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Abstract

We have assessed the feasibility of carrying out time- and wavelength-resolved laser-induced fluorescence measurements of

radiation damage in glassy silica. The consequences of alpha decay of Es-253 in LaPO4 nanophases embedded in silica were probed

based on excitation of 5f states of Cm3+, Bk3+, and Es3+ ions. The recorded emission spectra and luminescence decays showed that

alpha decay of Es-253 ejected Bk-249 decay daughter ions into the surrounding silica and created radiation damage within the

LaPO4 nanophases. This conclusion is consistent with predictions of an ion transport code commonly used to model ion

implantation. Luminescence from the 6D7/2 state of Cm3+was used as an internal standard. Ion–ion energy transfer dominated the

dynamics of the observed emitting 5f states and strongly influenced the intensity of observed spectra. In appropriate sample

materials, laser-induced fluorescence provides a powerful method for fundamental investigation of alpha-induced radiation damage

in silica.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

We have carried out an initial study designed to
determine the feasibility of using laser-based techniques
to fundamentally investigate radiation damage in glassy
silica when that damage is due to alpha decay occurring
in heavy metal phosphate nanophases that are em-
bedded in the silica. The majority of presently used or
proposed nuclear waste forms are heterogeneous in that
the radioactive isotopes replace one or more types of
framework metal ions [1]. The degree of heterogeneity in
silica-based glass waste forms is increased further if
incomplete dissolution of the loaded radioactive iso-
topes occurs or if precipitation creates insoluble phases,
such as heavy metal phosphates, on the nano, micro or
macro scales [2]. Determining the effect of heterogeneity
due to nanophase inclusions on radiation damage in
e front matter r 2004 Elsevier Inc. All rights reserved.
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glasses is particularly challenging both as to sample
preparation and characterization. In addition, bulk
phases being considered as hosts for storage of radio-
isotopes are likely to contain a high defect density due to
waste form processing that creates embedded defect
phases whose size may range from the nano to the
macro scale. For example, lanthanum-gadolinium
orthophosphates powders of the monazite structure
type recently have been investigated as ceramics for
nuclear waste storage although densification no higher
than 96% of theoretical was achieved [3].

The basis of our sample preparation method is a
material termed Diphosil that is �90% silica by dry
weight. Diphosil is a chemically functionalized, highly
porous silica that was created to nearly irreversibly sorb
highly charged metal ions, such as trivalent lanthanide
or actinide ions, from nitric acid solutions at up to
10 mol/L HNO3 [4]. Our past studies on heavy metal
ion-loaded Diphosil have shown that heavy metal
phosphate nanophases form upon heating to 1373 K
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and holding that temperature for one hour [5]. Heating
oxidizes the organic content of Diphosil to carbon
dioxide and water vapor and results in a material that is
�93% silica by weight with the remainder being heavy
metal ions and phosphate bonded to heavy metal ions or
silica. For light to mid-series lanthanides, such as Eu3+,
the resulting nanophases, based on X-ray powder
diffraction, are lanthanide orthophosphates of the
monazite structure type whereas pore collapse produces
silica is that vitreous. The heavy metal phosphate
nanophases typically are 5.2 nm in diameter with a
polydispersivity of 1.4 nm based on fitting small angle
X-ray scattering data to a Schultz polydisperse sphere
model [6].

In the case of Eu-loaded Diphosil, complex and rapid
luminescence decay of the Eu3+ 5D0 state results from
facile ion–ion energy transfer attributed to the close
proximity of Eu3+ ions in the EuPO4 nanophases.
However, single exponential decay at nearly the purely
radiative rate of the 5D0 state was observed from a
sample loaded with a solution that contained La:Eu in
the atom ratio 500:1 [5]. The 5D0 state emission spectra
in both cases consisted of rather broad lines and were
the same to within experimental error. The decay rate
and emission spectrum are evidence that the Eu3+ ions
were dispersed in the LaPO4 nanophases. Fully lantha-
nide (Ln) ion-loaded Diphosil contains four P atoms per
Ln atom. Formation of LnPO4 nanophases leaves
residual phosphate that would be expected to react with
silica to form silicophosphate. A preliminary P-31 NMR
study (J. V. Beitz and J. Muntean, unpublished) on La-
loaded Diphosil that had been heated to 1373 K showed
the expected P-31 resonance of P atoms in lanthanum
orthophosphate of the monazite structure type [7] and
the resonances of P atoms in silicophosphate environ-
ments as reported in studies on phosphoric acid
interaction with silica at high temperature [8].

