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l. Resear ch Objective

This project seeks to understand the microscopic effects of radiation damage in nuclear
waste forms.  Our gpproach to this chalenge encompasses studies of ceramics and glasses
containing short-lived dpha- and beta-emitting actinides with dectron microscopy, laser and
X-ray spectroscopic techniques, and computationa modeling and smulaions. In order to
obtan information on long-term radiation effects on waste forms, much of our effort is to
invedigate a-decay induced microscopic damage in 18-year old samples of cryddline
yttrium and lutetium orthophosphates that initidly contained ~1(wt)% of the dpha-emitting
isotope 2**Cm 218.1 y hdf life). Studies aso are conducted on borosilicate glasses that
contain 2**Cm, “*!Am, or 2*°Bk, respectivly. We atempt to gain clear insights into the
properties of radiation-induced sructure defects and the consequences of collective defect-
environment interactions, which are critica factors in assessing the long-term performance of
high-level nuclear waste forms [Ewing et a. 1995, Weber et d. 1998].

. Summary of Project Accomplishment

We have reached our project gods with experimenta 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 anaytic eectron microscopy were used
as our primary experimenta tools for probing loca sructure and structurd changes.  In this
project, computationd modding and smulaion of experimenta results were essentid for
providing fundamentad understanding of the properties of actinides in disordered solids and
interpreting complicated effects of radiation damage and recovery.

We extensvedy dudied radiationrinduced  dructurd damage  in ayddline
orthophosphates that were doped with 2**Cm. The samples were synthesized 18 year ago and
sored since then a room temperature. Before our experiments were conducted, dmost half
of the origindly doped 1 wt% **Cm dready had decayed to 2*°Pu and the total radiation dose
resched ~ 5X10'° decay-eventslg in the samples The phenomenon of radiation-induced
cascade digolacements in cryddline and glassy maerids is generdly understood.  As
demondgtrated by heavy-ion-implantation experiments, when the dose of the radiation source
increases, crydaline orthophosphates become amorphous a room temperature.  However,
amorphization was not observed in the samples that we studied, dthough the tota dose was
sufficiently high that such amorphization would have been expected. In the orthophosphates
that we sudied, atomic displacements induced by a-decay events did not persst with the
exception that reddud lattice digortion and dress were left as a result of damage and
recovery. We have shown that the average resdud laitice distortion is smaler than the atom
gze and can be anneded a higher temperatures. Our observation is consstent with the
discovery in geophysics tha cryddline dructure is largey preserved in naturd zircon and
phosphates after ggnificant accumulated radiation dose from thorium and uranium decays
over millions of years on the surface of the earth.

Instead of a cryddline to amorphous trandtion, we observed numerous bubbles and
isolated defect clusters of nanometer size in the aged phosphate samples [Liu et a. 19983,



Luo and Liu 2000]. We attribute the nanoclusters to fisson tracks and bubbles to the
aggregation of a-generated hedium atoms. The bubbles and defect clusters were found to
codesce under eectron beam irradiation. Our work show that the important parameters for
the long-term performance of high-levd nuclear waste forms are not only the totad number of
point defects (vacancies and interditials) generated by cascade displacement but aso the
didgribution of their population in clusers and the form and mobility of these cduders
Formation and mobilization of microscopic bubbles and cracks are important potentia
degradation mechanisms that may cause radionuclide release from the disposed waste forms.

Samples of boroglicate glass that contain natura uranium or short-lived actinide isotopes
of 2Am, 2**Cm, and 2*°Bk were prepared as model waste forms and studied in this project
with sdective laser excitation and X-ray spectroscopy [Liu et d. 2000g). Our studies have
shown that, in boroslicate glasses, actinide ions have ordered Sructure as to their nearest
neighbors.  This property dlows us to monitor radiation-induced sructurd damage. After
preparation of the glass samples, sdlective laser excitation was conducted to probe the local
environments of the actinide ions. The same measurements were repegted later to monitor
the evolution of radiaioninduced damage.  Extended X-ray absorption fine structure
(EXAFS) spectra of the actinide ions in the glass samples aso were recorded and andyzed in
this project. Based on these spectroscopic results, we have established a framework for
andyzing locd gructure in this mode waste form.

