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Probing trivalent actinide ions in heavy metal fluoride glasses via 
laser excitation 
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Abstract 

The demonstration of efficient fluorescence of americium and curium in heavy metal fluoride glasses opens up 
new possibilities for the study of the electronic structure of actinide ions. Fluorescence spectra, lifetimes and 
branching ratios give complementary information to absorption spectra that aids in determining energies and 
wavefunctions of electronic excited states as well as providing unique information on the interaction of ions and 
the migration of energy. Heavy metal fluoride glasses are excellent hosts for fluorescence studies, with a broad 
range of transparency and no high energy vibrations to compete with fluorescence via multiphonon non-radiative 
decay. Our studies have helped resolve the energy level structure of americium and suggest an explanation for 
the failure to observe laser action. Fluorescence line-narrowing experiments in curium-doped glasses allow us 
to estimate the ground state splitting and measure the temperature dependence of homogeneous broadening. 

1. Introduction 

There is renewed interest in applications of rare 
earths in glass, driven in part by the development of 
efficient semiconductor lasers at various wavelengths 
and low loss optical fibers [1]. Novel glasses based on 
zirconium and hafnium have allowed laser gain using 
rare earth transitions that are too weak to compete 
with non-radiative rates in conventional oxide glasses 
[2-4]. We show that these glasses can be used to study 
fluorescence in actinide ions as well. The lanthanides 
and actinides both have optical properties that are 
determined by transitions between f-electron states. We 
began a study of the actinides beyond uranium to help 
shed light on the properties of excited f-electron states 
in amorphous materials. 

These studies give information complementary to 
previous work carried out on lanthanide systems. The 
larger spatial extent of the 5f orbitals compared with 
the 4f orbitals gives greater coupling to the lattice, 
putting them intermediate between the lanthanides and 
d-transition metals. This changes the relative strength 
of the interactions involved in absorption and emission 
of light. 

We measured the effect of non-radiative decay on 
the fluorescence efficiency of americium in a fluoro- 
zirconate glass [5]. This work shed light on the failure 
to observe laser action in americium [6, 7]. We also 
compared observed radiative rates with those calculated 
using the theory of Judd [8] and Ofelt [9] and found 

that the theory cannot account for the observed results 
[10]. 

We observed fluorescence from curium in fluorozir- 
conate glass as well, and studied radiative and non- 
radiative rates. This system does not appear to follow 
the prevailing model of multiphonon decay in solids 
[11, 12] and will require further investigation. We were 
able to carry out resonant fluorescence line-narrowing 
(FLN) experiments and set an upper limit on the ground 
state splitting of Cm 3 +. 

We first discuss the determination of energy levels 
and radiative rates. Then we consider the nature of 
non-radiative relaxation in actinide systems and compare 
them with lanthanides. We conclude with a description 
of the technique of FLN as applied to the measurement 
of the ground state splitting in Cm 3+. 

2. Energy levels 

Fluorescence is a particularly sensitive technique for 
the observation of weak optical transitions, because the 
background signal can be reduced to very low levels. 
The problem is that fluorescence itself can be quite 
weak or non-existent because of competition from other 
processes. As discussed in a later section, non-radiative 
processes can overwhelm radiative processes, partic- 
ularly for weak transitions. Novel glasses have been 
developed that greatly reduce the strength of non- 
radiative processes and allow the observation of weak 
fluorescence transitions. 
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Fig. 1. Room temperature fluorescence spectrum of Am:ZBLAN glass. A color filter cuts off the spectrum for wavelengths shorter 
than 515 nm to block laser scatter. 

Examples of such transitions are between the 7F 0 
ground state and the 5D1, 7F5, 7F3 and 7F 1 excited states 
of Am 3÷. These transitions are forbidden by electric 
dipole selection rules, because the J =  0 ground state 
has vanishing matrix elements with J =  odd states [9]. 
The calculated radiative rate of 0.02 s -1 for the 5D1 
to 7Fo transition is a result of magnetic dipole emission. 
Identification of the position of the J = odd states from 
absorption data is very difficult because of low transition 
rates from the 7F 0 ground state. 