To determine the effect of heterogeneity due to
nanophase inclusions on radiation damage we created
a sample that, as of the date of its preparation,
contained equal concentrations of Es-253 (an alpha
emitting isotope with a 20.47 day half-life), Bk-249 (a
principally beta emitting isotope with a 330 day half life)
and Cm-245 (an alpha emitting isotope with a 8500 year
half life). Because Es-253 decays to Bk-249 that
principally decays to Cf-249 (an alpha emitting isotope
whose half life is 351 years), luminescence recorded
shortly after sample preparation was due to Cm3+,
Bk3+ and Es3+ in the absence of significant radiation
damage. Luminescence spectra recorded periodically
throughout the decay of Es-253 included contributions
from the Bk-249 present at sample preparation and Bk-
249 from alpha decay of Es-253 that occurred after
sample preparation. Both of these types of Bk, in turn,
were decaying to Cf-249, albeit much more slowly than
Es-253 decays. Cm-245 is the decay daughter of Cf-249.
However, its principal role here was to serve as an
internal standard, i.e., as a source of comparatively
narrow band emission from an ion that does not
undergoing any significant nuclear decay on the time
scale of the experiment. Nuclear decay data cited above
and hereafter are from the National Nuclear Data
Center [9].
2. Experimental details

Diphosil, in the form of a 60–100 mesh powder, was
purchased from Eichrom Technologies Inc. (Darien, IL)
as ‘‘Diphonixs on silica’’. The composition of this
material as to silica substrate, phosphorus atom content
(present as a derivative of diphosphonic acid), and
concentration of exchangeable protons are the same as
the material synthesized by Chiarizia et al. [4]. Es-253
and Cm-245 were obtained from the Radiological
Engineering Development Center at Oak Ridge Na-
tional Laboratory. The as-received Es-253 was allowed
to undergo one decay half-life and then was used for
sample preparation without removal of the Bk-249
decay daughter or the trace level of its slowly in-growing
Cf-249 progeny. A nitric acid solution was prepared that
contained La3+, 245Cm3+, 249Bk3+, and 253Es3+ in the
atom ratios of 0.989:0036: 0.0036:0.0036, respectively.
This solution was added to dried Diphosil (28 mg) in a
platinum crucible. The loading solution contained the
number of metal ions needed to fill the metal ion binding
sites in the Diphosil particles. The contents of the
crucible were taken to dryness by heating under a dry
nitrogen gas stream. The crucible was heated to 1373 K
in air in a vertical tube furnace at a 1 K per minute rate
of temperature rise, held at 1373 K for one hour, and
then cooled quickly to ambient by terminating heating
power to the furnace. The resulting free-flowing color-
less powder was transferred into a 6 mm diameter fused
silica tube one end of which had been drawn down to a
1 mm diameter. The sample tube was evacuated, back-
filled with a few Torr of He gas (for thermal contact),
and flame-sealed. In reflected light, the powder in the
sample tube appeared white due to light scattering. In
the absence of any illumination, the sample powder
emitted orange-red light visible to the eye, principally
due to radiolysis from decay of Es-253 and subsequent
energy transfer to Cm3+. Using the same preparative
method, a sample that contained La:Cm-245 in the atom
ratio 0.997:0.003 in Diphosil was prepared. That sample
emitted no light discernible by a dark-adapted eye.

Unless otherwise stated, the 355 nm third harmonic of
a Q-switched Nd:YAG laser was the excitation source
for time- and wavelength-resolved laser-induced fluor-
escence studies. Lenses collected luminescence from the
sample and directed it through long pass optical filters
into a one meter monochromator. Computer-interfaced
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boxcar detectors recorded the luminescence intensity of
the sample at a particular wavelength in a selected time
window following pulsed laser excitation. Luminescence
was detected using a cooled Ga:As photocathode
photomultiplier that was located at the exit slit of the
monochromator. Luminescence at longer than 850 nm
was detected using a cooled photomultiplier with an S-1
response photocathode. The sample was placed into a
heat exchange gas cryostat for experiments at cryogenic
temperature. The luminescence spectrum of the sample
was recorded using various gate delays and widths to aid
in assigning observed bands to particular emitting states.
This data collection process was repeated periodically
over several months to assess the consequences of
increasing radiation damage and formation of decay
daughter nuclei.
Fig. 1. Emission spectra recorded at 2.6 K following pulsed excitation

at 355 nm of the La+Cm+Bk+Es sample 2 days after sample

preparation. The most prominent peak in the upper curve of panel a is

due to the 7F6-
7F6 transition of Bk3+. Panel (a) boxcar gate settings

were 10 ms delay and 5 ms width for the upper curve and 120ms delay

and 15ms width for the lower curve. Panel (b) shows an enlargement of

the Cm3+ 6D7/2-
8S7/2 transition region of the lower curve in panel a.

