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The stimulated-emission cross section and nonradiative decay of the *Lg state of trivalent americium
in a fluorozirconate glass is analyzed as a function of temperature from 100 to 300 K. The emission
cross section is calculated using the analysis of McCumber [D. E. McCumber, Phys. Rev. 134, A299
(1964)] and compared to the observed fluorescence spectrum. Nonradiative rates are determined from
the observed lifetimes and the calculated radiative rates, and compared to those reported for lanthanide

ions in similar hosts.

I. INTRODUCTION

The study of the optical properties of actinide ions is
important because of the potential for new optical devices
and to test theories of optical emission and absorption of
lanthanide ions. The actinide elements each have a
lanthanide chemical analog, and this allows us to make
direct comparisons between the observed behavior of 5f-
5f actinide transitions and the predictions of theories
developed for the 4f-4f transitions of lanthanide ions.
This may aid in the development of accurate models for
radiative!™* and nonradiative®® decay of excited f-
electron states.

Stimulated-emission cross sections are often hard to
obtain, because of the difficulty in measuring absolute ra-
diative emission rates. It is possible to obtain values for
the emission cross section from the absorption spectrum,
but it is necessary to take into account the thermal distri-
bution of ions in both the excited and ground states.” °
Once the radiative rates are calculated, nonradiative rates
can be inferred from the difference between the calculat-
ed and observed decay rates.

We have studied the absorption and fluorescence prop-
erties of Am** in fluorozirconate glass'® as part of an
ongoing study of actinide ions in glasses. The lanthanide
analog of americium is europium, which is widely used as
a fluorescent impurity.'! The J'=0 ground state of Am>*
and Eu®' leads to selection rules that make them in-
teresting test cases for theories of optical transitions be-
tween f-electron states,!”>!2 and also simplifies the
analysis of the spectra. The prime on J indicates that in-
termediate coupling wave functions must be used, and
that the states are labeled by the Russell-Saunders com-
ponent that makes the dominant contribution to the wave
function.
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We have analyzed the absorption and fluorescence
spectrum of the 3L -"Fy, transition of Am®" in a fluoro-
zirconate glass as a function of temperature and calculat-
ed values for the stimulated-emission cross section. This
allows us to determine the radiative and nonradiative de-
cay rates of the L state and compare them with experi-
mentally measured fluorescence lifetimes. We compare
the nonradiative rate with the reported rates for
lanthanide ions in fluorozirconate glasses.

II. THEORY AND BACKGROUND

The relationship between absorption and stimulated-
emission cross sections is often calculated using the Ein-
stein A and B coefficients, which were originally
developed for a two-level system. However, in a mul-
tilevel system the oscillator strength of each component
may not be the same and the states may not be equally
populated. If this is the case, the Einstein relationship
fails to predict the correct cross section.

In this case, however, the cross sections are still quanti-
tatively related. An analysis developed by McCumber’
and Nuporent® and generalized by Band and Heller’ gives
the relationship between the absorption cross section
o,(v) and the stimulated-emission cross section o ,(v) as

o.(v)=o,(v)exp{[i(T)—hv]/kT} , (1)

where u(T) is the temperature-dependent “‘chemical po-
tential” and the other variables have their usual mean-
ings. This equation applies much more generally than
the Einstein relation, since the only requirement of this
relationship is that the ground and excited states are each
in thermal equilibrium with the host, while not in equilib-
rium with each other.

The temperature dependence of u(T) can be described
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using the equation®

Ny

— =exp[u(T)/kT] , ()

N,
where N, and N, are the ground- and excited-state popu-
lations, respectively. This analysis has been applied to
transition-metal'® and lanthanide'* ions in solids.

