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We present a detailed characterization of ener
ZBLAN bulk glasses. For several Er31 ~0.25–8.75
investigate energy transfer upconversion~ETU! and
from Er31 to the Pr31 codopant. The measured pa
comparable to those of LiYF4:Er31. ETU from 4I 13/2

than ETU from 4I 11/2. The parameters of ET from
larger than the corresponding ETU parameters. E
down to 20ms for the highest Er31 and Pr31 concen
4I 11/2, because the corresponding absorption tran
is inhibited by fast multiphonon relaxation from the

31

PHYSICAL REVIEW B VOLUME 62
depend on Er concentration in a similar way as
concentration. This shows that energy migration wit
results are important for the choice of the appropria

I. INTRODUCTION

After the first successful descriptions of energy transfe
processes by Fo¨rster1 and Dexter,2 strong interest in the spec-
troscopic investigation of these processes has proceed
One possible manifestation of an energy transfer process
the occurrence of visible luminescence from a sample aft
infrared excitation and the subsequent energy transfer upco
version~ETU! to the emitting state.3–5 The influences of en-
ergy transfer processes affect the performance of many ra
earth-doped solid-state lasers. For instance, these proces
can be a source of loss if originating in the upper lase
level.6,7 However, these processes can be beneficial, e.g., f
sensitizing the lasing ion by energy transfer~ET! from a
codopant,8,9 for quenching the lower laser level by ET to a
codopant,10,11 or for ETU of the pump excitation to a high-
lying upper laser level.12,13 A quantitative understanding of
the relevant energy transfer processes is, therefore, requir
for optimizing the corresponding laser system.

The erbium 3-mm laser which is of interest for medical
applications14–16 is based on a simple four-level laser
scheme, see Fig. 1. Since the4I 13/2 lower laser level is meta-
stable, however, significant excitation is accumulated in th
level and, due to the CW threshold condition, also in th
4I 11/2 upper laser level. Owing to the equal energetic spacin
of several multiplet-to-multiplet transitions, energy transfe
processes occur from these levels. An important process
ETU from 4I 13/2, which recycles energy from the lower to
the upper laser level. Based on this process, the 3-mm crystal
laser is operated CW even for unfavorable lifetime ratios o
the laser levels17 and output powers exceeding 1 W have
been obtained.18,19 Energy recycling by way of ETU from
the 4I 13/2 level enhances the limit of the slope efficiency to
twice the Stokes efficiency.20,21 On the other hand, lifetime
quenching of the lower laser level by ET to a codopant io
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transfer processes in Er31-doped and Er31,Pr31-codoped
ol%! and Pr31 ~0.25–1.55 mol%! concentrations, we
ss relaxation in Er31 as well as energy transfer~ET!

meters of ETU from the Er31 4I 13/2 and 4I 11/2 levels are
n particular, possesses a factor of 3 larger probability
e Er31 4I 13/2 and 4I 11/2 levels to the Pr31 codopant are
effectively quenches the4I 13/2 intrinsic lifetime of 9 ms

tions investigated, and is more efficient than ET from
ion in Pr31 has a large oscillator strength and back transfer
orresponding Pr31 level. In both cases, the ET parameters
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the ETU parameters but depend only weakly on Pr
hin the Er31 4I 13/2 and 4I 11/2 levels is fast. The presented
te operational regime of the erbium 3-mm fiber laser.
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such as Pr31 ~see Fig. 1! limits the slope efficiency10 to val-
ues below the Stokes limit.

ZBLAN glass fiber also serves as a useful host for Er31

ions for an efficient 3-mm laser, providing, as a result of its
geometry, a high-brightness laser beam and greatly reduced
thermal effects. The operation of the Er31-doped ZBLAN
fiber laser is often limited, however, by ground-state bleach-
ing with the consequence of undesired excited-state absorp-
tion ~ESA! from the 4I 13/2 and 4I 11/2 laser levels.22–24Under
intense pumping, ESA can be exploited in cascade-lasing
regimes,25,26 but under pump excitation with low-brightness

FIG. 1. Partial energy level diagram of Er31 and Pr31 in
ZBLAN glass indicating the simple four-level scheme of the erbium
3-mm laser ~left-hand side!, ETU and CR processes from the
Er31 4I 13/2, 4I 11/2, and 4S3/2/2H11/2 levels, as well as ET processes
from Er31 to Pr31.
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