Fig. 2. Comparison of emission spectra of the Cm3+ 6D7/2-
8S7/2

transition that were recorded at 295 K following pulsed excitation at

355 nm of the La+Cm+Bk+Es sample at 1 day and 107 days after

sample preparation. Boxcar gate delay and width were 100 and 15ms,

respectively.
3. Experimental results

Here and throughout this paper the term symbols
used for particular 5f states are those listed by Carnall
[10]. One of the initially recorded luminescence spectra
from the La0.989Cm0.0036Bk0.0036Es0.0036 in Diphosil
sample that had been heated to 1373 K (hereafter,
La+Cm+Bk+Es sample) are shown in Fig. 1a. The
emission peaking at 660 nm in Fig. 1a is assigned to the
Bk3+ 7F6-

7F6 transition based on the observed
wavelength and its comparatively short lifetime [11,12].
Based on the known energy level structure of Cm3+, the
band peaking at 603.1 nm is assigned as arising from the
Cm3+ 6D7/2-

8S7/2 transition [11]. This was confirmed
by using a longer gate delay (see Fig. 1b) and by the
emission spectrum of the La0.997Cm0.003 in Diphosil
sample that had been heated to 1373 K (not shown). The
initial emission spectra of Cm3+ were little influenced by
sample temperature, from ambient to cryogenic, aside
from anti-Stokes vibronic bands whose intensity in-
creased with increasing sample temperature (compare
Fig. 1b and Fig. 2). A series of broad emission bands
(not shown), peaking initially at 1036 nm and extending
to 1120 nm (limited by decreasing sensitivity of the
detection system at increasing wavelength) were ob-
served and are attributed to the Es3+ 5F5-

5I8 transition
[11].

As noted above, luminescence spectra were recorded
periodically over the course of the decay of Es-253. Fig.
2 shows a comparison of Cm3+ emission spectra
recorded 1 day and 107 days after sample preparation.
Insight into some of the factors influencing observed
luminescence intensity was gained by multiplying the
intensity values for each spectrum by a constant to give
approximately equal peak intensity for the Cm3+

6D7/2-
8S7/2 transition and then offsetting the resulting

spectra vertically for clarity (see Fig. 3). It is evident that
the Cm3+ emission transition broadens and, to a smaller
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Fig. 3. Observed emission spectra in the Cm3+ 6D7/2-
8S7/2 transition

region of the La+Cm+Bk+Es sample, following 355 nm excitation,

recorded at the stated time following sample preparation. Intensities

were normalized to give approximately equal peak amplitude for the

Cm3+ transition that initially peaked at 603.1 nm. Spectra offset

vertically for clarity. Boxcar gate delay and width were 100 and 15ms,

respectively.

Fig. 4. Observed emission spectra of the La+Cm+Bk+Es sample,

following 355 nm excitation, recorded at the stated time following

sample preparation. Intensities were normalized to give approximately

equal peak amplitudes for the Cm3+ 6D7/2-
8S7/2 transition. Spectra

offset vertically for clarity. Boxcar gate delay and width were 100 and

15 ms, respectively.

Fig. 5. Observed emission spectra of the La+Cm+Bk+Es sample,

following 355 nm excitation, recorded at the stated time following

sample preparation. Intensities were normalized to give equal peak

amplitude for the Cm3+ 6D7/2-
8S7/2 transition that initially peaked at

603.1 nm. Spectra offset vertically for clarity. Boxcar gate width was

5 ms and boxcar gate delays were 10 ms or 15 ms.
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degree, shifts over the time period studied which
corresponds to more than five half lives of the decay
of Es-253. Fig. 4 (which includes the spectra shown in
Fig. 3) compares emission spectra recorded over the
same time interval and a broader spectral range. It is
evident that a new emission band, peaking at 715 nm,
grew in whose intensity first increased relative to that of
the Cm3+ band and then began to decrease. The 660 nm
band of Bk3+ is nearly absent in Fig. 4 due to the
comparatively long boxcar gate delay used to record
those spectra. The 660 nm band is evident in the spectra
compared in Fig. 5 which also have been scaled to the
Cm3+ band and offset. The spectra in Fig. 5, recorded
with a shorter boxcar gate delay and narrower gate
width, show the 660 nm emission band of Bk3+ and
provide evidence that its intensity, relative that of
Cm3+, changed only modestly, in comparison with the
new 715 nm band. From the signal-to-noise ratio, it is
also evident that luminescence intensity decreased for
the 603 nm Cm3+ 6D7/2-

