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I. Research Objective

This project seeks to understand the microscopic effects of radiation damage in nuclear
waste forms. Our approach to this challenge encompasses studies of ceramics and glasses
containing short-lived alpha- and beta-emitting actinides with electron microscopy, laser and
X-ray spectroscopic techniques, and computational modeling and simulations. In order to
obtain information on long-term radiation effects on waste forms, much of our effort is to
investigate a-decay induced microscopic damage in 18-year old samples of crystalline
yttrium and lutetium orthophosphates that initially contained ~l(wt)% of the alpha-emitting
isotope 244Cm (18.1 y half life). Studies also are conducted on borosilicate glasses that
contain 244Cm, ^ A m , or 249Bk, respectively. We attempt to gain clear insights into the
properties of radiation-induced structure defects and the consequences of collective defect-
environment interactions, which are critical factors in assessing the long-term performance of
high-level nuclear waste forms [Ewinget al. 1995, Weber et al. 1998].

II. Summary of Project Accomplishment

We have reached our project goals with experimental results and observations that
characterize the microscopic and long-term effects of radiation damage in nuclear waste
forms. Laser and X-ray spectroscopic techniques and analytic electron microscopy were used
as our primary experimental tools for probing local structure and structural changes. In this
project, computational modeling and simulation of experimental results were essential for
providing fundamental understanding of the properties of actinides in disordered solids and
interpreting complicated effects of radiation damage and recovery.

We extensively studied radiation-induced structural damage in crystalline
orthophosphates that were doped with 244Cm. The samples were synthesized 18 year ago and
stored since then at room temperature. Before our experiments were conducted, almost half
of the originally doped 1 wt% Cm already had decayed to 240Pu and the total radiation dose
reached ~ 5X1019 decay-events/g in the samples. The phenomenon of radiation-induced
cascade displacements in crystalline and glassy materials is generally understood. As
demonstrated by heavy-ion-implantation experiments, when the dose of the radiation source
increases, crystalline orthophosphates become amorphous at room temperature. However,
amorphization was not observed in the samples that we studied, although the total dose was
sufficiently high that such amorphization would have been expected. In the orthophosphates
that we studied, atomic displacements induced by a-decay events did not persist with the
exception that residual lattice distortion and stress were left as a result of damage and
recovery. We have shown that the average residual lattice distortion is smaller than the atom
size and can be annealed at higher temperatures. Our observation is consistent with the
discovery in geophysics that crystalline structure is largely preserved in natural zircon and
phosphates after significant accumulated radiation dose from thorium and uranium decays
over millions of years on the surface of the earth.

Instead of a crystalline to amorphous transition, we observed numerous bubbles and
isolated defect clusters of nanometer size in the aged phosphate samples [Liu et al. 1998a,



Luo and Liu 2000]. We attribute the nanoclusters to fission tracks and bubbles to the
aggregation of a-generated helium atoms. The bubbles and defect clusters were found to
coalesce under electron beam irradiation. Our work show that the important parameters for
the long-term performance of high-level nuclear waste forms are not only the total number of
point defects (vacancies and interstitials) generated by cascade displacement but also the
distribution of their population in clusters and the form and mobility of these clusters.
Formation and mobilization of microscopic bubbles and cracks are important potential
degradation mechanisms that may cause radionuclide release from the disposed waste forms.

Samples of borosilicate glass that contain natural uranium or short-lived actinide isotopes
of 241 Am, 244Cm, and 249Bk were prepared, as model waste forms and studied in this project
with selective laser excitation and X-ray spectroscopy [Liu et al. 2000a]. Our studies have
shown that, in borosilicate glasses, actinide ions have ordered structure as to their nearest
neighbors. This property allows us to monitor radiation-induced structural damage. After
preparation of the glass samples, selective laser excitation was conducted to probe the local
environments of the actinide ions. The same measurements were repeated later to monitor
the evolution of radiation-induced damage. Extended X-ray absorption fine structure
(EXAFS) spectra of the actinide ions in the glass samples also were recorded and analyzed in
this project. Based on these spectroscopic results, we have established a framework for
analyzing local structure in this model waste form.

