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Excited-state dynamics and energy transfer of +4 curium in cerium tetrafluoride
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Energy-transfer dynamics of Sf states of +4 curium in cerium tetrafluoride have been investigat-
ed for the first time. Emission from the lowest energy component of the second J=1 multiplet was
studied using time- and frequency-resolved laser-induced fluorescence. The observed dynamics
were complex due, in part, to the strong ion-lattice coupling and the dense f-state energy-level
structure of Cm +. The influence of experimental parameters such as excitation frequency, excita-
tion intensity, sample temperature, and prior optical irradiation on the observed nonexponential
fluorescence decays was determined. The observed Sf-state dynamics of 0.1 at. % Cm +:CeF4 are
well fit by a cross-relaxation model, except at low temperature and high excitation intensity, where
photoinduced site distortion and ground-state depletion via a two-photon process occurred. In this
case, the initial fluorescence decay rate of Cm + on one of the two metal-ion sites was reduced in

comparison with the rate observed at lower excitation intensity. A cross-relaxation model incor-
porating exciton-exciton annihilation was necessary to describe the fluorescence dynamics of 5 at. %
Cm +:CeF4. The derived energy-transfer rates for Sf states of Cm + via cross relaxation and up
conversion are two orders of magnitude higher, at equal ion densities, than those of lanthanide-ion

4f states and approach those of transition-metal-ion d states.

I. INTRODUCTION

Studies of dynamical processes, such as transfer of ex-
citation energy among optically active ions in solids, are
of fundamental importance in understanding the nature
of physical interactions and provide direct measurements
of ion properties. Unlike the rare-earth (4f) ions, whose
dynamical processes have been investigated extensive-
ly,

' the actinide (Sf) ions are unexplored because they
are not commonly available and their electronic-energy-
level structures are still not fully understood. Investi-
gations of actinide-ion Sf states are of considerable in-
terest as the dynamical properties of Sf states are likely
to be intermediate between those of lanthanide 4f and
transition-metal d states.

Among all energy-transfer processes, those involving
additional electronic levels, such as cross relaxation and
up conversion, are of particular significance because they
can strongly influence the fluorescence yield and quan-
tum eSciency of optical systems. The time- and
frequency-resolved fluorescence-decay technique provides
a powerful probe for these energy-transfer processes and
others that cause observable changes in dynamical
characteristics, such as nonexponentiality and spectral
migration.

Cross relaxation is a self-trapping process in which
donors act as their own acceptors. " In cross relaxa-
tion, an excited ion interacts with and gives up a part of
its excitation energy to a neighboring ion in a lower state.
The net result is that both ions end up in one or two
different intermediate energy states, thereby quenching
the fluorescence from the originally excited state. In res-
onant cross relaxation, the sum of the energies of the in-

termediate states is equal to the initial excitation energy.
In the nonresonant case, energy conservation is achieved
via creation or destruction of phonons. Cross relaxation
has been observed in a variety of rare-earth materi-
als. ' ' The well-known Inokuti-Hirayama model' is
often used to interpret the experimental observation of
nonexponential iluorescence decays due to the cross re-
laxation.

Up conversion via so-called exciton-exciton annihila-
tion is a special type of cross-relaxation process in which
two identical ions, both initially in the excited state, in-
teract. The result is promotion of one ion to a higher ex-
cited state via loss of energy from the other ion. Any en-
ergy mismatch is accommodated via creation or destruc-
tion of phonons. "' Exciton-exciton annihilation is well
known in organic molecular solids, where both triplet
and singlet annihilation occurs. ' In transition-metal
systems, exciton-exciton annihilation has been observed
in Mn + compounds. For highly localized 4f states,
annihilation of Frenkel excitons has been observed in
NdC13, TbPO4, and TbFs (Ref. 27) compounds. These
studies of 4f states required relatively high-excited-state
densities due to the weak coupling between the rare-earth
ions that results in low exciton mobility. Analogous pro-
cesses have been studied in dilute rare-earth com-
pounds. ' The first observation of exciton-exciton an-
nihilation effect in rare-earth compounds was reported
for Er + doped in fluorite crystal such as Er +:BaF2.
Although no energy-transfer rates were given, exciton-
exciton annihilation effect has been reported for 1 at. %
Pr +:LaF3 and Pr +(Nd +):LaC13 compounds. ' In
these cases, the exciton-exciton annihila, tion was inter-
preted as an up-conversion process between two neigh-
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boring active ions both in the excited state. Whichever
terminology is appropriate, the observed nonexponential
decays, which depend nonlinearly on the excitation inten-
sity, can be analyzed with simple decay rate equations.

For actinide doped solids, most reported work has cen-
tered on the determination of the electronic-energy-level
structure. Little is known about the dynamical prop-
erties of the excited 5f states of the actinides in solids.
Large electron-phonon interaction has been previously
reported in Np +:LaC13, based on temperature-dependent
fluorescence line narrowing measurements. A recent
study has provided evidence of energy transfer between
U + ions in different sites in a U +:ThBr4 compound.
With tetravalent actinide ions doped in CeF~, we are car-
rying out systematic spectroscopic studies of electronic-
state energy-level structure as well as determining the
dynamical properties of excited 5f states. Our recent re-
sults have shown that the spectra and dynamics of the
+4 actinide ions can be quite complicated due to ion-ion
and ion-lattice interactions arising from the comparative-
ly dense 5f-state structure of transamericium +4
ions. Excitation-intensity-, excitation-frequency-, and
temperature-dependent nonexponential fluorescence de-
cays have been observed at actinide-ion concentrations as
low as 0.1 at. %. In the case of Cm +:CeF4, efficient
two-photon excitation and laser-induced site distortion
due to strong ion-lattice coupling have been observed.
These phenomena have important roles in the dynamics
of the observed fluorescence decays.

Because of greater radial extent of Sf electron wave
functions, with respect to those of the shielding 6s and 6p
shells, the coupling between 5f states of actinide ions and
the surrounding lattice is expected to be significantly
stronger than is the case for 4f states of +3 lanthanide
ions. 5'7's The mobility of excited-state energy among 5f
electron states is expected, therefore, to be intermediate
between that found for 4f states of rare-earth ions and d
states of transition-metal ions. Furthermore, because of
increased spin-orbit interaction and reduced electronic
repulsion of the 5f electrons, ' J splittings of actinide 5f
states are large as the overall 5f electronic-energy range
is reduced in comparison with that of 4f electrons, for
the same number of f electrons. This results in a high
density of energy states and an increased probability of
overlap between a vibronic band and the next higher-
lying purely electronic state. Overall, energy-transfer
processes such as cross relaxation and up conversion are
more likely to dominate the observed dynamics of ac-
tinide compounds than is the case in rare-earth materials.