Radigion damage of solid phase materids is an extremedy complicated process. Our
work focused on microscopic sructural damage that was induced by a-decay. In order to
accurately assess and optimize the long-term performance of high-level nuclear wadtes after
disposd, a predictive understanding of defect aggregation and chemicad segregation in waste
forms must be achieved. To achieve such predictive understanding, more detailed studies are
required. We bdieve that contemporary technologies such as dement-resolved eectron
microscopic andyss and computationd modeing and smulations should provide sgnificant
opportunities to tackle these problems more satisfactorily.

I1l.  Radiation Effectsin **Cm-Loaded Orthophosphates

Orthophosphates containing 2**Cm were chosen for detailed study in this project because:
(i) radiation damage was accelerated by the short-lived a-decay isotope 2**Cm, and
condderable radiation dose dready had accumulated in the samples available to us, and (i)
gmilar to zrcon, lanthanide phosphates are candidate ceramic nuclear waste forms due to
their resistance to radiation [Boatner et a. 1981]. The ?**Cm-loaded LuPO,; and Y PO, sngle
crystals that we studied were grown in 1980 at Oak Ridge National Laboratory using a flux
method [Abreham and Boaner 1982]. These single crystds initidly had a 2*Cm
concentration of ~1 wit%. After 18 years of a-decay, hdf of the initidly doped 2**Cm ions
became 2Py, and smultaneoudy, various dynamicd interactions fadilitaied defect
development as well as lattice recovery. Therefore, the phenomena that we observed in the
phosphate samples should closdy reflect long-term radiation effects in ceramic wagte forms.
To invedtigate atomic levd radiaion damege and aging effects on defect development,



eectron diffraction (ED) and transmisson eectron microscopy (TEM) were conducted.
Laser spectroscopic experiments were conducted before and after heat treatment (anneding
at 500 °C for 12 hours) of the samples[Liu et a. 1998c, 2000h].

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 dructure of LuPO, and YPO, crystals, attempts were made ©
section the crystd dong different orientations. The transverse sections were the most
successful, wheress longitudind  sections were difficult to make. Transmisson eectron
microscopy was performed with a JEOL 2000FX unit operating a 200 kV and equipped with
an eneagy dispersve x-ray spectrometer (EDS). Sdected area dectron diffraction (SAED)
was employed aong with bright- and dark-fidd imaging. The chemicd andyses by EDS
were peformed with a 15-nm focused eectron beam, which corresponds roughly with the
goatid resolution of the andyss. The cryddlinity of the area examined was determined with
SAED aswdl aswith direct lattice imaging.

a. Defect clusters

Except for the presence of individud defect clusters, amorphization was not observed
in the phosphate samples that we studied. Figure 1 shows SAED patterns obtained from a
fairly large area (gbout 0.1 x 0.1 pm) in the 2**Cm-doped LuPO, and Y PO, samples. Sharp
diffraction spots were dominant in the pattern, indicating that the materid remaned largey
cryddline. Some faint sharp rings were dso present in the SAED pattern.  However, there
was little radid diffuson crossng the diffraction spots  This finding indicates no prominent
amorphous component in the crysta. The presence of the ring structure in the diffraction

Fig. 1 SAED imagesof (8) **Cm:LuPO, and (b) 2**Cm:Y POs,.



pattern is attributed to the disruption of the sample during microtomy, which is a wel known
atifact that can occur during sectioning brittle materials [Reid and Beedey 1991].  Smilar
rings were also observed in the nondoped LuPO, samples that had been sectioned under the
same conditions.

Fig. 2 A TEM image of **Cm:YPOs.