We were able to observe this transition in fluorescence 
from samples of fluorozirconate glass containing amer- 
icium because of the low non-radiative rates in this 
glass. An example of a room temperature spectrum is 
shown in Fig. 1. Fluorescence is observed at low tem- 
perature as well. These spectra together with absorption 
spectra allowed us to assign energies to the 5L6, 5D1, 
7F6, 7F4, 7F2 and 7F 1 states, the latter by observation 
of the 5D1 t o  7F 1 fluorescence transition [13]. The 
energies are in good agreement with those calculated 
from free-ion wavefunctions. 

3. Radiative rates 

Am 3 + is an interesting subject for application of the 
Judd-Ofelt theory of radiative rates of f-f transitions 

in solids. The J = 0 ground state introduces some strin- 
gent selection rules that make evaluation of intensity 
parameters particularly simple. For J = 0  to J =  even 
transitions all the reduced matrix elements (Ux)ik are 
zero except for A =J. Each intensity parameter Bx can 
be determined by measuring the oscillator strength of 
a single absorption transition. In Am 3÷ the 7F2, 7F 4 

and 7F 6 states are high enough in energy that transitions 
from the ground state lie above the IR cut-off of ZBLAN 
fluorozireonate glass at around 5 /zm [4]. 

We measured these transitions in the near IR along 
with the visible absorption spectra, including the very 
pronounced absorption near 500 nm due to absorption 
into the 5L6 state. We found that the oscillator strengths 
could not give a consistent set of Judd-Ofelt intensity 
parameters. The absorption spectrum of americium in 
ZBLAN glass is shown in Fig. 2. The values of 1-/6 
obtained from the 5L 6 absorption oscillator strength, 
4 . 3 × 1 0  -19 cm 2, and the 7F6 absorption transition, 
2.3 × 10-19 cm 2, vary by nearly a factor of 2. In addition, 
the reduced matrix elements together with the value 
of f14 determined from the 7F4 absorption, 8.5 × 10 -20 
cm 2, predict absorptions at 377 and 423 nm as strong 
as or stronger than the 7F4 absorption. These features 
cannot be clearly identified from the absorption spectra. 
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Fig. 2. Absorption spectrum of Am 3+ in fluorozirconate glass. 
The spectrum is saturated at 500 nm owing to the strong 7F o to 
5L 6 transition. The wavelength scale varies for each region of 
the spectrum to aid in comparing the strength of transitions, 
because oscillator strength is defined as the area under the 
absorption curve as a function of frequency. 

The absorption features of  curium are very weak and 
oscillator strengths are difficult to determine from them. 
An alternative method can be applied because of the 
special characteristics of the energy level structure of 
Cm 3+. As was pointed out by Sytsma et al. for Gd 3+ 
[14], the large gap between the ground and the first 
excited state allows the determination of radiative rates 
for the first two excited states through measurement 
of the excited state lifetime and fluorescence spectra. 
In addition, the non-radiative decay rate of the second 
to the first excited state can be determined, as discussed 
in the following section. 

The same method can be applied to Cm 3+, but 
because of the different reduced matrix elements, a 
complete determination of the Judd-Ofel t  parameters 
is not possible. The first excited state in curium is the 
6D7/2 intermediate coupling state, the second is 6D5/2. 
The ratio of 6D5/z to 6D7/a fluorescence is 0.034 and 
the fluorescence lifetime of the 6D5/2 state is 59 /xs, 
resulting in a calculated radiative rate of 557 s-1 for 
the 6D5/2 state. Because radiative transitions between 
the 695/2 and the 8S7/2 ground state are dominated by 
the U2 reduced matrix element,  we are able to assign 
a value of 1.4 × 10 -21 cm 2 for 122. This is small compared 
with the value determined for Am 3+ in ZBLAN, 
9 .2x  10 -z° cm z [10], but since 122 is known to be quite 
sensitive to host and ion variation [15], this is not a 
surprising result. 

Radiative transitions from the 6D7/2 to the ground 
state involve contributions from all three intensity pa- 
rameters, so neither the 1~ 4 or 1) 6 parameter  can be 
determined uniquely. The best that can be done is to 
put a constraint on them together. The radiative rate 
of 6D7/2 is 770 S- 1 based on the low temperature lifetime 
of 1.3 ms. This together with the value of 122 deter- 
mined from the 6D5/2 radiative rate constrains 

1.5124 + 126 = 8.0 × 10-19 cm 2. This compares favorably 
with the value of 6.55 x 10-19 cm z from the intensity 
parameters found for Cm 3÷ in solution [16]. 