In this paper, we report the first detailed study of the
dynamics of excited 5f states of a transplutonium +4
ion. A brief description of the energy-level structure of
Cm + in CeF4 is presented in Sec. III and experimental
results are summarized in Sec. IV. The observed nonex-
ponential fluorescence decays in 0.1 at. % Cm +:CeF4 are
analyzed in Sec. V, based on a model involving cross re-
laxation influenced by laser-induced site distortion at
high excitation densities. In Sec. VI, the extremely
nonexponential decays in 5 at. % Cm +:CeF4 are inter-
preted by a model incorporating exciton-exciton annihila-
tion, cross relaxation, and trapping to defects.

II. EXPERIMENTAL APPARATUS
AND SAMPLE PREPARATION

A tunable dye laser (Molectron DL-16P), pumped by a
Q-switched, frequency-tripled, Nd:YAG laser (Quanta-
Ray DCR-2A) was used as the excitation source. For
higher-resolution work, the pressure of nitrogen gas in
the oscillator chamber containing the grating, an etalon,
and a prism-beam expander was varied, under the control
of a computer-generated voltage ramp, using an analog
pressure controller (MKS 250B) with a capacitance
manometer (MKS 220BA) pressure transducer. The
sample temperature was varied using a continuous flow,
heat-exchange gas cryostat equipped with fused-silica
windows providing high transmission from 200 to 3500
nm (Oxford CF204 with DTC2 temperature controller).
The fluorescence from the sample was directed onto
long-band pass optical filters (Schot t KV series),
dispersed using a 1-m focal-length monochromator
(Engis 1000), and detected using cooled GaAs (RCA
31034) or S-1 (Hamamatsu 7102) photomultipliers. The
input resistance of a buffer amplifier connected to the
photomultiplier was varied to provide a range of
detection-system response times.

Fluorescence dynamics were measured using a tran-
sient recorder (LeCroy TR8818) connected to a minicom-
puter that carried out add-to-memory signal averaging of
the transient recorder data. Such signal averaging was
carried out over a few to as many as 2048 laser pulses.
The data were transferred to a local area VAX cluster
where a nonlinear least-squares fitting procedure was
used to analyze the observed fluorescence decays. The
decay models used are described later.

Excitation and emission spectra were recorded using as
many as three boxcars as gated integrators with different
gate delays. A pyroelectric detector (Molectron J3-05)
and a boxcar integrator were used to acquire the dye
laser-pulse energy and the fluorescence spectra were nor-
malized to it. The outputs of the boxcars were digitized
using a 12 bit backplane ADC (Data Translation
DT2782) in the minicomputer. The optogalvanic effect in
a uranium hollow cathode discharge, the uranium line at-
las of Palmer et al. , and the fringe pattern from a solid
etalon were used for wavelength calibration of excitation
spectra. Efforts to detect longer wavelength fluorescence
were made using CaF2 lenses, GaAs, Si, and Ge disks as
long pass filters, and a 1-ps response time, 3-mm diame-
ter, InSb detector that was cooled to 77 K.

The Cm + in CeF4 samples were prepared using Cm
obtained from the Transplutonium Production Program
of the U.S. Department of Energy. The method used
started with co-precipitation of Cm + and Ce + from
aqueous solution using added hydrofluoric acid. The
stated Cm and Ce values for each sample are the concen-
trations of Cm and Ce in the aqueous solution prior to
precipitation. The solid precipitate was dried at 110 C in
air and transferred to a sapphire crucible that was heated
in a nickel tube containing anhydrous HF gas to remove
residual water. The tube was then evacuated, filled with
excess high-purity fluorine gas, and heated. The fluorine
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had been fractionally distilled at cryogenic temperatures
to remove impurities such as oxygen. The nickel tube
was opened in a dry nitrogen-filled controlled atmosphere
glovebox and a portion of the resulting white, free-
flowing powder was transferred to a sample cell. The
sample cell was then evacuated, back filled with a few
kPa of He gas, and flame sealed. The sample cells were
made from General Electric type 214 water-free quartz.
This type of quartz was used to ensure freedom from hy-
droxyl overtone absorption in the near infrared and good
transparency out to 3700 nm. The sample cells tapered
down to a circa 1-mm-inner-diameter capillary end that
contained the powdered sample. A portion of the
Cmo OO, CeQ 999Fe4 (i.e., 0.1 at. Fo Cm +:CeF4) sample un-

derwent analysis by x-ray powder diffraction to verify
that the structure of the material was the same as a sam-
ple of undoped CeF4.
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III. SPECTRAL CHARACTERISTICS

A. Site symmetry

The host material CeF~ is isostructural with a series of
AnF4 compounds such as UF4 (Ref. 38) and BkF4 (Ref.
39). In these compounds, the metal ion sits on either of
two sites, one of C2 symmetry and the other of C, sym-

metry. Each metal ion is surrounded by eight fluorine
ions arranged in a slightly distorted antiprism
configuration. When Cm + ions substitute for Ce + ions
in CeF4, the actinide ions can occupy two sites of
different symmetry and nonequivalent local environ-

ments. Consequently, differences in energy-level struc-
ture and dynamics are expected for Cm + ions on the two
crystallographic sites in Cm +:CeF4 samples.

0—

FIG. 1. Energy-level diagram for Cm +:CeF4. Energy levels

up to 26000 cm ' were determined from laser excitation experi-
ments. The energy extent of each observed multiplet, including
vibronic bands, is shaded with diagonal lines and its predicted
(Ref. 51) J value is shown at the left. All observed fluorescence,
shown as downward pointing arrows, comes from the second
J= 1 state. A high density of states is predicted (Ref. 51) above
26000 cm

B. Selective excitation

High-resolution laser excitation was utilized to unravel
the resulting complex multisite spectra of Cm +:CeF4
and to investigate the dynainics of the excited f-states of
the actinide ion on the nonequivalent sites. The two sites
are termed arbitrarily site A and site 8 because it is not
possible to spectroscopically determine the site symmetry
C, or C2 from fluorescence measurements on the
powdered samples. Because of increased spin-orbital
coupling and configuration interaction, ' ' the standard
Russell-Saunders SLJ terminology, applicable to many
lanthanide 4f states, is inappropriate for actinide Sf
states except that J is still a good quantum number. In
the following, 5f states of Cm + are labeled by their J
value. The observed electronic states and vibronic bands
are shown in Fig. 1. The positions of the lower-lying en-
ergy levels and the dynamical studies were carried out us-
ing fluorescence from the second J= 1 state, which is the
only 5f state of Cm + from which emission was ob-
served.

