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We show theoretically with the simplest possibl
that is excited by the sequential absorption ofn photo
may range from the limit ofPn down to the limit ofP1

states. The two limits are identified as the cases
respectively. In the latter case, the dependence o
pump power changes with the underlying upconv
transfer upconversion and excited-state absorptio
tition between linear decay and upconversion in th
be analyzed. The influence of nonuniform distri
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participating in energy-transfer upconversion is inve
tation of excitation mechanisms of luminescent an
experimental examples of multiphoton-excited lumin
and Cs2ZrCl6:Re41.

I. INTRODUCTION

Spectroscopic data such as absorption and emission sp
tra, luminescent transients, and the pump-power dependen
of luminescence intensities are essential to the understand
of excitation mechanisms in luminescent and laser materia
and to the improvement of device performance. Special a
tention has been devoted to the investigation o
upconversion-induced luminescence,1,2 partly because of the
availability of near-infrared pump sources for the excitation
of visible luminescence3–14 and laser emission15–25 and
partly because these mechanisms can introduce a loss ch
nel for devices emitting in the infrared region.26–34 The two
most common excitation processes that lead to emissio
from energy states higher than the terminating state of th
first pump-absorption step are energy-transfer upconversi
~ETU! and pump excited-state absorption~ESA!.

For the interpretation of short-wavelength luminescence
it is often assumed that the ordern of the upconversion pro-
cess, i.e., the numbern of pump photons required to excite
the emitting state, is indicated by the slope of the lumines
cence intensity versus pump power in double-logarithmi
representation. However, as a consequence of the conser
tion of energy, a nonlinear process that transfers energy fro
one quantum state to another cannot maintain its nonline
nature up to infinite excitation energy. A well-known ex-
ample of this phenomenon from quantum optics is frequenc
conversion by second-harmonic generation. This proce
naturally exhibits a quadratic dependence of the secon
harmonic energy versus fundamental energy, which leve
off to a linear behavior when the conversion efficiency ap
proaches unity. Similarly, the dependence of an
upconversion-luminescence intensity on pump power is als
expected to decrease in slope with increasing excitation, a
a ‘‘saturation’’ of the intensity of an upconversion lumines-
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model that the intensity of an upconversion luminescence
has a dependence on absorbed pump powerP, which
r the upper state and less thanP1 for the intermediate
f infinitely small and infinitely large upconversion rates,
minescence intensities from intermediate excited states on

sion and decay mechanisms. In certain situations, energy-
can be distinguished by the measured slopes. The compe-
individual excitation steps of sequential upconversion can
tions of absorbed pump power or of a subset of ions
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stigated. These results are of importance for the interpre-
d laser materials. We verify our theoretical results by
escence in Cs3Lu2Cl9:Er31, Ba2YCl7:Er31, LiYF4:Nd31,
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cence for higher pump powers was already observed 30
years ago.35

In this paper we investigate the physical nature of the
‘‘saturation’’ process. We shall show that the experimentally
observed decrease in the slope of an upconversion-
luminescence intensity versus pump power with increasing
power is determined by the competition between linear de-
cay and upconversion processes for the depletion of the in-
termediate excited states. The intensity of an upconversion
luminescence that is excited by the sequential absorption ofn
photons has a dependence on absorbed pump powerP,
which may range fromPn in the limit of infinitely small
upconversion rates down toP1 for the upper state and less
than P1 for the intermediate states in the limit of infinitely
large upconversion rates. Whereas the upper limit is valid
universally, the lower limit for the intermediate states de-
pends on whether the excitation is achieved by ETU or ESA
and whether the states decay predominantly by luminescence
to the ground state or relaxation into the next lower-lying
state. The presented results are obtained from the solution of
simple rate equations, confirmed by the numerical investiga-
tion of more complex situations, and illustrated by experi-
mental examples. These results allow for the interpretation of
a measured intensity-versus-power dependence of
multiphoton-excited luminescence with respect to the order
of the process and its physical origin and strength.

In the following section, we shall state the model assump-
tions and demonstrate the fundamental effect that rules the
dependence of upconversion and downconversion lumines-
cence intensities on pump power. More generalized solutions
for the slopes of the luminescence intensities versus pump
power will be derived in Sec. III. It will be discussed in Sec.
IV how different excitation and decay mechanisms or the
competition between upconversion and decay for individual
steps of sequential upconversion can be distinguished using
the measured slopes. In Sec. V, the influence of inhomoge-
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