Figure 2 shows bright-fidd TEM micrographs of the 2**Cm-doped YPO,. Individud
defect clusters were observable by their dsrain contrast.  The clusers typicaly have diameters
of 5-10 nm and may be related to highly disordered fisson tracks that are produced by the
240py recoil nudleus emitted during the apha decay of 2**Cm. If these are fission tracks, the
structural nature of these defects is not known but may be assumed to be amorphous, because
fisson fragments are known to induce amorphization in cryddline maerids [Weber & 4.
1998]. Andyss of the clusters with EDS and the focused eectron beam showed no
difference in compostion from the surrounding areas.  Weber et d.[1986] observed
individua fission tracks with lengths of 25-50 nm in 2**Cm-doped Gd,Ti,O; and CaZrTi,O7
when the irradiation dose was rdatively low (< 10" a-decay events mgl). At Hgher doses,
the fisson 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 smaler scale defects and lattice distortion exist in the samples that we sudied.  Although
TEM reveded no latice amorphizaion, the crysdlinity in the 18-year old 2**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 2**Cm [Kot et d.
1993]. Based on our laser spectroscopic experiments and computationa andyses, we
atributed smdler scde defects and latice digortion to the resduds of a-decay induced
cascade displacements that were largdy anneded a room temperature due to collective
lattice dynamicd interactions.

The line width of opticd trangtions between 5f dates of the Cm ions is very sengtive to
loca dructure.  Structural disorder induces inhomogeneous line broadening.  In a crydtdline
latice, the line width for trandtions between the crydd fidd levels of 5f eectronic dates is
less than 100 GHz (3 cm?) a 4 K. The line width incresses to 10* GHz and exhibits no clear
crysa-fidd gpliting in  amorphous  environments. We measured and andyzed the
inhomogeneous linewidth of Cn?* dectronic transitions to determine the degree of attice
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disorder in the a-decay-damaged phosphate crystals [Liu et d. 2000b]. Examples of these
laser excitation and fluorescence spectra are shown in Fig. 3. The reaults indicate that the
samples are gill crygdline but there is evidence of lattice disorder due to radiation damage.

The messured inhomogeneous line width was 20 cm? for both CmLuPOs; and CmY PO,
samples and reduced to less than 5 cm* after 12 h anneding a& 500 °C. Our crystal-fidd
caculaion and Monte Carlo smulation determined that the observed 20 cmit line broadening
corresponds to an average atom displacement less than 1/20 of the Cm atomic radius. Such
smd| average displacements are not observable in TEM images.

c. Molecular dynamics smulation of damage and recovery

In order to understand the crystdline lattice damage and recovery mechanisms, cascade
displacements and subsequent lattice recovery in Cmdoped LuPO; have been smulated
usng a molecular dynamics (MD) method. In our MD smulaion, we included both two-
body and three-body potentials, which is necessary for LuPO, and sSmilar compounds
because collective interatomic interactions ae essentid in the determination of chemicd
bonding and lattice dynamics properties. Our prdiminay MD smuldions on zrcon and
phosphate were carried out in a 500-MHz workgtation computer that limited the smulated
system to 10* atoms and knock-on energy of 20 keV.

Figure 4 shows the cascade evolution after a knock-on collison & a Lu aom in LuPOy
dong [111] direction. The cascade disolacement reached its maximum doman size within
400 fs, and, then, lattice recovery after cascade displacements occurred adong the boundary of
the damaged domain. From 0.45 ps to 4 ps after the smulated a-decay event, the damaged
domain shrank gpproximatey 20%. It is evident that 4-ps after a collison event the system
is far from reaching equilibrium. Atoms move intendvey in the center of the doman and
further lattice recovery continuess ~ Our dmulation aso showed that, &fter cascade
displacement and domain amorphization, lattice recovery is not complete and uniform. Point
defects (interdtitids and vacancies) gppear in the recovered area of the damaged domain. In
the case of LUPO,, the heaviest Lu ions show much dower recovery action than the lighter P
and O ions. Although PO, and LuOg polyhedra are likdy reformed in the damaged domain,
and|l didortion of these basc dructures is evident.  Therefore, in comparison with
experimental  observations, we found that the dtuation created in a MD gmuldion is
generdly the same as tha reveded from TEM and laser spectroscopic experiments on the
red damaged samples of 2**CmiLuPO,. The lattice largely remained as crystdline but
digortion and dress were left as resduds of a-decay-induced cascade displacements. The
lattice damage and recovery dynamics are ducidated aso in Fig.5, which shows the partid
digribution functions of LuPO4. One sees a clear latice crygsalinity recovery from 0. 5 ps to
18.8 ps dfter the cascade that occurred @ t = 0. This prdiminary MD simulation certainly
shows promise for future work with more atoms and higher knock-on energy (up to the red
a -decay recoiling energy of ~80 keV) that better reflects the actud HLW Situations.
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d. Defect aggregation and bubble formation