The observed excitation and emission spectra of the
nonequivalent Cm + ion sites in Cm +:CeF4 consisted of
both electronic and vibronic transitions. As shown in
Fig. 2, the excitation spectra of sites A and 8 in the 0.1

at. % Cm + sample at 4 K, for the transition from the
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FIG. 2. Site-resolved fluorescence excitation spectra of the
second J=1 multiplet of 0.1 at. % Cm"+ CeF4. Emission from
a single site was monitored. Subplot (a) is for Cm + on site A
and subplot. (b) is for Cm + on site B. The lowest purely elec-
tronic component (19916cm ' for site A and 19911 cm ' for
site B) in this multiplet is the emitting level whose dynamics
have been investigated in this work. The broad band extending
to higher energy is attributed to vibronic transitions.
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J =0 ground state to the second J =1 excited multiplet,
contain three purely electronic lines at lower energy and
broad bands at higher energy that are attributed to vib-
ronic transitions. The lowest energy line in each site-
resolved spectrum is the only observed metastable emit-
ting level of Cm + in this compound and the excited-state
dynamical studies were carried out using this state.

C. Vibronic transitions

Because of the radial extent of the 5f orbitals, ion-
lattice interaction resulting in intense and broad vibronic
transitions are expected in actinide compounds. In
Cm:CeF&, vibronic transitions with peak intensities
comparable to the narrow zero-phonon lines were indeed
observed (see Figs. 2 and 3). The vibronic bands are
sufficiently intense to obscure some purely electronic
lines. Figure 3 shows the emission spectra of 0.1 at. %
Cm +:CeF~ (sites A and 8) from the metastable emitting
state to the lowest-energy J =1 multiplet. The two nar-
row lines at higher emission energy are purely electronic
transitions, and the broad bands at lower emission energy
are vibronic structures associated with the lowest energy
J= 1 rnultiplet.

D. Laser-induced site distortion

In addition to vibronic transitions, ion-lattice interac-
tions can also cause structural distortion, i.e., a conver-
sion of the electronic energy of the excited ion into the
elastic energy of the crystal configuration. In the dilute
compound 0.1 at. % Cm +:CeF4 distortion of site A

Cm + has been observed after site-selective laser excita-
tion and details will be given in a separate paper. The
laser-induced site distortion is stable below 70 K. On the
distorted site, Cm + ions have different excitation and
emission frequencies resulting from the perturbed crystal

field accompanying the site distortion. The observed
excitation-energy shift for the metastable emitting level
was 3 cm ', whereas the three purely electronic com-
ponents of this multiplet were shifted by an average of 12
cm '.

Understood as an excited-state Jahn-Teller effect, '
the site distortion could occur in the emitting multiplet
or in the low-energy J multiplets after a radiative transi-
tion. In the first case, the site distortion quenches
fluorescence. In either case, the site distortion could im-
pact energy transfer because the distortion causes
changes in the energy-level structure of the ions on the
distorted site.

E. One- and two-photon excitation

Efficient two-photon excitation has been observed in
Cm +:CeF4 as evidenced by a supralinear dependence of
a fluorescence intensity on the intensity of pumping laser
(see Fig. 4) and emission from Cm + on site A (19916
cm ') and site 8 (19911 cm ') following excitation in
the 14830—14880-cm ' region. Using a pump laser
near 20000 cm ' to excite the metastable J=1 emitting
state, absorption of two photons by a single Cm + ion
will put 40000 cm ' of energy into the ion. Emission
was observed only from the metastable J = 1 state, which
provides evidence of very rapid nonradiative relaxation
from the Cm + states above 20000 cm '. The probabili-
ty of direct two-photon absorption (even with resonant
enhancement due to the real states near 20000 cm ') is
negligible in comparison with the probability of sequen-
tial absorption of two photons by a single Cm + ion.

The observable effect of the two-photon excitation pro-
cess in Crn"+:CeF4 is the population of the metastable
emitting level of Cm +. Using excitation near 20000
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FIG. 3. Site-resolved fluorescence emission spectra for the
transition from the emitting J=1 level (see Fig. 2) to the lower-
lying J=1 multiplet of 0.1 at. % Cm +: CeF4 at 4 K. Subplot
(a) is for site A Cm + and subplot (b) is for site B Cm +. The
broad, structured, band extending to lower energy is attributed
to vibronic transitions.

LASER INTENSITY (MW/cm')

FIG. 4. Excitation-intensity dependence of the fluorescence
intensity of emission from the second J=1 rnultiplet in 0.1

at. % Cm +:CeF4 at 4 K observed with the dye laser tuned to
the 19949 cm ' component of site A Cm + (see Fig. 2). The
fluorescence intensity data {8)were recorded using a 1-ps wide
gate delayed 0.5 ps, with respect to the dye laser pulse. The
solid curve is the prediction from a saturation model incor-
porating one- and two-photon excitation processes.
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cm, the observed fluorescence intensity is a superposi-
tion of emission from one- and two-photon excitation
processes. The rapid increase in fluorescence intensity
with increasing pumping intensity indicates that the
two-photon process is efficient and could dominate the
emission at high pump intensity. At high pump intensi-
ty, the slope of the curve in Fig. 4 increases but less than
expected for one- and two-photon excitation processes,
which is indicative of saturation. For sequential absorp-
tion of two photons, the excited-state ion densities can be
wr jtten as

n, =n [1—exp( h—n, cr,z)]

for first excited state, and

n2=n [1—exp( bn2a—2z)]

(la)

(lb)

for second excited state, where nz(=L&r/hvz) is the
photon density of the laser field, L is the laser intensity,
~ is the laser-pulse duration, z is the dimension of the
sample, h v is the single-photon energy, and 0.

&
and 0.

2 are
the transition cross sections for the first and second steps,
respectively. Taking into account saturation for both
steps, the ion density differences for the two steps are
defined as

and

b, n
&
=no/(1+L& /L,

~
)

hn2 =n, /(1+LE /L, z),

(2a)

(2b)

IV. SUMMARY OF EXPERIMENTAL RESULTS

Using selective laser excitation, we have measured the
tluorescence decays of the metastable 5f state (J= 1) of
Cm + in CeF4, using Cm + concentrations of 0.1 at. %
and 5 at. %. The pulsed dye laser beam was partially fo-
cused (circa O. l-mm cross section) on the powder sam-
ples and the laser power was varied over the range of 30
to 500 pJ/pulse (i.e., 6—100 MW/cm ) at the samples.
The fluorescence decays were averaged to obtain a
signal-to-noise ratio of 100 or more.

We observed efficient excitation-energy transfer among

where the parameter L„2 is called the saturation intensi-
ty and is a function of the line shape for the correspond-
ing transition. Because of the rapid nonradiative decay
of higher-lying states, the ion density in the emitting level
is then n, =n, +nz. Using this value for n, and the as-
sumption that L„=L,2, the observed laser intensity
dependence was fit and is shown as a solid curve in Fig. 4.
With the stated assumptions, the best-fit values are
L, &200 MW/cm and uz=8X10 ' cm . The value of
0., cannot be determined from the fluorescence intensity
data that has arbitrary units.