8S7/2 band, the 660 nm Bk3+

7F6-
7F6 band that was present immediately after

sample preparation and the new 715 nm band which is
the only emission band whose intensity grew in, relative
to the intensity of the Cm3+ emission band. For reasons
discussed below, the 715 nm band is attributed to Bk
that resulted from alpha decay of Es-253 in the sample
after preparation.
4. Discussion

Past luminescence studies on the influence of alpha
radiolysis on the 5f emission bands of Cm3+ in bulk
LuPO4 showed that an average atom displacement of
0.002 nm resulted in a 20 cm�1 inhomogeneous line
width for the 6D7/2-

8S7/2 transition of Cm3+ [13]. For
this reason, it is not unexpected that alpha radiolysis in
the La+Cm+Bk+Es sample would result in broad-
ening of the Cm3+ 5f transitions or the 5f transitions of
the other actinide ions that were present initially or grow
in. The rapid loss of luminescence intensity from the
initially present Cm3+ and Bk3+ ions as Es-253 decay
occurred, however, does require explanation as does the
appearance of an in-growing band of substantial
spectral width whose luminescence intensity was much
less influenced by Es-253 decay.

The starting point for explaining both of these
observations is consideration of the time evolution of
isotopic species due to nuclear decay processes in the
La+Cm+Bk+Es sample. See Fig. 6. Over the time
span of our luminescence observations, all but about
1.5% of the initially present Es-253 underwent alpha
decay. A significant fraction of the initially present
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Fig. 6. Calculated mole fraction of the actinide content of the

La+Cm+Bk+Es sample as a function of time following sample

preparation. The sample contained two types of Bk-249: Bk-249 that

was present at sample preparation and Bk-249 from decay of Es-253

after sample preparation. For reasons stated in the text, the latter is

labeled ‘‘Bk in SiO2’’ and its progeny is labeled ‘‘Cf in SiO2’’.
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Bk-249, and a lesser fraction of the Bk-249 that grew in
after sample preparation, decayed by beta emission to
Cf-249 over our time span . A very small fraction
(1.4� 10�5) of Bk-249 decay is alpha emission that, due
to the 2.05 h half-life of Am-245, quickly results in
formation of Cm-245. Due to its infrequency, this decay
path is not included Fig. 6.

Consideration of the 5f state energy level structure of
the transamericium ions Cm3+, Bk3+, Cf3+, and Es3+

is essential for interpreting our observations. The
relevant portion of the 5f state energy level structure
of trivalent actinide ions in LaCl3, from the work of
Carnall [11], is shown in Fig. 7. The primary emitting
transition that we observed in our studies is shown as a
downward pointing arrow in Fig. 7.
Fig. 7. The 5f state energy level structure of trivalent Cm, Bk, Cf, and

Es ions in LaCl3 from the work of Carnall [11].

Fig. 8. Observed 603 nm luminescence decay of Cm3+ following

355 nm excitation of the La+Cm+Bk+Es sample at 295 K one day

after sample preparation (symbols) and a nonlinear least squares fit of

those data to Eq. (1) that resulted in the values C ¼ 1:19 and tr ¼

1:74 ms (white line).
4.1. Luminescence decay

Although 5f state actinide ion–ion energy transfer has
not been as extensively studied as has that involving the
4f states of lanthanide ions, it is known that 5f electron
states behave similarly to the 4f electron states of
lanthanide ions [14]. Hence it is likely that the
predominant ion–ion energy transfer processes in the
La+Cm+Bk+Es sample occurred via the Forster-
Dexter mechanism which for 4f states is known to
provide measurable probability for energy transfer
between lanthanide ions over distances up to about
1 nm. Prior to significant radiation damage occurring,
luminescence from the 6D7/2 state of Cm3+ in the
La+Cm+Bk+Es sample was well fit (see Fig. 8) by the
equation

IðtÞ ¼ I 0 exp �
t

t
� 2C

t

tr

� �1=2
 !