4. Non-radiative rates 

Am 3+ and Cm 3+ are excellent candidates for fluor- 
escence studies because both have states with large 
energy gaps to lower energy states. This allows light 
emission to compete successfully with non-radiative 
processes that can quench fluorescence. There is little 
known about the nature and strength of non-radiative 
processes in actinide systems. 

Multiphonon emission is thought to be the dominant 
non-radiative process for low concentrations of ions in 
solids when the energy gap is larger than the highest 
energy phonon available from the host. A phenome- 
nological model of multiphonon decay has been de- 
veloped [11] which gives the following expression for 
the decay rate: 

Wnr=C e x p ( - a  zkE)[n(hw, T ) + I ]  p (1) 

where Wnr represents the non-radiative decay rate, 
is the energy gap to the next lower state, p is the 
number of phonons required for that transition and 
the two parameters C and a are characteristic of the 
material. The Bose-Einstein distribution n(hoJ, T) is 
evaluated for phonons of energy h~o=zXE/p at tem- 
perature  T. 

This expression gives an accurate representation for 
multiphonon decay in both crystals and glasses con- 
taining rare earth ions [17]. We have applied it to the 
study of the temperature  dependence of the fluorescence 
spectra and lifetimes of excited states of americium 
and curium in fluorozirconate glass. The observed be- 
havior of Am 3+ agrees well with the predictions of 
theory, while the dynamics of Cm 3+ fluorescence does 
not. 

Non-radiative rates can be determined easily from 
the total decay rate if the radiative rate is known. It 
is common to apply the Judd-Ofel t  theory to the 
calculation of radiative rates and measure total decay 
rates through the fluorescence decay time. In the case 
of Am 3+ in ZBLAN glass, as discussed above, the 
Judd-Ofel t  theory gives conflicting results, so another 
method was used to determine the radiative rate. The 
method of determining radiative rates in Cm 3÷ gives 
the non-radiative rate of the 6D5/2 state at the same 
time. 

In principle, the Einstein A and B coefficients of a 
transition can be used to determine radiative rates from 
absorption oscillator strengths. In practice, one must 
also take into account the effect of the thermal pop- 
ulation of crystal field components. This also changes 
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the fluorescence spectrum with varying temperature. 
McCumber [18] and others [19, 20] have developed 
theories to account for this effect in both the radiative 
rate and fluorescence spectrum. 

This has allowed us to reproduce the variation in 
the 5L 6 to 7Fo fluorescence with temperature, which is 
shown in Fig. 3, and also to calculate the radiative 
rate. This together with the fluorescence lifetime and 
the branching ratio of the fluorescence to the ground 
state allows us to determine the non-radiative rate as 
a function of temperature [5]. The calculated non- 
radiative, radiative and total decay rates are plotted 
in Fig. 4 along with the temperature dependence of 
the non-radiative rate predicted by the multiphonon 
decay model. The calculated low temperature non- 
radiative rate of 63 000 s-1 is significantly larger than 
the value of 48 000 s-1 predicted for a rare earth ion 
in a similar glass [21], reflecting the greater coupling 
of actinide ions to the host compared with lanthanides. 

These results shed light on the failure to observe 
laser action in americium. Although the 5L 6 state has 
a large oscillator strength in absorption, much of this 
is not available for gain by stimulated emission, because 
the crystal field levels responsible are not populated 
at reasonable temperatures. It is a coincidence that 
the non-radiative and radiative rates at room temper- 
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Fig. 3. Absorption and temperature-dependent emission spectra 
of the 5L6 to 7F0 transition of Am 3+ in fluorozirconate glass. 

ature result in a fluorescence lifetime of about 10 ~s 
that is near the 60 /zs value predicted from the ap- 
plication of the simple Einstein A and B formalism to 
the absorption spectrum. The quantum efficiency of 
the 5L 6 emission is actually quite small and, though it 
does increase with temperature because the radiative 
rate increases faster than the non-radiative rate, it will 
not become large enough for laser operation. 

Multiphonon decay does not explain, however, the 
reduction in lifetime observed for the 5D1 state in higher 
concentration glass samples [22] or the variation with 
temperature reported for americium in thorium dioxide 
powders [23]. Beitz and Brundage [22] reported a 
lifetime of 0.53 ms at room temperature for the 5D1 
state of Am 3+ in ZBLAN with a concentration of 
7.5 X 1019 cm -3. This is about a factor of 2 less than 
that observed for a low concentration sample, 1.7 x 1018 
cm -3, at room temperature. This suggests that a con- 
centration-dependent effect is responsible for the 
change. 