It is important to note that the one- and two-photon
excitation processes can create significant excited-ion
densities and substantially deplete the Cm + ground-state
population. High-excited ion densities increase the rate
of excited-state processes such as exciton-exciton annihi-
lation, while a reduced ground-state population results in
diminished cross relaxation.

Cm + ions in the Cm +:CeF4 samples even at actinide-
ion concentration as low as 0.1 at. %%uo . Nonexponential
fluorescence decays of the Cm + were observed at all
laser powers and from 4 to 300 K. Figure 5 shows the
observed fluorescence decay of Cm + ions on sites A and
8 in the 0.1 at. % sample at 200 K using a laser intensity
of circa 60 MW/cm . The decay curves were identical
for sites A and 8 at this temperature and had no
excitation-intensity dependence. In the 0.1 at. % sample,
fluorescence decays were nonexponential at short times
and approached a single exponential at long times. Both
initial nonexponentialities and long-time single exponen-
tial rates of the two ion sites were weakly dependent on
temperature. The measured fluorescence-decay time in
the long-time region, assumed to be the lifetime of the ex-
cited state of isolated Cm + ions, was identical for sites A
and B. In the 5 at. %%uosampl e, th eAuorescenc edecay,
shown in Fig. 6, was very rapid during the first few ps
following excitation and became single exponential at
long times. Between the fast initial decay and slow single
exponential decay at long time, there was a transition re-
gion from 15 to about 50 ps, during which the decay rate
decreased by over 2 orders of magnitude. The solid
curves in Figs. 5-7 are based on fits to models of cross re-
laxation, exciton-exciton annihilation, and excitation mi-
gration, which are discussed in detail in Secs. V and VI of
this paper.

As shown in Figs. 5 and 6, the nonexponential charac-
ter of the observed fluorescence decays were strongly
concentration dependent, as expected when the dominant
energy-transfer processes arise from ion-ion interactions.
At low temperature, however, the fluorescence decay of
Cm + ions on site A in the 0.1 at. % sample became
dependent on excitation intensity and frequency. At 4 K
and low excitation intensity (10 MW/cm ), the site A

Cm + decay was the same as that of site 8 Cm +. How-
ever, at higher excitation intensity and, therefore,
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FIG. 5. Time-resolved and site-resolved Auorescence decay
of the emitting J = 1 multiplet in O. l at. % Cm +:CeF4 at 200 K
observed while monitoring emission to the lower-lying J=l
multiplet. The observed decay data (every tenth data point plot-
ted) are for site A Cm + () and site B Cm + (0). The solid
lines correspond to a cross-relaxation energy-transfer model de-
scribed in the text.
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FIG. 7. Excitation-intensity dependence of the site-resolved
fluorescence decay of the emitting multiplet in 0.1 at. %
Cm +:CeF4 at 4 K. Data for site A Cm + (0) were recorded at
10 MW/cm' (lower curve) and 60 MW/cm (upper curve) while

pumping the strongest sharp line component of the emitting
multiplet of site A Cm + [see Fig. 2(a)]. Data for site B Cm +

(0) were recoreded at 60 MW/cm while pumping the strongest
sharp line component of the emitting multiplet of site 8 Cm +

[see Fig. 2(b)). The solid lines through the decay data show the
fit to Eq. (6).

higher-excited ion densities, the site 3 Cm + initial
nonexponential decay became slower, while the overall
decay became faster (see Fig. 7). In contrast, the decay of
site 8 Cm + exhibited no observable excitation-intensity
dependence at 4 K.

The excited-ion density dependence of the fluorescence
decay of site A Cm + at 4 K was studied in an alternative
way. Using an 0.03-cm ' line width dye laser and con-

stant laser intensity, we measured Cm + fluorescence de-
cay as a function of excitation wavelength, while step
scanning across the inhomogeneously broadened Cm +

absorption lines. The nonexponential fluorescence decay
at short time was slower when the dye laser was tuned to
the center of an absorption line, but became faster when
the laser was tuned to either the higher or lower frequen-
cy side of the line. Variation of excitation frequency
across the absorption line (or from a weak to a strong
line) produces changes in excited-state density similar to
those obtained by varying laser intensity at fixed excita-
tion frequency. At constant laser intensity, the excited-
ion density produced depends on the absorption
coefficient. Consequently, at the center of the absorption
line, more ions are excited than in the two wings of the
line.

For both sites in the 5 at. %%uosampl e, a large rexcitation
density dependence was observed in comparison with
that found in the 0.1 at. % sample. The initial decay rate
became faster at high-excitation density (i.e., with in-
creasing laser power or tuning the laser frequency across
a Cm + absorption line). Figure 6 shows the excitation
density dependence of the fluorescence decay in the 5
at. %%uosampl ea s th e lase r frequenc ywa s tune dacros s the
absorption line. These observations are analyzed in Sec.
VI. Direct transfer to Cm + traps was observed in the 5
at. % sample by recording emission spectra as a function
of delay time with respect to excitation (see Fig. 9).

Cooperative luminescence due to strongly coupled ion
pairs was not observed in the Crn +:CeF4 samples studied
and cooperative pair absorption features like those re-
ported in Pr:LaF3 (Refs. 14 and 47) were absent even in
5 at. %%uoCm+:CeF4 . Thu s, cooperativ epai rabsorptio n

and emission were not considered in the determination of
the energy-transfer mechanisms underlying the observed
intensity- and frequency-dependent nonexponential de-
cays.

V. FLUORESCENCE DYNAMICS

A variety of energy-transfer mechanisms were con-
sidered in an effort to understand all the features of the
observed nonexponential fluorescence decays. As dis-
cussed in detail later, cross relaxation, exciton-exciton an-
nihilation, photon-induced site distortion, and transfer to
traps all play a role in the observed fluorescence dynam-
ics of the metastable emitting state of Cm + in CeF4.