After obtaining values for the stimulated-emission

cross section, it is possible to calculate the radiative de-
cay rate of the transition through the relation

2
W,=87CT—’; [ Vo, (vidv, 3)

where W, is the radiative rate and n is the refractive in-
dex. If the cross sections for all of the transitions from a
state are known, their sum gives the total radiative rate.
The inverse of the total radiative rate gives the radiative
lifetime of the state. Alternatively, if the branching ratio
of a transition rate to the total radiative rate is known,
that transition rate can be used to calculate the radiative
lifetime.

The nonradiative decay rate can then be calculated
from the measured lifetime, using

lew+w, )
-

where 7 is the observed lifetime of the excited state and
W .. is the nonradiative rate. Nonradiative rates deter-
mined at different temperatures can be compared with
models used to describe the temperature dependence of
nonradiative decay.

The temperature dependence of nonradiative decay of
rare earths in solids can be described using’

W, =Ce ““E[n(#iw, )+ 17, (5)

where W represents the nonradiative decay rate, AE is
the energy gap to the next lower state, p is the number of
phonons required for that transition, and the two param-
eters C and a are characteristic of the material. The
Bose-Einstein distribution n (#iw, T) is evaluated for pho-
nons of energy fio=AE /p at temperature 7. The pho-
non energy #iw is that of the highest-energy phonon avail-
able in the host.

III. EXPERIMENTAL RESULTS AND ANALYSIS

The procedure for producing samples is given in Ref.
10. The host glass composition was 53 % ZrF,, 20 %
BaF,, 4 % LaF,, 3 % AIF;, and 20 % NaF; in mole per-
cent. The sample used in this study has a number density
of americium ions of 3.8X10'® cm™3. The sample was
cooled in a closed cycle helium refrigerator (RMC-
Cryosystems model 22 CH). A grazing-incidence
oscillator-amplifier dye laser pumped by a Molectron
UV24 Nitrogen laser was used to excite the sample. The
fluorescence intensity was measured using a cooled
Hamamatsu R 6498 (S-20 response) photomultiplier. The
spectra were measured with a 1-m-focal-length Jarrell-
Ash Czerny-Turner scanning spectrometer with a resolu-
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tion of approximately 1 nm.

The signal was analyzed with a photon-counting sys-
tem (Stanford Research Systems SR440 preamp and
SR400 gated photon counter) for fluorescence spectra
and a digitizing oscilloscope (Hewlett Packard 54200A)
for fluorescence decays. The absorption cross section was
measured using the same equipment with a tungsten fila-
ment lamp as a light source and a Keithley model 485 pi-
coammeter to measure the signal. Absorption and refer-
ence spectra were taken separately. All signals were
stored directly to computer files. Signal-to-noise ratios in
the measured absorption spectrum were typically 25, and
were limited by the stability of the lamp.

The measured absorption and fluorescence of the °L.-
'F, transition as a function of temperature is given in
Fig. 1. The absorption spectrum is independent of tem-
perature from 15 to 300 K, as expected for a system with
a singlet ground state. At low temperature the fluores-
cence is at its lowest energy, which represents the transi-
tion from the lowest-energy Stark components of the
excited-state manifold to the ground state. As the tem-
perature is raised, the fluorescence curve begins to shift
to higher energy, showing the thermal population of the
higher Stark components of the excited-state manifold.

In order to obtain the stimulated-emission cross sec-
tion from the absorption cross section through Eq. (1) we
need to obtain values for u(T). The ratio of "Fyy to °Ly
populations is given by

300-K fluor.

10p

cm?)
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175-K fluor.

absorption cross section (10 ~
»

100-K fluor.
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490 495 500 505 510 515 520 525 530
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FIG. 1. Absorption spectrum at 15 K and fluorescence spec-
tra at several temperatures. The curves are scaled so the peak
heights are equal. The fluorescence spectra were taken with the
photon counter gate set 50 us wide and a delay of 5 us from the
laser pulse, and excited at approximately 465 nm.
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FIG. 2. Calculated stimulated-emission cross section and
scaled fluorescence spectrum at 100 K.