The reaults that are of most importance br predicting the long-term performance of high-
level nucler wastes are defect aggregaion and bubble formation and mobilization. As
shown in Fig. 5, the radiation effect observed in the 2**Cm-doped orthophosphates was the
formation of bubbles [Luo and Liu 2000]. Mot bubbles are roughly spherica, with sizes
varying from 5 nm to 20 nm. In some cases, the bubbles appear to have codesced and grown
into larger ones. Andyss of the bubbles with EDS reveded no compostiona changes from
the surrounding crystdline areas.  An enlarged section of Fig. 6 shows a lattice image of an
isolated bubble and its vicinity. The (220) planes of LuPO, with dspacing equa to 0.49 nm
were resolved and imaged. The presence of regular stacking of the lattice planes is consstent
with the eectron diffraction data that showed that the materids remained largely crystdline.
The lattice fringes were disrupted by the presence of the bubble, which forms an eongated
dlipse 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 sdf-radiated samples has been previoudy reported to occur
in highly damaged naturd minerds [Ewing and Headley 1983, Gorg et a. 1997], as well as
in nucler waste glasses that contain actinides [Inagaki et d. 1992, Madow and Anderson
1979]. In most cases, formation of bubbles was associated with high actinide loading and/or
long time periods [Weber 1990]. This is congstent with the high dose accumulated in the
244Cm-doped sample.  The exact nature and the chemical content of the bubbles are difficult

Fig 6 TEM images of ***Cm:LuPO; showing the presence of bubbles
embedded in cryddline lattice The insart image shows an isolated bubble
and its crystalline vicinity.



to determine directly with TEM; neverthdess, the bubbles are assumed to contain manly
hdium. This is because hdium, resulting from the capture of two dectrons by & particles,
must be accommodated interdtitidly or subditutiondly in the crysd matrix. Because hdium
has very limited solubility in most ceramics [Weber et d. 1998], it may have diffused and
codesced to form hdium bubbles.  Although oxygen bubbles might dso form as the result of
oxygen bond disruption in the cydd due to radiation damage, it is unlikey they would
accumulate in our sample.  This is because any oxygen produced would quickly react with
24%py, the daughter product of the 2**Cm decay, which is a strong reducing agent.

Figure 7 shows a series of TEM images taken from the same area on the 2**Cm-doped
YPO, sample a different intervals of exposure to the focused eectron beam (about 200 nm
in diameter). The area initidly 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 diffuson and accumulation of the hdium under the eectron beam.
After longer exposure (350 s), the bubbles appeared to regroup, grow larger, and become
sable spherica 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 andyss remaned cryddling as determined
with electron diffraction. Similar phenomenon was observed aso in 2**Cm-doped LuPOj.

3B nm

( c)350 seconds (d) 1000 seconds

Fig. 7 When exposed to an electron beam in a TEM scope, bubbles form and aggregate in a
18-y old sample of (1 wt%) 2**Cm:YPO,. The current density was approximately 1.5X 1016

Alcnt.
10



V. Actinidesin Borosilicate Glass

Our work on borodlicate glass was focused on characterization of the loca environment
of radioactive ectinides that had been loaded into the glass matrix.  Radiation-induced
changes in loca structure were probed by laser excitation and X-ray spectroscopy. The glass
matrix was prepared with B,Os (12%), SO, (63.2%), NaO (20%), Al,O3 (4.8%). The
absence of pesks in the Cu Ka X-ray diffraction patern from this materia confirmed the
absence of cryddline phases. Samples that contained the actinide dements 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 actinidesin borosilicate glass

To invedigae radiation effects on gructura dability, molecular scae sructure must be
determined before damage occurs. Using laser and X-ray spectroscopic techniques and
computational modeling, we have investigated the locd dructure and chemica bonding of
actinide ions a low concentration in boroslicate glass. Our work has shown tha these
actinide ions have a locdly ordered environment in the boroslicate glass samples that we
prepared, athough, as expected, there is no long-range ordering.