Concerning the physical interactions that influence the
dynamics of the excited states of the optical ions doped
into solids, ion concentration is often of primary impor-
tance. In a very dilute compound, the interaction be-
tween dopant ions is negligible. The excited-state dynam-
ics of such a system are dominated by spontaneous emis-
sion of photons or nonradiative decay processes induced
by interaction with host ions via electron-phonon interac-
tion or fluctuating nuclear moments. As the dopant con-
centration is increased, for example between 0.1 and 1

at. %%uo forrare-cart hcompounds, ' 'couplin gbetween
dopant ions can become significant. For such dilute sys-
tems, the electromagnetic interaction must be long range
since the average ion separation is still large. At higher
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L (t) cc exp( kot)(—exp( XW„„.t—) ), , (3)

where t is the time after excitation, ko is the reciprocal
lifetime of the excited state (assumed to be identical for
all ions), ( ), denotes an ensemble average over the
crystal lattice of the sample, the summation is over n 'An,
and 8'„„ is the energy-transfer rate from ion n to ion n'.
The value of W„„., based on Forster-Dexter theory, ' '

for two ions, n and n ', separated by a distance R„„., is

W„„=a/R„'„ (4)

where the parameter u contains the matraisx elements of
the interaction between ions n and n' and s is 6, 8, or 10
for electric dipole-dipole, dipole-quadrupole, or
quadrupole-quadrupole interaction, respectively. These
matrix elements depend on the transition probabilities as
well as the energy mismatches of the energy levels in-
volved.

concentration, short-range ion-ion interaction becomes
increasingly significant.

In the 0.1 at. %%ucCm +sampl e, th eaverag e ionsepara-
tion is about 10 lattice sites (-4.3 nm), which results in

largely isolated Cm + ions except for long-range interac-
tions such as dipole-dipole coupling. In the analysis of
fluorescence decay in the 0.1 at. % sample, therefore,
only long-range multipole couplings need be considered.
However, since the actinide Sf electronic states are inter-
mediately extended, ' the e8ect of the wave-function
overlap (i.e., exchange interaction) between neighboring
Cm + ions on the dynamics of the excited Sfstates in the
S at. % sample may not be negligible.

If excitation transfer from ion n to ion n' is irreversi-
ble, which is expected for cross relaxation and trapping,
the dynamics of the excited state via energy transfer has
an exact solution' ' that results in the fluorescence in-
tensity, L(t), following pulsed excitation, having the
form

metastable emitting state (J= 1 } and the ground state
(J =0}is at least 3 orders of magnitude weaker than most
other observed transitions between the emitting level and
lower-energy states or transitions seen in absorption be-
tween the ground state and the same low-lying excited
states. This provides evidence that the resonance transi-
tion, ground state to emitting level, is highly forbidden as
an electric dipole transition. The probability of donor-
donor resonant energy transfer via electric dipole-dipole
interaction is, therefore, small. On the other hand, cross
relaxation may be very efBcient because of the much
higher transition probabilities involved and the availabili-

ty of resonant and near-resonant cross-relaxation chan-
nels. The observed optical line widths for the 0.1 at. %
sample at 4 K are 3 to 5 cm ' for the purely electronic
transitions between the ground state and components of
the emitting J=1 multiplet and for emission lines from
the emitting level to the components of the low-lying
J=3 and J=4 multiplets, which could be the intermedi-
ate states for the resonant cross relaxation. When Cm +

on either site A or site 8 is excited, there are more than
six channels providing cross relaxation with energy
mismatches from 0 to 20 cm ' for a pair of Cm + ions,
one initially in the emitting level and the other in its
ground state, if the final states of these ions are within the
J=3 and J=4 multiplets. Figure 8 shows the energy
levels involved in the most probable cross relaxation
paths after a Cm + on site A is excited. Additional com-
binations of energy levels involving vibronic components
of the J =0,5, 6 states lying below the emitting level and
the electronic levels of the first J=1,2 multiplets can also
be involved in cross relaxation. As described in detail in
Sec. VB, the large number of cross-relaxation pathways
with small energy mismatches accounts for the observed,
weakly temperature-dependent, nonexponential, fluores-

20000—

A. Resonant cross relaxation

If ion-phonon coupling is not involved, the Forster-
Dexter theory is directly applicable to actinide ions. In
the multipole-multipole description of donor-acceptor en-
ergy transfer given in Eq. (4), the matrix elements can be
written as products of multipole moments, M„, of the
donor n, and M„, of the acceptor n', between the ground
state and excited states' '
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where the asterisk denotes an excited state. In the case of
dipole-dipole coupling, the cross-relaxation rate is thus
proportional to the products of optical transition proba-
bilities of donor and acceptor between the involved ener-

gy levels. Therefore, the value of the matrix element for
cross relaxation can be derived from the observed optical
spectra.

The observed emission spectra of the dilute Cm + sarn-
ples and the absorption spectra of a concentrated sam-
ple indicate that the resonance transition between the

0— J=O
Donor Acceptor

FIG. 8. Resonant electronic cross relaxation via Sf states de-

picted using a partial energy-level diagram for Cm +:CeF4. The
donor Cm + ion is initially in the emitting J=1 level and the
acceptor Cm + ion is initially in its J=0 ground state. As time
evolves, cross relaxation occurs, while total electronic-
excitation energy is conserved. Two such processes are shown,
one in which the donor ion is lowered to its J=4 state, while
the acceptor ion is raised to its J=3 state, and the other in
which a J=3 state donor and a J=4 state acceptor are created.
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cence decays observed at low excitation intensity in the
0.1 at. % Cm + sample.

B. Application to 0.1 at. % Cm +:CeF4

In a dilute sample, where there is a broad range of in-
terion distances, the cross-relaxation rate depends on the
particular site occupied by the excited ion. If one consid-
ers the distance dependence of cross relaxation given in
Eqs. 3 and 4, it is evident that energy transfer involving
another Cm + ion is probable only if the acceptor ion lies
with a certain spherical volume centered on the donor.
This spherical volume is often termed the sphere of
influence. Otherwise, an excited Cm + will lose energy
by spontaneous emission of a photon. After an excitation
laser pulse, excited Cm + ions relax either nonradiatively
via cross relaxation or radiatively by photon emission.
Eventually, most of the remaining excited ions in the em-
itting state are in isolated sites, at which point in time the
fluorescence decay becomes exponential.

In Cm + cross relaxation, intrinsic Cm + ions act as
both donors and acceptors in the energy-transfer process.
Moreover, resonant donor-donor transfer is negligible in
this system. Therefore, the dynamics of excited state
Cm + can be described by the irreversible transfer model
as discussed before and Eq. (3) can be used directly in
fitting the observed fluorescence decays. For a dilute sys-
tem with constant acceptor density, an integration based
on the continuous medium approximation, instead of a
crystallographic average, is appropriate and the fluores-
cence intensity can be written as' ' '

L (r) =L (0)exp( —k, r —k, r"), (6)

where s denotes 6 for dipole-dipole interaction and k, is
the integrated rate of energy transfer from donor to ac-
ceptor. Using Eq. (4), one can derive the following ex-
pression for k „the energy-transfer rate' ' '

k, =(4n /3)Ron, Wo 'I (1—3/s), (7)

where R o is the nearest-neighbor separation, n, is the ac-
ceptor ion density (i.e., ground-state Cm + ion density),
Fo is the cross-relaxation rate for nearest-neighbors, and
s denotes 6 for dipole-dipole coupling.

