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ABSTRACT

Single crystals of Ca2Las(SiO4)602, with 1% Nd substituted for La, were irradiated with
0.8 MeV Ne . and 1.5 MeV Kr + ions over the temperature range from 15 K to 773 K. The
irradiations were carried out using the HVEM-Tandem Facility at Argonne National Laboratory.
The structural changes and the ion fluence for complete amorphization were determined by in
situ transmission electron microscopy. The ion fluence for complete amorphization increased
with temperature in two stages associated with defect annealing processes. The critical
temperature for amorphization increased from -360 K for 0.8 MeV Ne. to -710 K for 1.5 MeV
Kr .. During in situ annealing studies, irradiation-enhanced recrystallization was observed at 923
K. Spatially-resolved fluorescence spectra of the Nd ion excited with 488.0 nm laser excitation
showed marked line-broadening toward the center of the amorphous regions. Initial
measurements indicate the subtle shifts of the 919/2 groundstate energy levels can be measured by
pumping directly into the excited state 4F30 manifold suggesting that the line broadening observed
originates from a distribution of geometrically distorted Nd sites.

INTRODUCTION

Understanding irradiation-induced amorphization and recrystallization in ceramics is
important to the use and reliability of advanced ceramics in nuclear power application (fission
and fusion), to the safe storage of nuclear waste materials, and to the modification and tailoring
of ceramic properties by energetic ion beams. A recent study of polycrystalline Ca2Nds(SiO4)602
doped with 244Cm[1] showed that amorphization in this material occurs directly within the
collision cascade of the Pu recoil nucleus emitted during alpha decay of Cm and that the fully
amorphous state is reached at a dose equivalent to 0.4 dpa. Recrystallization of the fully
amorphous state in this material occurs in a single recovery stage with an activation energy of
3.1 + 0.2 eV [2]. In order to better understand the effect of temperature on the amorphization
process, the effect of irradiation on recrystallization processes, and changes in the local structure,
a systematic study of ion-beam-induced amorphization in single crystal Ca2Las(SiO4)602 has been
undertaken as part of a larger collaborative effort that includes other orthosilicates [3,4]. This
paper expands on previous results [5,6], addresses the effects of temperature on irradiation-
induced amorphization and recrystallization in Ca2Las(Si04)602, and reports on the use of
spatially-resolved fluorescence techniques to investigate local distortions.

EXPERIMENTAL PROCEDURES

The single crystals of Ca2Las(SiO4)602 were grown from a stoichiometric melt by the
Airtron Corp. and have the hexagonal apatite (P63/m) structure with lattice parameters: ao =



• 0.9651(3) nm and co = 0.7151(2) nm. Specimens with [001] orientations were cut as thin
sections from the crystals and prepared as TEM specimens by A: ion milling. The irradiations
were carried out at the HVEM-Tandem Facility at Argonne National Laboratory, which consists
of a modified Kratos/AEI EM7 high voltage electron microscope (HVEM) and a 2 MV tandem
ion accelerator [7]. Irradiations with 0.8 MeV Ne" and 1.5 MeV Kr+ were performed 5 to 10°
off the zone axis of the oriented specimens over the temperature range from 15 K to 773 K to
investigate the temperature dependence of amorphization. The displacement dose (dpa) for
complete amorphization in the electron transparent thickness (-200 nm) was calculated using
TRIM-90 (full cascades) [8] and an assumed displacement energy of 25 eV. The progression of
the amorphization process during irradiation of the single crystal Ca2Las(SiO4)602 specimens was
followed in the electron transparent thickness of the specimens by in situ transmission electron
miczoscopy and selected area electron diffraction. Post-irradiation characterization of the
structural changes at intermediate dose levels was carried out by HRTEM and spatially-resolved
fluorescence spectroscopy.

The spatially-resolved fluorescence spectra were collected at room temperature with a
Raman microprobe fitted with 40X objective, which was used to image tiJe laser excitation on
to the post-irradiation TEM disks. The fluorescence from the specimens was collected in
backscattering geometry and imaged onto the slits of a 0.5 meter triple spectrometer equipped
with 300 and 150 groves/mm gratings in the dispersive and filter stages, respectively. This
choice of gratings allowed collection of a spectral window from approximately 855 to 930 nm.
The fluorescence, which was detected with a liquid nitrogen cooled Charged Coupled Device
(CCD), was excited with approximately 50 mW of both 488.0 radiation from an argon ion laser
and tunable 800 to 818 nm radiation from a solid state titanium-doped sapphire laser. All spectra
were collected with 50 _tm exit slits.