C ¼
2

3
p2=3nqR3

0; (1)
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Fig. 9. Observed time per e-fold decay as a function of the number of

e-fold decays of luminescence at 715 nm following 355 nm excitation of

the La+Cm+Bk+Es sample at the temperature shown at 36 days

after sample preparation.
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where IðtÞ is the observed luminescence intensity at time
t, tr is the intrinsic decay time of the excited donor ion,
nq is the concentration of acceptor (quenching) ions, and
R0 ¼ trR

6W ðRÞ; where W ðRÞ is the transition prob-
ability for energy transfer and R is the distance
separating the donor and acceptor ions. The above
equation, due to the work of Watts [15], assumes
dipole–dipole interaction, a statistical distribution of
both donor and acceptor ions, and the absence of energy
migration among the donor ions. It has been used to
interpret the 4f state luminescence decays observed from
free standing nanophases of La0.95Eu0.05PO4 and
Ce0.85Tb0.15PO4 of 5 nm mean diameter [16]. The fit
values of tr and C for the La+Cm+Bk+Es sample at
295 K one day after its preparation were 1.74 ms and
1.19, respectively. The fit value of tr agrees well with the
calculated 1.3 ms purely radiative lifetime of aquated
Cm3+ [17]. For comparison, the fit values of tr and C

for luminescence from the 5D4 state of Tb3+ in
Ce0.85Tb0.15PO4 were 3.2 ms and 1.28, respectively [16].

Subject to the condition that the luminescence
quantum yield, f, of the emitting state is equal to unity
in the absence of ion–ion energy transfer, integration of
Eq. (1) results in the following relationship [16].

f ¼ 1 � p1=2C expðC2
ÞerfcðCÞ: (2)

Due to the large energy gap between the 6D7/2 state of
Cm3+ and its next lower lying state, it would be
expected that the quantum yield of the 6D7/2 state would
be unity in the absence of ion–ion energy transfer. The
fit value of C for the data shown in Fig. 8 results in a
calculated quantum yield of 0.2, using Eq. (2), for the
6D7/2 state of Cm3+ in the La+Cm+Bk+Es sample
one day after preparation. A calculated quantum yield
significantly less than unity is an indication of the
importance of ion–ion energy transfer and is evidence
for the close proximity of acceptor ions to Cm3+ prior
to the accumulation of any significant amount of
radiation damage.

The luminescence decay of the 715 nm emission band
was complex and typical of decays observed from
multiphonon decay of 4f-states of lanthanide ions
embedded in glasses when there are multiple ion sites
that exhibit site-dependent nonradiative decay rates [18].
Fig. 9 shows a plot of the decay time per e-fold loss of
luminescence intensity at 715 nm, following pulsed
355 nm excitation, for the La+Cm+Bk+Es sample as
a function of temperature for data recorded 36 days
after sample preparation.

4.2. Energy transfer

From Fig. 7, it is evident that Cm3+ in its 6D7/2 state
near 17,000 cm�1 can transfer energy to Bk3+, Cf3+,
and Es3+ with probabilities that depend on the local
environment of each ion (crystal field splitting) and the
distance separating the ions being considered. In our
case, the local environment changed with time due to
radiation damage primarily arising from decay of Es-
253. In addition, a 5.2 nm diameter LaPO4 spherical
nanophase contains approximately 1014 La ions. For
the La+Cm+Bk+Es sample, this means that each
nanophase would be expected to initially have con-
tained, on average, 3 to 4 Cm3+ ions, 3 to 4 Bk3+ ions,
and 3 to 4 Es3+ ions. The Es-related channel of ion–ion
transfer of 5f state energy naturally diminished as Es
decay occurred.