The observed fluorescence decays of 0.1 at. %
Cm +:CeF4 are well fit by Eq. (6) with s denoting 6 at all

temperatures and excitation densities except for site A at
low temperature and high excited ion densities. The solid
curve in Fig. 6 is the result of carrying out a nonlinear
least-squares fit of Eq. (6) to the observed decay. The fit
values for Cm + on sites A and 8 at 200 K are
ko=5 5X10 s ' and k, =1 1X10 s ' . Assuming a
nearest-neighbor distance of 0.43 nm, the resulting cross-
relaxation rate for nearest neighbor Cm +, 8'o, is
2.2X10 s '. For 0.1 at. %%u Cm +at 4 K, th e fit values
Qf ko and k

&
are 3.8 X 10 s ' and 8 X 10& s

—
& z2 respec

tively, and Do=1.2X10 s '. The data for site A

Cm +, as shown by the lower curve in Fig. 7, were ob-
tained using a laser intensity of 10 MW/cm and excita-
tion of the highest energy, purely electronic, component
of the emitting multiplet.

It is interesting to compare our results for the resonant
cross relaxation of Cm + to reported rates of +3
lanthanide-ion resonant cross relaxation and related
phonon-assisted processes. In a recent study of 1 at. %
Tb +:YAG by Bodenschatz et al. ,

' a dipole-quadrupole
interaction was used to fit the resonant electronic cross
relaxation at low temperatures. At Ra=0.6 nm, the fit

value for Wo at 1.6 K was 1.18X10 s '. If we use

Ro =0.6 nm and calculate Wo for 0.1 at. % Cm +:CeF4,
the resulting value of Wo for Cm + is over 10 larger
than that for Tb + in YAG.

Hegarty and co-workers' studied 20 at. % Pr +:LaF3
and reported a nearest-neighbor cross-relaxation rate of
8.9X10 s ' at 2 K rising to 6X10' s ' at higher tem-
perature. These rates apply for an energy mismatch of
190 cm ' and nearest-neighbor distance of 0.4138 nm. If
their cross-relaxation rate at 2 K is due solely to electron-
ic interaction, then it is 10 smaller than the cross-
relaxation rate we have observed for Cm +:CeF4.

As the laser intensity is increased to 60 MW/cm for
the same excitation transition of site A Cm +, the initial
nonexponential decay, shown as the upper curve for site
A in Fig. 7, became slower, while the overall decay be-
came faster. The fit value of k& dropped to 3.8X10'
s ', while ko increased to 6.8X10 s '. At very high
laser intensity, Eq. (6) fails to fit the observed
fluorescence-decay data for site A Cm +. The cross-
relaxation model predicts a faster initial decay and a
slower exponential at long times than is actually observed
at higher laser intensity. In addition, this model did not
provide a good fit to the fluorescence-decay data from the
5 at. % sample, making it evident that additional mecha-
nisms need to be taken into account in these cases.

C. Excitation density dependence

To interpret the excitation-density dependent decay of
site A Crn"+ in the 0.1 at. % sample, processes which de-
pend on excited-ion density must be considered. In Fig.
7, two decay curves of site A Cm + are plotted on the
same scale. The data were recorded under the same ex-
perimental conditions except for excitation intensity. It
has been noted that as the excited ion population in-
creases, the probability of cross relaxation is reduced due
to the correspondingly diminished ground-state popula-
tion. One might expect, therefore, that the fluorescence
decay observed using higher excitation intensity would
have a slower initial decay rate. Over the range of laser
intensities used, site 8 Cm +, however, does not exhibit
the same reduction in initial fluorescence-decay rate with
increasing excitation intensity. We do not know the ab-
solute absorption cross sections for site A and site 8
Cm +, so this observation may arise, at least in part,
from a smaller absorption cross section, and consequently
reduced ground-state depletion, for site 8 Crn +. An ad-
ditional factor, laser-induced site distortion, should also
be considered in this regard.
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D. EÃect of laser-induced site distortion

As briefly discussed in Sec. IIID, only site A Cm +

undergoes photon-induced site distortion. %e note as
well that excitation intensity dependent fluorescence de-

cays were only observed for site A Cm +. This is unlike-

ly to be coincidental. Photon-induced site distortion
reduces the density of acceptors for resonant cross relaxa-
tion because the site distortion alters the energy-level
structure of Cm + ions on distorted sites. In general, this
will increase energy mismatch and reduce the observed
cross relaxation rate at low temperature. Experimentally,
a 10% reduction in the fiuorescence intensity of site A
Cm + has been observed due to the accumulation of
Cm + on distorted sites that are thermally stable below
70 K. Typically, the distorted sites were created using an
excitation intensity of 60 MWlcm at a 10 Hz laser-pulse
rate for 2 min total irradiation time with the dye laser
tuned to the highest-energy purely electronic component
of the emitting multiplet. Based on modeling of the ob-
served decays using Eq. (6), a 10% reduction in the site A
Cm~+ acceptor population does not fully account for the
observed reduction in the site A Cm + fluorescence-
decay rate with increasing laser intensity. However, use
of Eq. (6) presupposes constant acceptor concentration
(i.e., constant ground-state density} during the decay and
the data shown in Fig. 4 indicate significant saturation at
high-excitation intensity, providing evidence of
significant ground-state depletion of site A Cm +.

Modeling of the observed data in terms of cross relaxa-
tion requires accounting for the combined effect of re-
duced site A Cm + density due to formation of distorted
sites and depletion of ground state density due to satura-
tion of the absorbing transition. This is a formidable task
since the simplifying assumptions used to obtain Eq. (6}
from Eq. (3) are not valid when the acceptor concentra-
tion varies during the decay. Furthermore, the most
probable site for distortion to occur is in an area of large
local crystal strain due to high local Cm + density. On
the other hand, because of reduced ion-ion distances, ex-
cited Cm + in such an area, prior to site distortion,
would be undergoing cross relaxation at a higher than
average rate. If site distortion occurs predominantly in
areas of high local Cm + density and Cm + ions on dis-
torted sites do not participate in site A Cm + cross relax-
ation, then site distortion will have a larger than other-
wise expected effect due to loss of those site A Cm + ions
most likely to undergo cross relaxation.

As noted before, permanent site distortion alone can-
not interpret the observed slow cross relaxation rate at
high-excitation density. If the reduction in cross relaxa-
tion is only due to the permanent site distortion, then the
fluorescence decay rate of site A Cm + should be reduced
when using low-excitation intensity after the creation of
distorted sites using high-intensity excitation. In con-
trast, after the high-intensity excitation of site A Cm +,
fluorescence decays measured at low-excitation intensity
still had a faster cross relaxation rate in comparison with
the previously recorded high-excitation intensity decay
curves. It is likely, therefore, that the combination of
several factors contributes to site A Cm + exhibiting a

reduced initial decay with increasing excitation intensity.
These are (1) a reduction in the ground-state site A Cm +

density due to the creation of the distorted site Cm +, (2)
a reduction in the ground state Cm + due to optical satu-
ration of the absorbing transition, and (3) a site-
dependent absorption cross section for the pumped tran-
sition.