RESULTS AND DISCUSSION

At low doses, a diffuse halo associated with the presence of amorphous material appears
in the electron diffraction patterns. As shown previously [6], the intensity of this diffuse halo
increases with increasing dose, while the intensity of the diffraction maxima from the remaining
crystalline material decreases and eventually disappears at the dose for complete amorphization.
Post-irradiation HRTEM revealed amorphous regions 2 to 3 nm in size at low doses. At higher
doses, the specimens are completely amorphous in the thin regions; however, a few randomly
oriented nanocrystallites are occasionally observed, suggesting recrystallization may occur within
the core of some displacement cascades.

The dose for complete amorphization in Ca2Lag(SiO4)602 increases with temperature in
two stages under both 0.8 MeV Ne. and 1.5 MeV Kr . irradiations, as shown in Fig. 1. At 15
K, the dose for complete amorphization is 0.36 and 0.32 dpa for the 0.8 MeV Ne. and 1.5 MeV
Kr + irradiations, respectively, indicating that within experiment error (10%) the amorphization
dose is independent of recoil-energy spectra at this temperature. Stage I occurs below -200 K
and has been speculated [6] to be due to intracascade close-pair recombination. In Stage II
(above -200 K), the amorphization dose continues to increase with temperature due to the
mobility of other intracascade defects. Irradiation with 1.5 MeV Kr. to 4.4 dpa at 773 K
produced no observable amorphization. As discussed previously [6], the more rapid increase in
amorphization dose with temperature for the 0.8 MeV Ne . irradiation is due to the larger fraction
of recoverable defects and smaller cascades produced by the low energy recoils.

The effects of temperature on the dose for complete amorphization can be described by



10.0 . , . , . , . , . , . , . ,

(If
Q.

V

0
fJ)
0
a
(-.
.o 1.0

.N
c-"
Q.
L-

o • 0.8 MeV Ne*
E
< * 1.5 MeV Kr*

0.1 , , , i ., = ,.. i. , i . , , ,
0 100 200 300 400 500 600 700

Temperature (K)

Fig. 1 Temperaturedependence of the dose for complete amorphization.

kinetic processes with activation energies, Ea,associatedwith each annealing stage. As described
in more detail elsewhere [5,6], the relationship between temperature, T, and dose, D, for complete
amorphization is given by:

ln(1 - Do/D)= ln(1/d_tsz)- EJkT (1)

where Do is the dose for complete amorphization at T = 0 K (defined for each annealing stage),
is the ion flux, ts is the cross section for direct amorphization, x is a time constant, and k is

the Boltzmann constant.

By applying the above model (Eq. 1) to the datain Fig. 1, the activation energies, E_ can
be determined from an Arrhenius-type plot of ln(1 - D/D) versus 1/kT. The amorphization dose,
Do, at T = 0 K associatedwith Stage I annealing is estimated to be 0.36 and 0.32 dpa for the 0.8
MeV Ne. and 1.5 MeV Kr. ions, respectively. For Stage II annealing, Do is estimated to be 0.80
mad0.52 dpa for the Ne* and Kr. irradiations, respectively. The results of this analysis, along
with a linear fit, are shown in Fig. 2. The activation energies determined for each stage are
nearly identical for both the Ne . and Kr. irradiations, consistent with the presence of similar
irradiation-produced defects. The activation energy determined by linear regression for Stage I
annealing is 0.01 ± 0.003 eV, and the activationenergy determined for Stage II annealing is 0.13
± 0.02 eV. These values are considerably less than the activation energy for thermal
recrystallization (3.1 eV) of fully amorphous Ca2Ndg(SiO4)602[2], but are similar in magnitude
to the activation energies determined previously for zircon [4]. The Stage II activation energy
is also similar in magnitude to activation energies previously reported for irradiation-enhanced
epitaxial recrystallization in other materials [9,10].

In addition to the activation energies, the critical temperature, To, above which complete
amorphization does not occur (D = oo),can be determined from the linear fit to the Stage II data
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Fig. 2 Arrhenius-type plot of ln(1 - Do/D) versus 1/kT.

in Fig. 2. Since ln(1 - Do/D) --->0 as D --->oo,Eq. 1 yields the following expression for To:

Tc = E,/[k ln(1/_box)]. (2)

Based on the activation energies, Ea, and intercepts, ln(1/d_ox), determined for Stage II annealing,
Tc is -360 K for the 0.8 MeV Ne . irradiations and -710 K for the 1.5 MeV Kr. irradiations.
This increase in Tc with projectile mass is similar to behavior previously observed in Si [11] and
CuTi [12].

