth. It
is apparent that the ions completely penetrated the samples and deposited a median
electronic energy loss of 34 + 1 keV/nm for both SmPQO4 and TbPQO4. There is variation in
the electronic energy loss across the range of the ion because of sample thickness; however,
the nuclear energy loss is at least an order of magnitude smaller across the entire ion path

within the sample and is therefore neglected in this study.

2.3 Characterization

Synchrotron X-ray diffraction (XRD) was used to examine the two phosphate
structure types after irradiation in order to characterize the induced radiation damage. XRD
experiments were performed at the High-Pressure Collaborative Access Team (HPCAT)
16-BM-D beamline of the Advanced Photon Source (APS) at Argonne National
Laboratory. Data were collected in transmission mode on a 2D Mar345 image plate
detector using a monochromatic photon beam of 29.2 keV (A = 0.4246 A). One-

dimensional patterns were produced by integrating the diffraction images using the
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software Dioptas [27]. The detector was calibrated using a NIST powder CeO; standard,
and amorphous phase fractions were quantified using a peak-deconvolution procedure
based on the Fityk and AMORPH programs [28, 29]. Details of the synchrotron-based
XRD measurements and analysis of XRD patterns with respect to amorphous sample
fractions are described elsewhere [24, 30].

TEM analysis was conducted at Stanford University on a FEI Tecnai G2 F20 X-
TWIN transmission electron microscope with an operating voltage of 200 keV. TEM
samples were prepared by collecting small, crushed phosphate grains on a carbon film
supported by a molybdenum grid. High-resolution images were recorded in top-view mode,
with the electron beam being parallel to the ion track, to analyze the size and morphology
of ion tracks.

Raman spectroscopy was also performed on the irradiated samples in order to
complement the XRD data and evaluate the effects of swift heavy ion irradiation on local
atomic arrangements. Raman measurements were performed using a Horiba LabRAM HR
Evolution instrument equipped with a 785 nm excitation laser source and a liquid-nitrogen
cooled charge coupled device (CCD) detector. Raman data were collected with a long
working distance objective and the laser power was limited to 50 mW to avoid undesired
annealing of radiation damage. Reported spectra represent the average of 3 measurements

performed on different sample locations.

3. Results and Discussion
SmPQO4 and ThPO4 were characterized before and after irradiation to different ion

fluences with synchrotron XRD to assess structural changes induced by the 1.1 GeV Au
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ions (Figure 2). The data show that both materials are crystalline prior to irradiation, as
indicated by the sharp diffraction maxima. Indexing of the Bragg peaks confirms that
SmPO4 exhibits the monazite structure and TbhPO4 exhibits the xenotime structure. Both
samples are fully crystalline and phase-pure with no detectable impurity concentrations.
After irradiation, all crystalline peaks begin to broaden and decrease in intensity. The loss
of Bragg peak intensity is accompanied by the appearance of broad, diffuse bands, which
indicates that both materials gradually amorphize with increasing ion fluences.

Diffuse scattering bands centered at ~1.5 and ~2.0 A appear in the diffraction
patterns of both materials at around 5x10™ to 1x10'? ions/cm?. All crystalline diffraction
maxima of SmPO4 are for the most part absent in the XRD patterns after irradiation to
3x10'? ions/cm?, which is evidence of complete amorphization and loss of long-range
structure in this compound. SmPO4 remains fully amorphous at higher fluences, and no
irradiation-induced recrystallization is observed. Amorphous bands are most evident for
ThPO, after irradiation to 3x10* ions/cm?, and all crystalline diffraction maxima are fully
absent at 5x10'2 ions/cm?. TbPOa, like SMPO4, shows no indication of recrystallization up
to the maximum fluence of 8x10*2 ions/cm?,

To better compare the amorphization behavior of both samples and elucidate the
damage accumulation mechanism, amorphous fractions were determined at each fluence.
This was completed by first analyzing the area beneath diffuse scattering bands with
Gaussian peak fitting after peak-deconvolution. Peak areas attributed to amorphous bands
were normalized to the total peak area (integrated peak intensity) in the patterns, which
included both Bragg (i.e., crystalline phase) and amorphous peaks. The uncertainty in this

process was estimated by repeatedly fitting each diffraction pattern, which yielded error