VI. ENERGY TRANSFER MECHANISMS
IN 5 at. % Cm4+:CeF4

Nonradiative energy-transfer rates increased with
Cm + ion concentration as evidenced by the substantially
higher fluorescence quenching found in the 5 at. % Cm +

sample. In the 0.1 at. % sample, as discussed in Sec. V,
cross relaxation dominates nonradiative energy transfer
and leads to nonexponential fluorescence decays. The
rate of cross relaxation given in Eq. (7), derived based on
the absence of donor-donor transfer, has a linear depen-
dence on the ion concentration. For this reason, cross re-
laxation should be more rapid in the 5 at. '% sample.
However, the observed Quorescence decays in the 5 at. %
sample could not be fit by the cross-relaxation model
alone. As indicated in Sec. V, the nonexponentiality in-

duced by cross relaxation is an ensemble effect of non-
equivalent interactions for individual ioins in a dilute sys-
tem. As ion concentration increases this nonequivalence
is removed, particularly for long-range ion-ion interac-
tions. As a result, the fluorescence decay becomes faster
and the overall decay curve tends toward a single ex-
ponential. In a stoichiometric compound, the fiuores-
cence decay can become completely single exponential
because every ion has an identical environment.

As shown in Fig. 6, the fiuorescence decay of 5 at. %
Cm + in CeF4 can be divided into three time regions.
During the first 15 pS, the decay is very rapid. From 15
ps to about 50 ps is a transition region in which the decay
rate slows down by more than 2 orders of magnitudes. In
the longest time region, the decay became a single ex-
ponential whose rate is about the same as that observed
in the long-time fluorescence-decay region of the 0.1

at. % sample. This decay pattern is similar to that re-
ported for Nd +:LaF3 by Voron'ko et al. ,

' who conclud-
ed that both resonant donor-donor transfer and donor-
acceptor cross relaxation contributed to the observed de-
cay. It is unlikely that donor-donor transfer is important
in the fluorescence dynamics of the 5 at. % Cm + sample
because of the very weak temperature dependence of the
observed decays. In addition, optical saturation in our
system is different because the Cm + transition between
the ground state and the fluorescent state is very weak
(although saturation is not important if donor-donor en-

ergy transfer is dominated by quadrupole or exchange in-
teractions). Furthermore, the observed transfer of excita-
tion to trap site Cm + (see Fig. 9}provides evidence of a
nonradiative decay pathway not observed by Voron'ko
and co-workers. ' Finally, the large transition probabili-
ties from the fluorescent level to high-energy states from
30000 to 40000 cm ', evidenced by efficient two-photon
excitation, forces consideration of up conversion, which
is a special cross relaxation process with two coupled ions
each initially in an excited state.
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transition line. In the two wings of the line or at low
laser intensity, the initial fast decay was reduced, which
prevented a clear separation of the decay into an initial
fast section, a transition region, and a single exponential
decay. Figure 6 shows the observed decay curves for ex-
citation in the center and low-energy wing of the absorp-
tion line of the Cm + ion in the 5 at. % sample. The
nonexponential decay rate was still high when exciting in
the wing of the line in comparison with the decay curves
in the 0.1 at. % sample.

Based on the preceeding considerations, we can de-
scribe the dynamics of excited state Cm + in 5 at. %
Cm +:CeF4 by using a simple rate equation in which all
ions are assumed to have the same transition probabili-

.23,26, 27
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FIG. 9. Excitation migration to trap site Cm + in 5 at. %%uo

Cm +:CeF4 at 4 K. The dye laser was tuned to 19 920 cm ', the
center of a zero phonon line of the emitting J=1 multiplet of
site 8 Cm +, and a boxcar integrator with a variable gate delay
was used. Zero-energy offset corresponds to the 16584 cm
the center of a site B Cm + zero-phonon emission transition to
the lowest-energy component of the lower-lying J=1 state.
The broad band, which grows in with increasing delay time, is
attributed to emission from trap site Cm + and the shift of its
peak intensity provides evidence of energy migration from
higher to lower energy traps.

A. Exciton-exciton annihilation

As analyzed earlier, exciton-exciton annihilation may
play a significant energy transfer role in the 5 at. %
Cm + sample. Because of a high density of states and the
small energy gaps above the initially excited state, the
up-converted ions rapidly relax and most of them evi-
dently reoccupy the initially excited state. Using excita-
tion laser energies as high as 26400 cm ', no additional
emitting level was found above the fluorescent metastable
level at 19910cm ', even though there is an energy gap
larger than 1000 cm ' between the fluorescent level and
the lowest component of the next higher multiplet.
When using excitation energy as high as 26400 cm ', the
observed rise time of fluorescence from the emitting level
was 10 ns. This is comparable with the laser-pulse dura-
tion. According to a predicated Cm + energy-level struc-
ture, ' there is no energy gap larger than 1000 cm ' be-
tween purely electronic states from 26000 to 40000
cm . The lack of observable emission from higher-lying
states renders direct fluorescence detection of up conver-
sion impractical in this system. It is clear, however, that
fast relaxation from higher-lying states occurs and refills
the emitting state following exciton-exciton annihilation.

Experimental support for exciton-exciton annihilation
is found in the observed excitation density dependence.
Excitation density was varied by altering the dye laser
power or by tuning the excitation frequency across the

where n is the excited ion density, k' is the summation of
the reciprocal lifetime, the rate of cross relaxation, and
the rate of excitation transfer to traps, y is the coefficient
of exciton-exciton annihilation, and e is the fraction of
refilling of the emitting state from higher-lying levels.

B. Excitation migration

An additional excitation transfer mechanism arises be-
cause of the existence of minor defect sites and traps,
some of which likely result from radiation damage due to
alpha decay or fission of Cm. Defect sites were barely
detectable in the 0.1 at. % sample. The spectral intensi-
ties of features attributed to trap sites were more than 3
orders of magnitude weaker than those of the major sites
and had separable line structure. In the 5 at. % Cm +

sample, however, energies of traps were continuously dis-
tributed on both the low- and high-energy sides of the in-
trinsic ion sites (see Fig. 9). The peak trap emission in-

tensity was weaker than the intensity of intrinsic ions, but
comparing the integrated areas of the emission spectra
and assuming equal transition probabilities for trap and
major site ions, the total number of traps is comparable
with the total numbers of ions on the major sites. In ad-
dition, clear evidence of spectral migration from high to
low frequencies of the trap emission was observed in the
time-resolved emission spectra after an excitation of in-
trinsic site 8 Cm + as shown in Fig. 9.