It is wdl known that opticd trandtions between 5f dtates of an actinide ion are most
grongly influenced by the nearest neighbor ligands of the actinide ion [Zhorin and Liu 1998].
Such trangtions therefore cary informaion about the immediate dructure that surrounds
actinide ions in a glass matrix. Sdective laser excitation and fluorescence spectra of actinide
ions were recorded and andyzed using crystd fidd theory. These spectra show clear crysta
fidd solitting which is the hdlmark of a crygdline loca environment for actinide ions.  With
an exchange charge modd of crysd fied theory [Liu e d. 1998c, 2000b], we have
edablished a connection between the eectronic energy levd dructure and cryddline
sructure of Cnt* in this glass matrix.  Uranium in borosilicate glass may have different
oxidation dates depending on firing conditions [ Eller and Jarvinen 1985]. For uranium-
doped glass samples that were fired in ar, the dominant uranium oxidation date is 6+ and
such uranium ions are present as uranyl UO,%* that is directly coordinated with four other
oxygen ions in the glass.  Evidence of U** was observed in optical absorption spectra, but
there was no evidence of a U*" contribution to the X-ray absorption spectrum, which
suggests that the number of U** is less than 5% of the totd uranium ions in our samples
Based on the observed emission spectra, the emitting charge transfer state of UO,2* strongly
couples to the dretching vibrationd modes of uranyl. The locd environment surrounding
UO,?* dso has a modest influence on its eectronic and vibrationa energies. Our analyses of
the observed UO,?" optica spectra have provided evidence as to its immediate environments
in boroglicate glass.

11
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Fig. 8 Nearest-ndghbor-ligand structure for (@) U®* and (b) Cn* in boroslicate
glass determined from EXAFS (right pands) and laser spectroscopy [Liu et 4.
2000a]. r and ryy, are the bond lengths between U (Cm) and O in the axid and

equatorid directions, respectively.

In dudies that complemented our laser investigations, we conducted X-ray spectroscopic
measurements and anadyzed the observed EXAFS spectra for Cnt* and UP*. Andysis 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 Cn?* and U*
ions and their six directly coordinated oxygen neighbors. Based on andyses of laser and X
ray spectra and related theoreticad modeling, we have established a local structure model br
Cnt" ions in which six directly coordinated oxygen ions form a tetragond structure
surrounding the actinide ion, with the two axid oxygen ions a a longer disgance. [Liu e 4.
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2000 The dructure of the four equatorid nearest neighbor oxygen surrounding uranyl
vaies dightly from dteto Ste.

b. Radiation damage in bor osilicate glass

As we discussed above, monitoring radiation-induced loca dructure change is
possble for actinides in boroslicate glass where the nearest neighbor ligands of the actinide
ions have ordered sructure. Optical spectra obtained from laser excitation and X-ray
absorption provide "fingerprints’ of loca sructure and dructure change.  The glass sample
doped with 1% 2**Cm are expected to accumulate structural demage faster than other samples
we prepared. Fig. 8 (@) shows line broadening of the Cm?** sdlf-luminescence that was
emitted from the CnT* ions after dectronic excitation induced by a-decay of vicind Cnt*
ions. The narrower line was recorded immediately after the sample was prepared and the
broader line was recorded 18 months later. Cascade displacements led aline-width increase

4 (a)

(b)
{ FWHM: 197 cm™

FWHM: 326 cm ™

Fluorescence Intensity (arb. units)
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Fig. 9 Radiaiondamage-induced inhomogeneous line broadening in “**Cm-doped
boroglicate glass. The sdf fluorescence rises from the dectronic trangtion between the
Dy, and 8Sy, states of Cnt* and is excited by a-decay-induced ionization. The line
width was mesasured as the full width a haf maximum intensty (FWHM) a 4 K for (a)
when the sample was prepared, and (b) after 18 months of the synthess. The thin black
curves are Gaussan fitting to the experimentd data.
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from 197 cm! to 326 cm?®, which indicates a sSgnificant increase in Structure disorder.
Radiation-induced dructure disorder is evident dso in excitation spectra from the same
sample.  EXAFS gpectra are to be recorded for samples that contain accumulated damege.