O©CO~NOOOTA~AWNPE

bars in amorphous phase fractions representing the standard error of mean values. This
procedure is identical to the method outlined by Lang et al. [30]. Relative changes in
amorphous phase fractions for SmPO4 and TbPO4 with increasing ion fluence are shown
in Figure 3. Both samples amorphize at a similar rate with respect to ion fluence and
become fully amorphous at the maximum fluence of 8x10'? ions/cm?. The increase in
amorphous phase fraction as a function of increasing fluence shows the characteristic
behavior of a single-impact damage accumulation model [31]. The single-impact model in
this case assumes that each ion-matter interaction results in a cylindrical amorphous
damage region, the so-called “ion track”. At lower fluences, ion tracks are well separated,
and the amorphous phase production is linearly proportional to fluence. Upon further
irradiation, amorphous phase production saturates at high fluences when ion tracks overlap.
Numerical fitting to the data displayed in Figure 3 (solid lines) with a Poisson-type function

enables to deduce the cross-sectional areas of the amorphous ion tracks:

fa(@) = fsar(1 — e—ad)) (1)
where ¢ is the amorphization cross-section, fa is the amorphous fraction, fy,; is the
saturation value for the amorphous fraction (here 1.0 or 100%), and ¢ is the ion fluence

[32]. By assuming cylindrical ion tracks, diameters were calculated from o to be 8.0+0.6

nm and 7.7£0.5 nm for SmPO4 and TbPOg, respectively. Thus, 1.1 GeV Au ions produce
amorphous ion tracks of the same size in both materials, independent of the different
starting structures.

To independently assess track formation and associated amorphization, samples
irradiated to a low fluence were analyzed by TEM in cross-sectional view (Figure 4). The

TEM images clearly display ion tracks in both materials, which are apparent by their

9
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distinct contrast change with respect to the surrounding matrix. Selected area diffraction
(SED) confirmed that the tracks are amorphous in both materials. Since the samples were
polycrystalline powders, the orientation of ion tracks (direction of impinging ions with
respect to sample surface) was random and not along specific crystallographic directions;
the boundary between the amorphous track and crystalline matrix is therefore less
pronounced. However, the quality of the TEM images is sufficient to estimate the ion track
size reasonably well in both materials, yielding diameters in SmPO4 and TbPO4 of 8 nm
for both samples. These values are in close agreement with the diameters determined by
the XRD pattern analysis of amorphous fractions and single-impact model fits.

In addition to XRD and TEM, Raman spectroscopy measurements were performed
on the irradiated SmPO4 and TbPO4 samples to characterize changes in local atomic
arrangements. Figure 5 shows selected Raman spectra of both materials before and after
irradiation with increasing ion fluence. The Raman spectra of pristine SmPO4 and TbPO4
exhibit different modes in accordance with their different crystal structures, which agrees
well with previously reported Raman data of xenotime and monazite compounds [33]. The
most intense bands located at ~1000 and 1100 cm™ were attributed to the symmetrical (v1)
and antisymmetrical (v3) stretching vibrational modes of the PO4 polyhedra, respectively.
The Raman spectra of SmPO4 appear to be almost unaffected until irradiation to a fluence
of ~1x10%? jons/cm?, when amorphization becomes apparent. Amorphization is indicated
in the Raman spectra by the increase of background intensity accompanied by a decreasing
intensity of crystalline peaks, which is attributed to accumulated atomic disorder from
irradiation. At higher fluences, most sharp Raman peaks are absent, except three broad

peaks that persists up to the maximum fluences for SmPQO4. These broad bands are

10
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attributed to the four normal modes (v1- v4) of the PO4 polyhedron in the sample, indicating
that these structural units remain largely intact after irradiation. This agrees with data
collected by Picot et al. [34, 35], which also showed that the monazite structure amorphizes
after irradiation, yet the modes belonging to the PO4 polyhedra were still present. However,
they used 7 MeV Au ion irradiation with limited penetration depth, and undamaged
samples layers beyond the ion range may still contribute to their Raman spectra [35]. The
overall trend with increasing fluence applies equally to the TbPOs Raman spectra.
However, amorphization appears in the spectra at slightly lower fluences compared to the
monazite phosphate (7x10'! instead of 1x10%2 ions/cm?) and the two stretching modes of
the POy structural units are no longer clearly observable above a fluence of 1.5x10%?
ions/cm?. These peaks are only vaguely evident above the background at higher fluences,
which may be related to much more distorted PO4 polyhedra in the TbPO4 sample.
Complementary characterization reveals a consistent radiation response of
monazite and xenotime phosphate families under swift heavy ion irradiation at room
temperature. Both rare-earth element phosphate structure types gradually amorphize at
similar fluence rates, and the data show both materials become completely amorphous
above a comparable fluence. Amorphization behavior of these materials is well described
assuming a single-impact model for damage accumulation. This indicates that each swift
heavy ion produces a fully amorphous cylindrical ion track, and both bulk materials exhibit
full loss of long-range atomic ordering. High-resolution TEM images confirm the
formation of individual amorphous ion tracks with no apparent disordered shell as reported
for many complex oxides [21]. Raman spectra show that PO, tetrahedra persist in both

materials throughout the crystalline-to-amorphous transition, implying that changes to their
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connectivity induced by the irradiation are responsible for the loss of long-range coherency.
These structural units show a more pronounced fingerprint in the Raman spectra of
amorphous SmPO4 as compared with TbPO4, which could indicate small variations in the
local atomic arrangement of both materials. Additional short-range characterization, such
as neutron total scattering, is needed to gain further insight into the short-range behavior
during the amorphization process.