Radiation damage of solid phase materials is an extremely complicated process. Our
work focused on microscopic structural damage that was induced by (X-decay. In order to
accurately assess and optimize the long-term performance of high-level nuclear wastes after
disposal, a predictive understanding of defect aggregation and chemical segregation in waste
forms must be achieved. To achieve such predictive understanding, more detailed studies are
required. We believe that contemporary technologies such as element-resolved electron
microscopic analysis and computational modeling and simulations should provide significant
opportunities to tackle these problems more satisfactorily.

III. Radiation Effects in 244Cm-Loaded Orthophosphates

Orthophosphates containing 244Cm were chosen for detailed study in this project because:
(i) radiation damage was accelerated by the short-lived cx-decay isotope 244Cm, and
considerable radiation dose already had accumulated in the samples available to us, and (ii)
similar to zircon, lanthanide phosphates are candidate ceramic nuclear waste forms due to
their resistance to radiation [Boatner et al. 1981]. The 244Crn-loaded LuPO4 and YPO4 single
crystals that we studied were grown in 1980 at Oak Ridge National Laboratory using a flux
method [Abraham and Boatner 1982]. These single crystals initially had a 244Cm
concentration of ~1 wt%. After 18 years of a-decay, half of the initially doped 244Cm ions
became 240Pu, and simultaneously, various dynamical interactions facilitated defect
development as well as lattice recovery. Therefore, the phenomena that we observed in the
phosphate samples should closely reflect long-term radiation effects in ceramic waste forms.
To investigate atomic level radiation damage and aging effects on defect development,



electron diffraction (ED) and transmission electron microscopy (TEM) were conducted.
Laser spectroscopic experiments were conducted before and after heat treatment (annealing
at 500 °C for 12 hours) of the samples [Liu et al. 1998c, 2000b].

Samples for TEM examination were prepared with ultramicrotomy [Luo and Abraham
1999]. Sections that were 50 nm thick were cut with a Reichert-Jung ultramicrotome.
Because of the anisotropic structure of LUPO4 and YPO4 crystals, attempts were made to
section the crystal along different orientations. The transverse sections were the most
successful, whereas longitudinal sections were difficult to make. Transmission electron
microscopy was performed with a JEOL 2000FX unit operating at 200 kV and equipped with
an energy dispersive x-ray spectrometer (EDS). Selected area electron diffraction (SAED)
was employed along with bright- and dark-field imaging. The chemical analyses by EDS
were performed with a 15-nm focused electron beam, which corresponds roughly with the
spatial resolution of the analysis. The.crystallinity of the area examined was determined with
SAED as well as with direct lattice imaging.

a. Defect clusters

Except for the presence of individual defect clusters, amorphization was not observed
in the phosphate samples that we studied. Figure 1 shows SAED patterns obtained from a
fairly large area (about 0.1 x 0.1 urn) in the Cm-doped LuPO4 and YPO4 samples. Sharp
diffraction spots were dominant in the pattern, indicating that the material remained largely
crystalline. Some faint sharp rings were also present in the SAED pattern. However, there
was little radial diffusion crossing the diffraction spots. This finding indicates no prominent
amorphous component in the crystal. The presence of the ring structure in the diffraction

244/Fig. 1 SAED images of (a) 244Crn:LuPO4 and (b) ^Cm:YPO4.



pattern is attributed to the disruption of the sample during microtomy, which is a well known
artifact that can occur during sectioning brittle materials [Reid and Beesley 1991]. Similar
rings were also observed in the nondoped LuPO4 samples that had been sectioned under the
same conditions.

244,
Fig. 2 A TEM image of Cm: YPQ

Figure 2 shows bright-field TEM micrographs of the 244Cm-doped YPO4. Individual
defect clusters were observable by their strain contrast. The clusters typically have diameters
of 5-10 nm and may be related to highly disordered fission tracks that are produced by the
240Pu recoil nucleus emitted during the alpha decay of 244Cm. If these are fission tracks, the
structural nature of these defects is not known but may be assumed to be amorphous, because
fission fragments are known to induce amorphization in crystalline materials [Weber et al.
1998]. Analysis of the clusters with EDS and the focused electron beam showed no
difference in composition from the surrounding areas. Weber et al.[1986] observed
individual fission tracks with lengths of 2.5-5.0 nm in 244Cm-doped Gd2Ti207 and CaZrTi2O7

when the irradiation dose was relatively low (< 1015 a-decay events mg"1). At higher doses,
the fission tracks were reported to overlap each other, and the samples became completely
amorphous.