N, exp(E,/kT)
N,

i , (6)
1+ 3 exp(—E;/kT)
j=2

where E is the separation between the lowest component
of the excited-state manifold and the singlet ground state,
given by the low-temperature fluorescence, and E; is the
separation between the jth component of the excited-
state manifold and the lowest component of the mani-
fold.'" This equation requires detailed knowledge of the
electronic structure, including knowledge of the separa-
tion between each component of the manifold. This in-
formation is not available because of the inhomogeneous
broadening in the host, which causes overlap of the Stark
components. The equation can be evaluated if one makes
the approximation that all of the components are equally
spaced. We obtained a value for the total width of the
manifold of 660 cm ™! and a value for E, of 19 445 cm ™!
from the spectra in Fig. 1. The separation between Stark
components is taken to be this width divided by the num-
ber of individual separations. We then evaluated Eq. (6)
at the temperatures illustrated in Fig. 1 and calculated
w(T) from Eq. (2).
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FIG. 3. Calculated stimulated-emission cross section and
scaled fluorescence spectrum at 175 K.
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FIG. 4. Calculated stimulated-emission cross section and
scaled fluorescence spectrum at 225 K.

We then used Eq. (1) to calculate the emission cross
section from the absorption cross section. Figures 2-5
show the calculated cross sections and the measured
fluorescence spectra. The calculated curves are incom-
plete because, due to the exponent in Eq. (1), the noise in
the absorption data is greatly amplified at energies ap-
proaching u( 7).

To get the emission cross section over the entire range
of fluorescence, the fluorescence data was scaled using the
emission cross sections calculated from Eq. (1). We in-
tegrated the calculated emission cross sections over the
limited range of wavelengths shown in Figs. 2-5. The
fluorescence data were scaled so that their integral over
the same range equaled that of the calculated cross sec-
tions. The scaled fluorescence data can then be integrat-
ed over the entire emission range to give the total
stimulated-emission cross section. The scaled fluores-
cence data is also shown in Figs. 2-5.

The values obtained from the scaling of the fluores-
cence data were used to calculate the radiative rate as a
function of temperature using Eq. (3). The total radiative
rate was calculated using a branching ratio of 65%."

These radiative rates can be compared to the observed
fluorescence lifetimes. The decay of the fluorescence is
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FIG. 5. Calculated stimulated-emission cross section and
scaled fluorescence spectrum at 300 K.
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TABLE I. Temperature-dependent nonradiative decay rates
calculated from Eq. (7), radiative decay rates from the calculat-
ed stimulated-emission cross section, the resultant total decay
rates and lifetimes, and the experimentally measured lifetimes.

T W W, w.,.+Ww, Teale Tmeas
(K) (10° s7h (10° s~ h (10° s71h) (us) (us)
100 63 42 67 15.0° 15.0
175 67 6.0 73 13.6 13.2
225 75 7.5 83 12.1 11.0
300 93 9.6 103 9.7 9.2

“Measured lifetime and calculated radiative rate at 100 K used
to determine low-temperature nonradiative rate.

nonexponential.’® The decay rate was determined using

the signal from 2.5 to 25 us after the laser pulse, which is
very nearly a single exponential. We used the experimen-
tally measured decay rate and the calculated radiative
rate at 100 K to estimate the low-temperature nonradia-
tive rate W,_.(0) of 63000 s~!. We then calculated the
nonradiative rate at higher temperatures using the equa-
tion

W (T)=W,_(0)[n (fiw, T)+ 1] %)

with #w=500 cm~! and AE=2230 cm !, leading to
p =4.5. The calculated radiative and nonradiative rates
are summarized in Table I, along with the observed
fluorescence lifetimes.