The temperature dependence of the non-radiative 
rate predicted by the multiphonon model also suggests 
that there must be another source for the reduction 
in lifetime. The energy gap to the next lowest level, 
the 7F 6 state, is about 4740 cm-1. The low temperature 
rate would have to be around 400 s-1 to account for 
the observed room temperature lifetime. The low tem- 
perature rate of 63 000 s -1 determined for the 5L6 
state with an energy gap of 2230 cm-1 means that the 
coefficient a in eqn. (1) would have to be around 0.06 
cm, compared with a value of 0.0058 cm observed for 
erbium in fluorozirconate glass. This factor-of-10 dif- 
ference in the exponential energy gap dependence would 
mean actinides are much less sensitive to the energy 
difference between states. This would result in radiative 
transitions from states with lower energy gaps than the 
2230 cm-1 of 5L6; such transitions are not observed. 

Hubert and Thouvenot [23] reported a change in 
lifetime for the 5D1 state of americium in ThO2 from 
870/~s at 10 K to 420/~s at 300 K. The largest phonons 
available in ThO2 have an energy of 575 cm-1. Their 
phonon occupation number changes from zero at 10 
K to about 0.06 at room temperature. It takes 8.7 of 
these phonons to bridge the 5000 cm-1 gap between 
5D 1 and 7F 6 in ThO2. With these parameters, eqn. (1) 
predicts a ratio of non-radiative rates at 300 and 10 
K of 1.66. 

This cannot be made consistent with the observed 
lifetime variation for a constant positive value of the 
radiative rate. The observed change in decay rate is 
greater than can be accounted for by the multiphonon 
model. One must invoke either a variation in radiative 
rate with temperature or additional non-radiative pro- 
cesses with stronger temperature dependences than 
multiphonon decay. 
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Radiative rates can acquire temperature dependence 
through the population of excited state crystal field 
levels with larger decay rates or through phonon-assisted 
radiative transitions [24]. The former is responsible for 
the change in the fluorescence spectrum and radiative 
decay rate of the 5L 6 s t a t e  discussed earlier. Some 
change in the relative strength of crystal field com- 
ponents is observed in the Am:ThO2 spectrum. Vibronic 
sidebands are not observed in the fluorescence spectrum 
at 10 K but appear at 300 K. It is difficult at present 
to determine which if either of these effects is large 
enough to account for the change in decay rate. 

Other possible non-radiative processes that could 
account for the change in lifetime involve energy transfer 
to defects sites [25, 26]. Such processes can be strongly 
temperature dependent but usually result in non-ex- 
ponential decay with time, contrary to the observed 
decay in Am:ThOz. One would also expect a concen- 
tration dependence of the non-radiative decay rate if 
the energy transfer process involved steps between 
americium ions. Fluorescence decay data were reported 
for only one concentration, so this interpretation of 
the change in decay rate with temperature will require 
further investigation. 

We explored the decay rate of curium in fluorozir- 
conate glass v s .  temperature and concentration by the 
method mentioned earlier in determination of the 
Judd-Ofelt intensity parameters. Figure 5 shows the 
observed decay rate for two samples along with the 
predicted temperature dependence from the multi- 
phonon model. It is clear that, similarly to the case of 

the 5D1 state of americium in ThO2, the temperature 
dependence predicted by the multiphonon model is 
not large enough to explain the observations. In addition, 
the non-radiative rate is greater for the low concen- 
tration sample than for the high concentration sample, 
which is the reverse of what would be expected for 
energy transfer processes involving curium-to-curium 
transfer. Further investigation will be required to resolve 
this paradox. 

5. Homogeneous linewidths and ground state 
splitting in Cm 3+ 

C m  3~- has a very small ground state splitting because 
of selection rules introduced by the half-filled f-electron 
shell [27]. In glass, this splitting is obscured by the 
inhomogeneous broadening that arises from the site- 
to-site variation in the strength and symmetry of the 
crystal field. Selective excitation of a subset of ions by 
a narrowband laser can reveal the underlying structure, 
because the fluorescence will be characteristic of a 
subset of ions with a linewidth limited by either the 
laser or the coherence time of the excited state [28]. 