b. Metastable lattice distortion

In addition to isolated defect clusters that are observable in the TEM images, we found
that smaller scale defects and lattice distortion exist in the samples that we studied. Although

244 ,TEM revealed no lattice amorphization, the crystallinity in the 18-year old Cm-doped
phosphate samples is not nearly as good as the same compounds that were doped with non-
radioactive lanthanide ions or much less radioactive actinides such as 248Cm [Kot et al.
1993]. Based on our laser spectroscopic experiments and computational analyses, we
attributed smaller scale defects and lattice distortion to the residuals of a-decay induced
cascade displacements that were largely annealed at room temperature due to collective
lattice dynamical interactions.

The line width of optical transitions between 5f states of the Cm ions is very sensitive to
local structure. Structural disorder induces inhomogeneous line broadening. In a crystalline
lattice, the line width for transitions between the crystal field levels of 5f electronic states is
less than 100 GHz (3 cm"1) at 4 K. The line width increases to 104 GHz and exhibits no clear
crystal-field splitting in amorphous environments. We measured and analyzed the
inhomogeneous line width of Cm3+ electronic transitions to determine the degree of lattice
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Fig. 3 Laser-induced fluorescence spectra for the D7/2—> S7/2 transition of Cm in
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nonresonant excitation show inhomogeneous broadening.



disorder in the a-decay-damaged phosphate crystals [Liu et al. 2000b]. Examples of these
laser excitation and fluorescence spectra are shown in Fig. 3. The results indicate that the
samples are still crystalline but there is evidence of lattice disorder due to radiation damage.
The measured inhomogeneous line width was 20 cm"1 for both Cm-LuPO4 and Cm-YPO4

samples and reduced to less than 5 cm'1 after 12 h annealing at 500 °C. Our crystal-field
calculation and Monte Carlo simulation determined that the observed 20 cm'1 line broadening
corresponds to an average atom displacement less than 1/20 of the Cm atomic radius. Such
small average displacements are not observable in TEM images.

c. Molecular dynamics simulation of damage and recovery

In order to understand the crystalline lattice damage and recovery mechanisms, cascade
displacements and subsequent lattice.recovery in Cm-doped LuPO4 have been simulated
using a molecular dynamics (MD) method. In our MD simulation, we included both two-
body and three-body potentials, which is necessary for LuPO4 and similar compounds
because collective interatomic interactions are essential in the determination of chemical
bonding and lattice dynamics properties. Our preliminary MD simulations on zircon and
phosphate were carried out in a 500-MHz workstation computer that limited the simulated
system to 104 atoms and knock-on energy of 20 keV.

Figure 4 shows the cascade evolution after a knock-on collision at a Lu atom in LUPO4
along [111] direction. The cascade displacement reached its maximum domain size within
400 fs, and, then, lattice recovery after cascade displacements occurred along the boundary of
the damaged domain. From 0.45 ps to 4 ps after the simulated a-decay event, the damaged
domain shrank approximately 20%. It is evident that 4-ps after a collision event the system
is far from reaching equilibrium. Atoms move intensively in the center of the domain and
further lattice recovery continues. Our simulation also showed that, after cascade
displacement and domain amorphization, lattice recovery is not complete and uniform. Point
defects (interstitials and vacancies) appear in the recovered area of the damaged domain. In
the case of LuPO4, the heaviest Lu ions show much slower recovery action than the lighter P
and O ions. Although PO4 and LuO8 polyhedra are likely reformed in the damaged domain,
small distortion of these basic structures is evident. Therefore, in comparison with
experimental observations, we found that the situation created in a MD simulation is
generally the same as that revealed from TEM and laser spectroscopic experiments on the
real damaged samples of 244Cm:LuPO4. The lattice largely remained as crystalline but
distortion and stress were left as residuals of a-decay-induced cascade displacements. The
lattice damage and recovery dynamics are elucidated also in Fig.5, which shows the partial
distribution functions of LuPO4. One sees a clear lattice crystallinity recovery from 0. 5 ps to
18.8 ps after the cascade that occurred at t = 0. This preliminary MD simulation certainly
shows promise for future work with more atoms and higher knock-on energy (up to the real
a-decay recoiling energy of -80 keV) that better reflects the actual HLW situations.
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d. Defect aggregation and bubble formation