IV. DISCUSSION

The fact that the fluorescence of the Ly — 'F,, transi-
tion is shifted down in energy from the absorption curve
helps to explain a discrepancy in the calculation of the
energies of low-lying states of Am>" in ZBLAN found in
Ref. 10. Table II contains the transitions discussed in
that paper with three corrections, all of which used the
SL¢-"F, transition to calculate the energies of the termi-
nal states. The earlier study used the absorption spec-
trum to determine the energy of this transition, because
the fluorescence was excited by pumping the °L state
directly and scattered laser light prevented the observa-
tion of the resonant fluorescence. The energy of the low-
temperature °L¢-'F, fluorescence peak gives much
better agreement for the energies of the 'F,, and 'F,
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states with the values determined from the °D,. fluores-
cence.

We also found that both the radiative and nonradiative
decay rates are temperature dependent. Using the calcu-
lated total radiative rates, a constant branching ratio of
65%, and the calculated nonradiative rates we were able
to generate values for the lifetime of the excited state that
are in excellent agreement with the experimentally mea-
sured lifetimes.

The decay rates discussed above are very important in
calculating the potential of a transition for laser applica-
tions. We found that the nonradiative rates are more
than an order of magnitude greater than the radiative
rates. This may help to explain the unsuccessful attempts
to make americium lase.!® The nonuniform population of
the Stark components means that the absorption spec-
trum does not reflect the radiative rate at room tempera-
ture. It is a coincidence that in this case the observed
lifetime of ~ 10 us agrees roughly with the radiative life-
time calculated from the absorption spectrum using the
Einstein approximation, 60 us. Successful laser action in
americium will require a host with either smaller crystal-
field splitting or rearrangement of the crystal-field so that
the stronger transitions occur at lower energy relative to
the weak ones.

The energy-gap law of Eq. (5) has been thoroughly
studied for many lanthanide transitions. It is found that
C=1.88x10""s ! and a =5.77X 10~ cm for fluorozir-
conate glasses,'” which gives a value for W,.(0) of 48 000
s ! for iw=500 cm ™! and AE =2230 cm™!'. The value
for americium, 63000 s~ !, is larger. This is consistent
with the idea that actinides have a stronger electron-
phonon coupling than the lanthanides. Studies of other
transitions between 5f states will allow determination of
the C and a parameters for actinides in fluorozirconate
glasses, which will be useful in evaluating the possibility
of actinide-based luminescent devices.

V. CONCLUSION

We have shown the ability of the analysis developed by
McCumber to predict the temperature dependence of ac-
tinide fluorescence using the approximation that the
Stark components of the excited state are equally spaced.
We obtained values for the stimulated-emission cross sec-
tion as a function of temperature using the experimental-
ly measured absorption cross section and fluorescence

TABLE II. Energies of electronic states of Am®".

ZBLAN:AmF; AmCl;, Ref. 18

State Transition Energy (cm ™) Energy (cm™ )
Fy 0 0
F, 5D, —F,. 17 240— 14 540=2 700 2720

SLe—'F) 19470—16 720=2750
F, Dy —'F, 17240—12030=5210 5308

Ly —'F, 19470— 14 190=5280
5D, 5D, —"F, 17240— 0=17240 16 906*
SLg SLg—Fy 19170— 0=19470 19 627

aThe energy level for state >D,. reported in Ref. 19 was observed in AmlI;.
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spectra. From the calculated cross section we obtained
values for the radiative decay rates as a function of tem-
perature which, when combined with calculated nonradi-
ative decay rates, correctly predict the measured life-
times. The calculated nonradiative rates of Am*" are
greater than expected for a lanthanide ion in the same
host. The radiative rate increases faster than the nonra-
diative rate with increasing temperature, so the quantum
efficiency actually increases as a function of temperature,
at least up to room temperature. We have carried out
preliminary experiments that confirm this unusual behav-
ior. We find that the integrated fluorescence intensity in-
creases by a factor of 1.2 when the temperature changes
from 100 to 300 K, in reasonable agreement with the
value of 1.4 obtained by taking the ratio of calculated ra-
diative and total decay rates for each temperature. We
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plan to continue to investigate this behavior in this sam-
ple as well as in other glass hosts.
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