With experimental data obtained for different radiation doses and using the same method as
we used for determining the initidly undamaged locd dructure, we are atempting to modd
a-decay induced dructurd changes in boroglicate glass. In our future work, MD smulation
will be gplied to smulae the behavior of a glass marix with embedded a-emitting
condtituents.

V. Implications

In the 2**Cm-doped orthophosphate crystals that we studied, microscopic radiation effects
were manifested by (i) the presence of dense arays of individua defect clusters, which are
atributed to highly disordered fisson tracks, and (ii) the formation of helium bubbles of 5 to
20 nm diameter tha mogt likdy result from accumulation of hdium generated during a-
decay events. These bubbles were rather mobile and easily codesced under the eectron
beam exposure.  Despite the high accumulated dose, these samples remained largdy
cayddline.  Because lanthanide orthophosphates are known to be highly susceptible to
amorphization, this finding suggests that a recovery process must have occurred
smultaneoudy as damage was produced, approximately a a rate comparable to that of
damage production. The high recoverability of this materid is ascribed to ionization
anneding, aswell asthermdly activated and diffusion-driven annealing processes.

Mog models of susceptibility to amorphization ignore kinetics and can only be
goplied a temperatures so low that point defects are presumably immobile. At higher
temperatures, the production of damage during irrediation will be mitigated by sSmultaneous
recovery processes, such as point-defect migraion and anneding, or epitaxid re-
cayddlizetion a the cryddline-amorphous boundaries [Weber e a. 1989]. The actud
amorphization in a crystd will then be influenced by the kinetics of the damage production
as well as recovery processes. The fact that the cryddlinity in the Cmdoped LuPO, and
YPO, was nearly intect after 18 years cdlearly indicates that the rate of amorphization in this
materid is probably equa to, or even dightly less than, the rate of recovery, and that damege
resulting from a-decay events is probably repaired smultaneoudy. 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 materids and
the nature of ions employed. [Medrum et d. 1997, Sdes et d. 1992] A recent study
[Ouchani et d. 1997] reported recovery of extended defects in a pre-damaged fluorapetite
upon hdium-ion irradiation, providing direct evidence for ionization anneding. The
recovery of extended defects by irradiaion with high-energy hdium ion is attributed to
increesed defect mobility induced by dectronic energy loss, during which the existing
damage dong the trgectory of an a particle is believed to be anneded through electronic
interactions.

The lack of amorphization that we have observed in our studies of sdf-radiation damaged
cydds is contrary to the results from ionrimplantation experiments that indicated that
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amorphization should occur below a critical temperature as the radiation dose increases to a
criticl dose level. Medrum et d. [1997] have determined, using 800 keV Kr* ions, that the
criticd temperature of amorphization for LuPO, is about 577 K. However, our results
indicate that LuPO, a room temperature has high recoverability from &induced radiation
damage and suggest that the sdf-radiation damage over the long-term may not be accurately
characterized with parameters such as criticd temperature, that were determined based on
heavy ion implantation experiments. Apparently, the long-term effects of & decay events are
vay different from those in the kryptor-ionrimplantation experiments. The doped & 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 ionimplantation 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 ldtice dynamics for
annedling radiation-induced structural defects.

Because of resstance to amorphization under sdf-radiation, ceramic phosphates are very
dtractive materids for hosting long-lived a-emitting radionuclides, such as Pu isotopes.
However, further investigation is required to evduate the effects of defect aggregation and
mobilization, which will certainly increase the leech rate of such radionuclides and influence
the long-term gtability of the waste forms.
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