The results that are of most importance for predicting the long-term performance of high-
level nuclear wastes are defect aggregation and bubble formation and mobilization. As
shown in Fig. 5, the radiation effect observed in the 244Cm-doped orthophosphates was the
formation of bubbles [Luo and Liu 2000]. Most bubbles are roughly spherical, with sizes
varying from 5 nm to 20 nm. In some cases, the bubbles appear to have coalesced and grown
into larger ones. Analysis of the bubbles with EDS revealed no compositional changes from
the surrounding crystalline areas. An enlarged section of Fig. 6 shows a lattice image of an
isolated bubble and its vicinity. The (220) planes of LuPO4 with d-spacing equal to 0.49 nm
were resolved and imaged. The presence of regular stacking of the lattice planes is consistent
with the electron diffraction data that showed that the materials remained largely crystalline.
The lattice fringes were disrupted by the presence of the bubble, which forms an elongated
ellipse of 25 nm x 70 nm. The boundary between the bubble and the orthophosphate crystal
was rather sharp without formation of distorted or amorphous zones.

The formation of bubbles in self-radiated samples has been previously reported to occur
in highly damaged natural minerals [Ewing and Headley 1983, Gong et al. 1997], as well as
in nuclear waste glasses that contain actinides [Inagaki et al. 1992, Malow and Anderson
1979]. In most cases, formation of bubbles was associated with high actinide loading and/or
long time periods [Weber 1990]. This is consistent with the high dose accumulated in the
244Cm-doped sample. The exact nature and the chemical content of the bubbles are difficult

244Fig. 6 TEM images of Cm:LuPO4 showing the presence of bubbles
embedded in crystalline lattice. The insert image shows an isolated bubble
and its crystalline vicinity.



to determine directly with TEM; nevertheless, the bubbles are assumed to contain mainly
helium. This is because helium, resulting from the capture of two electrons by a-particles,
must be accommodated interstitially or substitutionally in the crystal matrix. Because helium
has very limited solubility in most ceramics [Weber et al. 1998], it may have diffused and
coalesced to form helium bubbles. Although oxygen bubbles might also form as the result of
oxygen bond disruption in the crystal due to radiation damage, it is unlikely they would
accumulate in our sample. This is because any oxygen produced would quickly react with
240Pu, the daughter product of the 244Cm decay, which is a strong reducing agent.

Figure 7 shows a series of TEM images taken from the same area on the 244Cm-doped
YPO4 sample at different intervals of exposure to the focused electron beam (about 200 nm
in diameter). The area initially exhibited little contrast for the bubble presence. After the
area was exposed to the electron beam for 100 s, areas of dark contrast appeared, likely
corresponding to the diffusion and accumulation of the helium under the electron beam.
After longer exposure (350 s), the bubbles appeared to regroup, grow larger, and become
stable spherical shapes. After 1,000 s, the bubbles showed well-defined contours, suggesting
that they may have broken after growing larger than the sample thickness (about 50 nm).
During the whole experiment, the area under analysis remained crystalline, as determined
with electron diffraction. Similar phenomenon was observed also in ^Cm-doped LUPO4.

(a ) 10 seconds ( h ) 1OO seconds

( c ) 350 seconds ( d ) 1OOO seconds

Fig. 7 When exposed to an electron beam in a TEM scope, bubbles form and aggregate in a
244,18-y old sample of (I wt%) Cm:YPO4. The current density was approximately 1.5X10,-16

A/cm2.
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IV. Actinides in Borosilicate Glass

Our work on borosilicate glass was focused on characterization of the local environment
of radioactive actinides that had been loaded into the glass matrix. Radiation-induced
changes in local structure were probed by laser excitation and X-ray spectroscopy. The glass
matrix was prepared with B2O3 (12%), SiO2 (63.2%), Na2O (20%), A12O3 (4.8%). The
absence of peaks in the Cu Ka X-ray diffraction pattern from this material confirmed the
absence of crystalline phases. Samples that contained the actinide elements of U, Pu, Am,
Cm, Bk, and Cf were prepared and studied in laser and X-ray experiments. The results from
the samples that contained U and Cm have been analyzed in detail.

a. Local structure of actinides in borosilicate glass

To investigate radiation effects on structural stability, molecular scale structure must be
determined before damage occurs. Using laser and X-ray spectroscopic techniques and
computational modeling, we have investigated the local structure and chemical bonding of
actinide ions at low concentration in borosilicate glass. Our work has shown that these
actinide ions have a locally ordered environment in the borosilicate glass samples that we
prepared, although, as expected, there is no long-range ordering.