To describe the dynamics of the trap states, energy
transfer from the intrinsic site to the trap sites as well as
energy transfer among the trap sites need to be taken into
account. The irreversible transfer model, as used for
cross relaxation in the 0.1 at. % sample, is appropriate
here to describe the energy transfer among the trap sites
because of the glasslike site-energy distribution, ' but the
rate equation is not integrable because there is a nonex-
ponential feeding source term. Taking this term into ac-
count, the time dependence of the density of excited traps
n' whose energy is near the intrinsic line can be written
as

dn '/dt = kon'+ k', (t)n (—t) k2(t)n', —

where k&& is the reciprocal lifetime of trap emission, k', (t)
is the rate of transfer from excited intrinsic site ions of
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density n (t), and k&(t) is the rate of transfer to other trap
sites. With direct excitation on trap sites, we found that
the fast decay region at short times was absent in the
fluorescence decays of the trap emission. As a test of the
dominance of cross relaxation in the decay of 5 at. %
Cm +, the cross-relaxation model derived in Sec. V was
used in combination with trap emission to fit the fluores-
cence decays in the 5 at. % sample. This approach was
unsuccessful because the initial fast decay and transition
regions could not be fit simultaneously with any variation
of all parameters. Combining all of the facts we have dis-
cussed in Sec. VI, we have fit the observed 5 at. % Cm +

decay curves using Eqs. (8) and (9) as described later.

C. Fitting fluorescence decays in 5 at. % Cm +:CeF4

where the fluorescence intensities L„(t) and L„.(t) are
proportional to the excited ion densities n (t) and n'(t),
respectively. To find functional forms for n (t) and n'(t),
additional assumptions were necessary. The relaxation of
Cm + ions from energies above the emitting level after
up conversion to levels below the emitting level were as-
sumed to be negligible [i.e., a= 1 in Eq. (8)] giving

2n (0)k'
n t=

[2k'+ n (0)y]exp(k't) —n (0)y

This is reasonable based on the small energy gaps from
state to state from higher energy to the emitting state.
From the data in Figs. 6 and 9, one can conclude that
most excitation transfer from intrinsic ions to traps
occurs in the fast decay region (0—15 ps) and has negligi-
ble effec on the observed fluorescence after this time
period. Therefore the second term in Eq. (9) could be ap-
proxiinated by a constant so that n '( t) has the same form
as Eq. (6):

n'(r) =n'(0)exp( kinet k2t ' —), — (12)

where k2 is the excitation-migration rate. Furthermore,
we define the initial trap density, n'(0), as n'(0)=xn (0),
where n (0) is the initial intrinsic ion excited-state density
and x is a dimensionless parameter to be fit by nonlinear
least-squares adjustment.

Using Eqs. (11) and (12) and fitting the fluorescence-
decay data for various excitation densities as the laser
was tuned across the line center of the 5 at. % sample at
4 K (see Fig. 6), we obtained x =0.02 at the center of the
absorption and 0.1 in the wings at 2 cm ' from line
center. The fit value of k', 5X10 s ', is more than 1 or-
der of magnitude larger than ko, the reciprocal lifetime of
the isolated Cm +, which is attributed to trapping and
cross-relaxation processes. The value of the exciton-

Since trap emission covers a range of over 100 cm
and overlaps intrinsic ion emission, the contribution of
the trap emission to the observed fluorescence had to be
taken into account when the fluorescence decays were
fitted. To do this we simply assume that the observed
fluorescence intensity L (t) is the superposition of intrin-
sic ion emission, L„(t),and trap ion emission, L„(t)

(10)

exciton annihilation coefficient y as fit, was 1X10
cm s ' with a factor of 5 uncertainty due to the uncer-
tainty in n(0) that was fixed as 4X10' cm for excita-
tion at line center. The fit value of the k[] was 9.1X10
s ' and the fit value k 2, the trap transfer rate, was 3 X 10
s ' . As expected, the values of parameters k~ and k2
primarily influenced the fit in the long-time region of the
decay curves.

The fit value of the exciton-exciton annihilation
coefficient for the 5 at. %%uosampl e isabou t l.5order sof
magnitude smaller than that reported 5X10 ' cm s
for MnF2 (Ref. 24) and is about 1 order of magnitude
larger than that reported for the stoichiometric
lanthanide compounds TbPO~ (Ref. 26) and TbF& (Ref.
27). Note that the annihilation coefficient is proportional
to the donor density. Thus the expected annihilation
coefficient for a concentrated actinide Cm + compound is
more than 2 orders of magnitude larger than that for the
lanthanide compounds, and close to the reported value
for the transition metal compound.

Within the framework of a random-walk model for
diffusion-limited transport of excited states, the annihi-
lation coefficient y is expressed as y=8nD(R ), where
(R ) is the average interaction radius. Setting (R ) equal
to the mean separation between Cm + ions in the 5 at. %
sample (-1.2 nm) and using the measured value of y, the
calculated maximum excited-state diffusion coefficient is
D =3X10 cm s '. On the other hand, the excited-
state diffusion coefficient can be estimated from k', the
rate of trapping and cross relaxation of the J= 1 excited
state. Following Van der Ziel et al. , we estimate the
diffusion coefficient from k' and find D = 1 X 10
crn s '. These two values for the excited-state diffusion
coefficient are identical, taking into account the large un-
certainty in y. Thus, as expected for this disordered sys-
tem, the dynamics of the excited states are consistently
described by the incoherent diffusion-limited energy-
transfer model.

VII. CONCLUSIONS

In summary, we have observed complicated excited-
state dynamics in studies of the tetravalent actinide ion
Cm + in CeF4. Nonexponential fluorescence decays,
which depend on actinide-ion concentration, excitation
intensity, excitation frequency, and photoinduced site dis-
tortion, have been analyzed based on the mechanisms of
cross relaxation, up conversion, and excitation migration.

Our results indicate that the energy-transfer rates for
5f states of Cm + via cross relaxation and up-conversion
processes are 2 orders of magnitude higher than those of
lanthanide-activated materials at equal ion density. The
larger energy-transfer rates shown by Crn + are attribut-
ed to the extended character of 5f electron orbitals,
which results in strong ion-lattice coupling as well as in-
creased ion-ion interaction. The dense energy-level struc-
ture of Cm + influences the observed energy-transfer pro-
cesses. These energy-transfer processes, together with
the transfer of energy to the trap sites, significantly
quench fluorescence in the 5 at. % Cm + in the CeF4
sample. The unusual energy-level structure of Cm + also
enables two-photon excitation leading to population of
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the fluorescent state and thereby impacts the observed
energy-transfer processes.
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