In sire recrystaUization of a fully amorphous specimen was studied in the HVEM/Tandem
facility as a function of temperature, with and without a 1.5 MeV Kr+ beam. At 823 and 873 K,
a_mealing for 30 minutes with and without the ion beam produced no observable recrystallization.
Annealing for 30 minutes at 923 K without the ion beam on the specimen also produced no
observable recrystaUization; however, at 923 K with the ion beam on the specimen,
recrystallization commenced almost immediately. After 2 minutes at 923 K with the ion beam
on, fine crystallites of --50 nm diameter were observed in the bright-field image and crystalline
diffraction spots were observed in the electron diffraction pattern. This irradiation-enhanced
recrystallization process continued over a 38 minute period as a randomly-oriented polycrystalline
structure developed with crystallites of -300 nm diameter. The activation energy for this
recrystallization process can be estimated, as shown previously [2], following the method of
analysis of Primak [13], where the most probable activation energy, Eo, for an annealing process
occurring at a particular temperature, T, and time, t, is given by the expression:

Eo = kT In(Bt) (3)
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Fig. 3 Fluorescence spectra in Ca2Las(SiO4)602 irradiated with 1.5 MeV Kr. to
0.37 dpa at 100 K.

where B is a frequency factor. The frequency factor for recrystallization of the radiation-induced
amorphous state in Ca2Nds(SiO4)602 has been previously determined to be 5 x 1014s-_[2]. Using
this value and the above results, the activation energy for recrystallization in Ca2Las(SiO4)602,

based on Eq. (3), is estimated to be 3.2 eV, which is within the experimental uncertainty of the
value (3.1 + 0.2 eV) rigorously determined for Cm-doped Ca2Nds(SiO4)602 [2].

The absorption spectra of a thin polished section of unirradiated Ca2Las(SiO4)602 single
crystal were collected at room temperature on a NIR/UV-VIS double-beam spectrophotometer
from 300 to 1000 nm. High resolution absorption spectra were collected from 650 to 950 nm
to identify the location and structure of the electronic excited state multiplets, namely the 4F7/2

and 4S3/2manifold spazming 740 to 752 nm, the 4Fsa and 2H9/2 manifold from 798 to 806 nm, and
the 4F3r2multiplet at 868 to 894 nm. In the unirradiated single crystal, the fluorescence emission
centered at approximately 900 nm, which indicates that it originates from the 4F3r2 multiplet at
868 to 894 mr, and represents the transition to the 419t2 groundstate multiplet. Eight easily

resolvable peaks are observed in this region indicating that the J-degeneracy is completely
removed by crystal field effects. Based on the absorption and the fluorescence spectra, the 4F3r2
level is estimated to be split by 130 cm1 and the five levels of the 419t2 multiplet to be split by

approximately 220 cm i each. However, low temperature measurements are needed for an
accurate determination of the crystal field splitting.

Using the Raman microprobe, spatially-resolved fluorescence measurements excited with
448.0 nm radiation were made in the thin regions of a TEM specimen irradiated with 1.5 MeV
Kr +to 0.37 dpa at 100 K to a fully amorphous state in the electron transparent thickness. Spectra
were taken at 10 _tm intervals from the edge of the electron transparent (amorphous) region to
thicker regions. In the thin regions, where the material is fully amorphous, the fluorescence
spectra exhibited marked line-broadening, as shown in Fig. 3. The spectra collected further away



. from the thin region displayed progressively narrower line shapes as the specimen thickness
increased and more crystalline material is probed by the laser. The narrower lineshapes in the
thicker regions reflect the larger contribution of the crystalline material, beneath the amorphous
surface damage, to the spectra. Using the tunable red excitation, fluorescence spectra were
collected at a location within the ion beam irradiated region that contained a large amorphous
component. As the excitation wavelength was tuned within the 4Fsr2 and 2I-I9amanifold, subtle
frequency and linewidth changes were observed in the emission spectra suggesting that the
fluorescence spectrum originates from a distribution of distorted sites. Similar experiments
conducted at liquid He temperature are planned.
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