It is well known that optical transitions between 5f states of an actinide ion are most
strongly influenced by the nearest neighbor ligands of the actinide ion [Zhorin and Liu 1998].
Such transitions therefore carry information about the immediate structure that surrounds
actinide ions in a glass matrix. Selective laser excitation and fluorescence spectra of actinide
ions were recorded and analyzed using crystal field theory. These spectra show clear crystal
field splitting which is the hallmark of a crystalline local environment for actinide ions. With
an exchange charge model of crystal field theory [Liu et al. 1998c, 2000b], we have
established a connection between the electronic energy level structure and crystalline
structure of Cm3+ in this glass matrix. Uranium in borosilicate glass may have different
oxidation states depending on firing conditions [ Eller and Jarvinen 1985]. For uranium-
doped glass samples that were fired in air, the dominant uranium oxidation state is 6+ and
such uranium ions are present as uranyl UO2

2+ that is directly coordinated with four other
oxygen ions in the glass. Evidence of U4* was observed in optical absorption spectra, but
there was no evidence of a U4* contribution to the X-ray absorption spectrum, which
suggests that the number of U4* is less than 5% of the total uranium ions in our samples.
Based on the observed emission spectra, the emitting charge transfer state of UO2

2+ strongly
couples to the stretching vibrational modes of uranyl. The local environment surrounding
UO2

2+ also has a modest influence on its electronic and vibrational energies. Our analyses of
the observed UO2

2+ optical spectra have provided evidence as to its immediate environments
in borosilicate glass.
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Fig. 8 Nearest-neighbor-ligand structure for (a) U6* and (b) Cm3+ in borosilicate
glass determined from EXAFS (right panels) and laser spectroscopy [Liu et al.
2000a]. rz and rxy are the bond lengths between U (Cm) and O in the axial and
equatorial directions, respectively.

In studies that complemented our laser investigations, we conducted X-ray spectroscopic
measurements and analyzed the observed EXAFS spectra for Cm3+ and U6*. Analysis of the
X-ray spectra confirmed the observation from laser experiments that these actinide ions have
well-defined nearest coordinated ligands and determined the bond lengths for Cm3+ and U6*
ions and their six directly coordinated oxygen neighbors. Based on analyses of laser and X-
ray spectra and related theoretical modeling, we have established a local structure model for
Cm ions in which six directly coordinated oxygen ions form a tetragonal structure
surrounding the actinide ion, with the two axial oxygen ions at a longer distance. [Liu et al.
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2000a] The structure of the four equatorial nearest neighbor oxygen surrounding uranyl
varies slightly from site to site.

b. Radiation damage in borosilicate glass

As we discussed above, monitoring radiation-induced local structure change is
possible for actinides in borosilicate glass where the nearest neighbor ligands of the actinide
ions have ordered structure. Optical spectra obtained from laser excitation and X-ray
absorption provide "fingerprints" of local structure and structure change. The glass sample
doped with 1% 244Cm are expected to accumulate structural damage faster than other samples
we prepared. Fig. 8 (a) shows line broadening of the Cm3+ self-luminescence that was
emitted from the Cm3+ ions after electronic excitation induced by a-decay of vicinal Cm3+