Insight into the extent to which in-growing Bk could
quench the 6D7/2 state of Cm3+ was gained by carrying
out calculations using the TRIM computer code
contained in the SRIM-2003 package of programs
created by Zeigler and coworkers [see http://www.
srim.org/]. Atom displacements and ion range were
calculated for the case of 106 keV uranium ions
(simulating a recoiling Bk-249 nucleus following Es-
253 alpha decay). The uranium ions were assumed to be
incident on a layered planar structure that consisted of a
2.5 nm thick layer of LaPO4, then a 1.7 nm thick layer of
silicophosphate (assumed to consist of SiP2O7) and
finally a 100 mm thick layer of SiO2 glass. Atom
displacements due to incident 6.6 MeV helium ions
(simulating the alpha particles from Es-253 decay) were
calculated as well. The calculated number of displaced
atoms per nm of depth into the layered structure for
incident 106 keV uranium ions is shown in Fig. 10. The
calculated range of the U ions (46.3 nm with 10.1 nm
straggle) significantly exceeds the 17 nm average separa-
tion distance of the 5.2 nm diameter LaPO4 nanophases
in the La+Cm+Bk+Es sample. This means that Bk
that grew in after sample preparation was ejected from
its parent LaPO4 nanophase and would, in most cases,
damage one or more of the other surrounding LaPO4

nanophases before coming to rest, in the large majority

http://www.srim.org/
http://www.srim.org/
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Fig. 10. Calculated number of displaced atoms as a function of depth

into a layered planar structure (2.5 nm of LaPO4, then 1.7 nm of

SiP2O7, and finally 100mm of glassy SiO2) for incident 106 keV U ions.
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of cases, in a (damaged) silica local environment. Due to
increased donor-acceptor distance and considering a
1/R6 distance dependence for dipole–dipole energy
transfer, 5f states of in-growing Bk ions would be much
less susceptible to nonradiative decay due to ion–ion
energy transfer than would be the actinide ions that
remained within the LaPO4 nanophases. Conversely, in-
growing Bk3+ ions would have little influence on the
nonradiative decay of any of the actinide ions in the
LaPO4 nanophases.

The total number of atom displacements calculated
using TRIM per simulated Es-253 decay was 1920.
Taking into consideration the Es-253 content of the
La+Cm+Bk+Es sample, 2% of the atoms in our
sample underwent an atom displacement event over the
course of our studies. Based on ORIGEN calculations
[19], if the uranium through curium isotopes contained
in 33,000MW-day burn up spent fuel from a light water
reactor after 10 years storage were sorbed into Diphosil
that then was heated to 1373 K, cooled to ambient and
stored, it would take �3000 year for the same number of
alpha decay events to occur per unit weight of the stored
material as we achieved in our La+Cm+Bk+Es
sample.

Based on the TRIM calculations, the local environ-
ment around the initially present Bk ions became more
disordered due to radiation damage of the LaPO4

nanophases. In addition, the initially present Bk ions
(those in the LaPO4 nanophases), in part, underwent
beta decay to Cf-249. Beta decay produces little recoil of
the decay daughter Cf-249. Overall, one would expect
increased local disorder for the Cm3+, Bk3+, Cf3+ and
Es3+ ions in the LaPO4 nanophases as Es-253 alpha
decay proceeded with little additional radiation damage
due to decay of Bk-249. To the extent that increasing
local disorder improved ion–ion transfer by broadening
optical transitions and that increased spectral overlap
between donor and acceptor ions, then alpha radiolysis
increased ion–ion energy transfer in our La+
Cm+Bk+Es sample.
If, as one would expect based on Fig. 7 and the
reported absorption spectra of aquated Bk3+ and Cf3+

ions [17], Cf3+ provides both better spectral overlap and
reduced energy mismatch than does Bk3+ for transfer of
energy from the 6D7/2 state of Cm3+, then in-growth of
Cf-249 in the LaPO4 nanophases would result in
enhanced nonradiative decay of Cm3+. In the case of
the Bk ions initially present in the LaPO4 nanophases, 5f

state ion–ion energy transfer presumably occurred
originally to Es3+ and subsequently to Cf3+. The
Bk3+ that grew in after sample preparation resided
primarily in a silica local environment that became more
disordered as additional Es-253 decay occurred. Pre-
sumably such increased disorder opened new nonradia-
tive decay paths, not involving ion–ion energy transfer,
for such Bk3+ ions and, in consequence, diminished the
intensity of 5f state luminescence from those ions.

The 715 nm band was the only emission band
observed to grow in, relative to that of the 603 nm band
of Cm3+, with decay of Es-253 which is evidence that
the 715 nm band was due to Bk ions that were the decay
daughters of the Es3+ in the LaPO4 nanophases. The
715 nm band was unusually broad and not strongly
influenced as to width by accumulation of radiation
damage or temperature. The breadth of the band and
the lack of significant temperature dependence are
consistent with the decay daughter Bk having been
ejected from LaPO4 nanophases and coming to rest in
the surrounding glassy silica in a wide variety of local
environments. Its luminescence decay was complex and
became faster with decreasing temperature. Complex
luminescence decay via multiphonon emission is typi-
cally observed from f-state ions in glass samples due to a
broad distribution of local environments [18]. The
observation of more rapid luminescence decay with
decreasing sample temperature is unusual and seems
likely to reflect the consequences of radiation damage in
the immediate surroundings of the Bk ions.