The results of this study show that the starting structure of the phosphate material
has little to no influence on the size of ion tracks. This agrees well with data compiled in a
recent review article that compared track diameters in a wide range of complex ceramics
irradiated with swift heavy ions of kinetic energy between 5 and 10 MeV/u [36]. While the
track morphology can be complex for different materials with a number of concentric
damage zones (e.g., core-shell morphology), the overall track size is surprisingly similar,
despite different chemical compositions and starting structures. This was explained by the
highly transient energy depositions within the track region that result in nanometer-sized
thermal-spike zones. The track diameter is mostly affected by this initial energy deposition,
which is similar in many insulators for a given energy loss and independent of chemical
composition and starting structure [36]. Recovery processes during track quenching are
probably more sensitive to target material properties and result in distinct damage
morphologies in different complex ceramics.

Findings from this study differ from high-temperature ion irradiation studies using
low-energy ions, which show that the monazite structure is less susceptible to
amorphization compared with xenotime-structured REE phosphates [15]. This temperature

dependence is typically attributed to point defect mobility and was partially explained by
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differences in electronic-to-nuclear stopping power (ENSP) ratios in the materials [15]. It
was shown that xenotime-type structures exhibit higher critical temperatures (T¢), and thus
have higher amorphization susceptibility, compared with monazite-type REE phosphate
structures at identical ESNP ratios. However, in the present study, we show that
amorphization susceptibility for xenotime and monazite structures is very similar, which is
likely attributable to the extremely high ENSP ratio yielded by swift heavy ion irradiation.
Future studies should aim to elucidate differences in amorphization susceptibility between
xenotime and monazite structures throughout a broad range of ENSP ratios.

In contrast to swift heavy ion irradiation, xenotime- and monazite-structured REE
phosphates show a divergent response to high-pressure exposure [37]. TbPO4 xenotime
was found to transform into the monazite structure above 10 GPa, while SmPO4 monazite
retains its starting structure when being compressed over the same pressure range. Thus,
the resistance to high pressure more closely resembles the behavior under low-energy ion
irradiation at high temperature [15]. Together with the data of the present study, this shows
that material performance and structural stability under extreme conditions is complex and

depends on the type of regime that is considered.

4. Conclusion

Monazite-type SmPO4 and xenotime-type TbPO4 were studied under swift heavy
ion irradiation by a complementary analytical approach. Both structures undergo
amorphization at similar rates with increasing fluence due to accumulation of amorphous
ion tracks of similar size. Raman spectroscopy shows that the local structure of the

amorphous phase is retained in both materials’ PO4 polyhedra independently of the loss of
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long-range crystallinity. The similarity in radiation response of SmPQO4 and TbPO4 can be
attributed to the extremely high electronic-to-nuclear stopping power ratio induced by the
1.1 GeV Au ions and the associated transient energy depositions. These results suggest that
changes in the chemistry, like in nuclear waste forms, and in the structure will not greatly

affect the overall radiation response of REE phosphate materials to highly energetic ions.
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Figure 1: Evolution of the electronic stopping power of 1.1 GeV Au ions through the
thickness of the irradiated REE phosphate samples (SmPO4 and TbhPO4 with 50%

theoretical densities of 2.78 and 2.84 g/cm?, respectively); nuclear stopping power is
negligible within the sample thickness.
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Figure 2: Selected synchrotron X-ray diffraction patterns of SmPO4 (left) and TbPO4
(right) irradiated with 1.1 GeV Au ions to various fluences (given in ions/cm?).
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Figure 3: Amorphous fractions in ToPO4 and SmPOQOg irradiated with swift heavy ions (1.1
GeV Au) from XRD diffraction analysis as a function of fluence. Single-impact fits
(Equation 1) are shown as solid lines. Error bars represent the uncertainty in amorphous
peak deconvolution. Amorphous track diameters (da) were calculated from cross-sections
assuming cylindrical symmetry.
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Figure 4: TEM images of ion tracks (circled in red) in irradiated SmPO4 and TbPOa.
The ion tracks induced in both materials are fully amorphous with a similar size of
about 8 nm in diameter.
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Figure 5: Selected Raman spectra for SmPOg (left) and TbPO4 (right) irradiated with 1.1
GeV Au ions to various fluences (given in ions/cm?).
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