Two such laser techniques that have been successfully 
applied to lanthanide ions in glasses are spectral hole 
burning (SHB) [29] and fluorescence line narrowing 
(FLN) [30]. FLN [31, 32] and SHB [33, 34] have been 
used in actinide-doped crystals, but we are unaware 
of previous application to actinide-doped glasses. We 
present preliminary results of FLN experiments carried 



204 R.T. Brundage / Actinide ions in heavy metal fluoride glasses 

1 0 x 1 0  

U) 

(D 

.> 
GI 

1 0  
tO 

t -  

O 

18 -3 
• high concentration 4x10 cm 

17 -3 
• lOW concentration 2x10 cm 

predicted 
multiphonon rate 

• • • • 

• 4, 

I I I I I I I 

0 50 1 O0 150 200 250 300 350 

T e m p e r a t u r e  (K) 
Fig. 5. Non-radiative rates as a function of temperature for Cm 3+ in fluorozirconate glass. The predicted multiphonon rate curve 
is derived from eqn. (1) and the observed low temperature rate. 

p. 

E" 

,.Q 

p. 
. w  

fJ  
p.  

tJ  

P 
O 

16730 

I I I I I I I 

Cm 3+ in LG 810 glass at10 K 

I I I 

16740 16750 16760 16770 16780 

energy(cm -1) 

16790 16800 

Fig. 6. Low temperature fluorescence spectrum of Cm a÷ in LG 810 glass. 

16810 

out on Cm 3+ in ZBLAN and a fluorophosphate glass 

(Schott LG 810) [35]. 

One difficulty with FLN is the problem of accidental 

degeneracy. If  the fluorescence transition monitored is 

not the same as the excitation transition, the observed 

fluorescence may not be fully narrowed. Ions that have 

the same energy for two states do not necessarily have 

the same energy for a third. The problem is that 

observing at the excitation wavelength requires a fast 

shutter to prevent saturation or even damage to the 

detection electronics by the strong scattered laser signal. 

We used a mechanical shutter to block the detector 
and an acousto-optic modulator to switch on and off 

a continuous wave dye laser (Coherent 899). 
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ground state crystal field components. Because the 
excited state inhomogeneous width for one crystal field 
level is larger than the ground state splitting of these 
four levels, there is a set of sites for each crystal field 
level such that the laser causes transitions between 
that particular level and the lowest level of the excited 
state. Thus the laser excites four groups of sites, each 
characterized by the crystal field level that the excitation 
originated from. These groups will not have equal 
populations because of the Boltzmann distribution 
among the ground state components. 

The narrow feature in the fluorescence spectrum is 
the sum of four transitions, where each group returns 
to the crystal field component in the ground state it 
originated from. The widths of these transitions are 
limited by the coherence of the excited state, because 
the same states are involved in both excitation and 
emission. The other 12 transitions will suffer from 
accidental degeneracy as outlined above and are re- 
sponsible for the broad background. 

The asymmetry of the background is a result of the 
thermal distribution among the different crystal field 
levels. Transitions involving the lowest crystal field level 
group will result in fluorescence with energy equal to 
or less than the sharp line, while transitions from the 
highest crystal field level group will have energies equal 
to or greater than the sharp component. 

We can estimate the total crystal field splitting be- 
tween the lowest and highest crystal field components 
from the energy difference between the sharp com- 
ponent and the low energy edge of the broad component. 
The spectrum indicates that the total crystal field split- 
ting of the ground state is less than 50 cm-1. A more 
stringent limit on crystal field splitting should be possible 
through more detailed analysis of the fluorescence. This 
limit is substantially larger than the value of splitting 
found in LaC13 (1.97 cm -1) [32]. 

As the temperature is increased, the width of the 
sharp feature increases owing to a loss of coherence 
of the excited state. There has been considerable work 
devoted to explanation of the temperature dependence 
of the homogeneous linewidth of lanthanide ions in 
glasses, which is significantly different from that of 
crystals [36]. A common feature of these studies is the 
observation of linewidths proportional to T 2 above 
30 K. 

We have measured the temperature dependence of 
the homogeneous width of the 6D7/2 to  887/z transition 
between 35 and 100 K in ZBLAN and LG 810 glass. 
The results are consistent with a power-law dependence 
of T 2, while the magnitude of the broadening is in- 
termediate between that observed in Nd [37] and Eu 
[38]. This is surprising, because one would assume the 
larger coupling to the lattice of the actinides would 

result in larger linewidths. More detailed analysis of 
this problem will be presented in a later paper. 
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