4.3. Valence of Bk from Es decays after sample

preparation

The oxidation state of the Bk ions that emit at 715 nm
is most simply assigned as trivalent although the
difference of 1165 cm�1 between the 660 and 715 nm
peaks requires that there be a large shift in the center
gravity of the emitting 7F6 multiplet of Bk3+ when the
ion’s local environment changes from that in the LaPO4

nanophases to that in radiation-damaged glassy silica.
No studies on the 5f state energies of Bk3+ in glassy
silica have been published although Assefa and co-
workers have reported emission bands peaking at 648
and 742 nm from Bk3+ in borosilicate glass [20]. They
did not, however, assign either of these bands as arising
from a particular 5f emitting state or states. If the
715 nm emission band in our studies is due to Bk3+,
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then the local environment of those Bk ions would have
to have been altered significantly, presumably due to
radiation damage, to account for the large shift in
energy of the emitting multiplet relative to 5f state
energies of Bk3+ in LaCl3. Assignment of our observed
715 nm band to the 6D7/2–

8S7/2 transition of Bk4+ is an
alternative. However, because the longest wavelength
purely electronic emission from the 6D7/2 state of Bk4+

in CeF4 occurs at 612.9 nm [21], this would require an
even larger shift in the energy of the emitting multiplet.
This seems unlikely if the crystal field strength of f-
element ions in glassy silica is comparable to that of
trivalent f-elements ions when aquated or doped into
LaCl3 which are weak crystal field cases.

In a study on Tb ion implantation into a 200 nm thick
layer of glassy silica, luminescence from Tb3+ ions after
annealing was measured. The authors concluded that
the observed 4f–4f transition energies of the Tb3+ ions
differed little (0–5.8 nm) from those of aquated Tb3+

ions [22]. We conclude that the 715 nm emission band in
our studies is due to Bk from decay of Es-253 after
sample preparation and that such Bk probably is
trivalent although we cannot rule out the possibility
that it is tetravalent on unusual sites in radiation
damaged glassy silica.

4.4. Reversal of radiation damage

In our discussion, to this point, we have not
considered the possibility that the passage of energetic
charged particles through our sample material could
reverse radiation damage previously caused by other
such particles. Evidence that structural radiation da-
mage can be reversed due to incidence of 80–200 keV
electrons on a film of amorphous LaPO4 was reported
by Meldrum et al. [23]. Over the course of our laser-
excitation experiments, our only observations suggestive
of a possible healing of radiation damage due to
additional nuclear decay events were reversal, after
most of the Es-253 had decayed, of the trend in which
the center of gravity of the Cm3+ 6D7/2-

8S7/2 emission
band and the 715 nm emission band (due to in-growing
Bk) initially shifted toward longer wavelength (see Figs
3–5). Meldrum and coworkers also reported that at
308 K or higher sample temperature amorphization (loss
of crystallinity) did not occur when high energy Kr+

ions were incident on single crystal LaPO4 although
amorphization did occur at lower sample temperature
under the same irradiation conditions [24]. The
La+Cm+Bk+Es sample that we investigated was held
at (29572) K aside from some brief periods when laser
excitation studies were carried out at cryogenic tem-
peratures. As is evident in Figs. 2–4, this sample
underwent net radiation damage, principally due to
alpha decay of Es-253, that was easily observable using
laser excitation methods.
Due to the nanophase character of the LaPO4 in our
sample, one might have expected more facile ion
movement, and consequent greater difficulty in creating
net radiation damage, at a given temperature, in
comparison with bulk single crystal LaPO4. However,
it should be noted that the source of radiation damage
differed in the present work and that of Meldrum et al.
as did the methods used to assess radiation damage.