ions. The narrower line was recorded immediately after the sample was prepared and the
broader line was recorded 18 months later. Cascade displacements led a line-width increase
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Fig. 9 Radiation-damage-induced inhomogeneous line broadening in Cm-doped
borosilicate glass. The self fluorescence rises from the electronic transition between the
6D7/2 and 8Sm states of Cm3+, and is excited by a-decay-induced ionization. The line
width was measured as the full width at half maximum intensity (FWHM) at 4 K for (a)
when the sample was prepared, and (b) after 18 months of the synthesis. The thin black
curves are Gaussian fitting to the experimental data.
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from 197 cm"1 to 326 cm'1, which indicates a significant increase in structure disorder.
Radiation-induced structure disorder is evident also in excitation spectra from the same
sample. EXAFS spectra are to be recorded for samples that contain accumulated damage.
With experimental data obtained for different radiation doses and using the same method as
we used for determining the initially undamaged local structure, we are attempting to model
a-decay induced structural changes in borosilicate glass. In our future work, MD simulation
will be applied to simulate the behavior of a glass matrix with embedded a-emitting
constituents.

V. Implications

In the 244Cm-doped orthophosphate crystals that we studied, microscopic radiation effects
were manifested by (i) the presence of dense arrays of individual defect clusters, which are
attributed to highly disordered fission tracks, and (ii) the formation of helium bubbles of 5 to
20 nm diameter that most likely result from accumulation of helium generated during cc-
decay events. These bubbles were rather mobile and easily coalesced under the electron
beam exposure. Despite the high accumulated dose, these samples remained largely
crystalline. Because lanthanide orthophosphates are known to be highly susceptible to
amorphization, this finding suggests that a recovery process must have occurred
simultaneously as damage was produced, approximately at a rate comparable to that of
damage production. The high recoverability of this material is ascribed to ionization
annealing, as well as thermally activated and diffusion-driven annealing processes.

Most models of susceptibility to amorphization ignore kinetics and can only be
applied at temperatures so low that point defects are presumably immobile. At higher
temperatures, the production of damage during irradiation will be mitigated by simultaneous
recovery processes, such as point-defect migration and annealing, or epitaxial re-
crystallization at the crystalline-amorphous boundaries [Weber et al. 1989]. The actual
amorphization in a crystal will then be influenced by the kinetics of the damage production
as well as recovery processes. The fact that the crystallinity in the Cm-doped LuPCU and
YPO4 was nearly intact after 18 years clearly indicates that the rate of amorphization in this
material is probably equal to, or even slightly less than, the rate of recovery, and that damage
resulting from a-decay events is probably repaired simultaneously. Previous studies showed
that complex effects are associated with ionization, which may contribute to damage
accumulation or enhance defect recombination and recovery depending on the materials and
the nature of ions employed. [Meldrum et al. 1997, Sales et al. 1992] A recent study
[Ouchani et al. 1997] reported recovery of extended defects in a pre-damaged fluorapatite
upon helium-ion irradiation, providing direct evidence for ionization annealing. The
recovery of extended defects by irradiation with high-energy helium ion is attributed to
increased defect mobility induced by electronic energy loss, during which the existing
damage along the trajectory of an a particle is believed to be annealed through electronic
interactions.

The lack of amorphization that we have observed in our studies of self-radiation damaged
crystals is contrary to the results from ion-implantation experiments that indicated that

14



amorphization should occur below a critical temperature as the radiation dose increases to a
critical dose level. Meldrum et al. [1997] have determined, using 800 keV Kr+ ions, that the
critical temperature of amorphization for LuPCu is about 577 K. However, our results
indicate that LuPO4 at room temperature has high recoverability from a-induced radiation
damage and suggest that the self-radiation damage over the long-term may not be accurately
characterized with parameters such as critical temperature, that were determined based on
heavy ion implantation experiments. Apparently, the long-term effects of a-decay events are
very different from those in the krypton-ion-implantation experiments. The doped a-emitting
actinide ions in the samples generate a relatively low rate of radiation dose that persists for
the lifetime of the isotope, whereas in an ion-implantation experiment, an intense flux of
high-energy ions, such as Kr+ or Xe+, bombards a small area on the sample for a short period
of time. Differences are anticipated because there exist collective lattice dynamics for
annealing radiation-induced structural defects.

Because of resistance to amorphization under self-radiation, ceramic phosphates are very
attractive materials for hosting long-lived a-emitting radionuclides, such as Pu isotopes.
However, further investigation is required to evaluate the effects of defect aggregation and
mobilization, which will certainly increase the leach rate of such radionuclides and influence
the long-term stability of the waste forms.
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