4.5. Silica defect luminescence and prior studies of Es-

doped glasses

In our studies, radiation damage occurred both within
LaPO4 nanophases and the glassy silica in which such
nanophases were embedded. It is known that many
defects in silica, including some of those induced by
radiation damage, luminescence following ultraviolet
excitation [25,26]. In addition, Assefa and Hare studied
self- and photo-induced luminescence of borosilicate
glass that contained 1% Es-253 by weight [27]. They
attributed all of the luminescence that they observed to
defect centers created by radiation damage from alpha
decay of Es-253. Self-luminescence spectra starting at 3
days and extending to 90 days after sample preparation
were reported. Self-luminescence peaks at 455, 650 and
730 nm were observed with the 650 and 730 nm bands
becoming more intense with increasing time after sample
preparation whereas the 455 nm peak systematically
decreased in intensity. Luminescence bands peaking at
650 and 730 nm were observed following 488 nm
photoexcitation. It is natural, therefore, to consider
whether or not radiation-induced defects in glassy silica
contributed significantly to the luminescence that we
observed following 355 nm excitation in our studies.

Sukarai investigated the tendency for formation of a
689 nm luminescing defect (145 nm FWHM spectral
width), attributed to oxygen deficiency, in glassy silica as
a function of oxygen partial pressure during glass
melting and the hydroxide and chloride ion contents
of the glass [28]. Melting in a 1% oxygen atmosphere
produced the 689 nm luminescing defect whereas gamma
irradiation was required to produce it in samples melted
at higher oxygen partial pressure. Observable EPR
signals and photoluminescence from the defect were lost
for glass that had been melted under 15% oxygen and
then gamma irradiated.

Our La+Cm+Bk+Es sample and Assefa and
Haire’s Es-borosilicate sample were heated in air
(20.9% nominal oxygen content) in a platinum crucible
which presumably should have strongly suppressed the
formation of the 689 nm luminescing structural defect in
the glass phases. A luminescing defect, variously
reported to peak at 653–670 nm, is reported to occur
in silica that contains a surplus of oxygen [29]. That
defect exhibits complex luminescence decays (lifetimes
ranging from 10 ms to 5 ms) depending on glass
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composition and processing variables but its formation
requires unusual conditions (such as heating silica in
pure O2 gas to 1473 K or irradiation of silica in the
presence of ozone). Based on our sample preparation
conditions, formation of an oxygen surplus defect is
unlikely in our sample. In addition, because our 660 nm
emission band was present in the first spectra we
recorded (1 day after sample preparation) and decreased
in intensity as Es-253 decayed, it is unlikely that any
significant number of oxygen surplus defects were
created in the silica phase of our sample material by
alpha decay of Es-253. We note that the 650 nm and
730 nm emission bands from 253Es-borosilicate glass
that were attributed to silica defects by Assefa and Haire
[27] are little different in wavelength and exhibited
similar laser power dependence to the 652 and 742 nm
emission bands of Bk3+ in borosilicate glass of the same
nominal chemical composition that were reported earlier
by Assefa et al. [20].

In summary, the silica-related defects in our
La+Cm+Bk+Es sample likely made little contribu-
tion to our recorded luminescence spectra and lifetimes.
The conclusion of Assefa and Haire that luminescence
from silica-related defects gave rise to all of the self- and
photo-induced luminescence from their 253Es-borosili-
cate glass sample should be re-examined in light of our
present study and the earlier study of Assefa et al. on the
luminescence of Bk3+ in borosilicate glass because both
of these studies suggest that the red luminescence bands
from 253Es-borosilicate glass were due, in large part, if
not completely, to emission from Bk ions.
5. Conclusions

Our studies have shown the feasibility of using time-
and wavelength-resolved laser-induced fluorescence
techniques to fundamentally investigate radiation da-
mage in glassy silica when that damage is due to alpha
decay that occurs in heavy metal phosphate nanophases
embedded in the silica. Using Cm3+ as an internal
luminescence standard, the effects of alpha radiolysis on
the spectra of selected excited 5f states of Cm3+, Bk3+,
and Es3+ ions were determined and qualitatively
interpreted. The luminescence decay of 6D7/2 state of
Cm3+ was shown to be dominated by ion–ion energy
transfer to surrounding actinide ions in the LaPO4

nanophases. Changes in the emission of spectra and 5f

state decay dynamics of Bk ions that resulted from the
decay of Es-253 after sample preparation confirmed the
presence of Es3+ in the LaPO4 nanophases that formed
and became embedded in vitreous silica during sample
preparation. The spectra and excited state dynamics that
we observed are in agreement with predictions as to
heavy ion recoil distances, following alpha decay, made
by an ion transport code commonly used to model ion
implantation in the semiconductor industry.
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