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Introduction
Cooperative, or energy-transfer, upconversion reduces the population of the 4I13/2 manifold in
Er:YAG, increasing the laser threshold, but not, in theory, the slope efficiency [1]. We have
measured the cooperative upconversion parameter in Er:YAG using the z-scan technique as a
function of Er concentration (0.5% to 5%) with the sample at room temperature (298 K) and 80 K.
The value we obtain at room temperature is 2-3 times larger than previously reported [2,3]. The
value we obtain at 80 K is approximately eight times larger than the value at room temperature.
An Er:YAG laser operating at cryogenic temperatures has recently produced 400 W at 1645 nm
[4]. Knowledge of the low-temperature upconversion coefficient will allow further improvements in
the design. It may also help explain the interesting temperature-dependent output power which
peaks at ~160 K [5].
A previous measurement of upconversion relied on a short-pulse laser [2]. One advantage of the
z-scan technique is that the measurement can be carried out with the same quasi-cw diode laser
that will pump the Er:YAG laser being developed.
Model
3+
A model including the lowest four manifolds of Er was used to fit the data. Included in the
model is a rate equation for the population of each manifold, e.g.
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Here, N1 (N2) is the population of the 4I15/2 (4I13/2) manifold, I is the laser intensity,  is the
absolute cross section, fa ( fe ) is the probability that an ion in the 4I15/2 (4I13/2) manifold is in a
sublevel that can absorb (emit) a laser photon, Wij is the relaxation rate from level i to level j, and
Cup is the upconversion coefficient. Also included in the model is a propagation equation for the
laser beam:

dI

dz

I  f e N 2  f a N1     I .

(2)

To account for the Gaussian intensity profile, the power is divided into eight equal portions
associated with the peak intensity: , 7⁄8 , etc. The transmitted powers are then calculated
separately as though at a uniform intensity, and then summed. The difference between eight
slices and sixteen was negligible, so we used the former to speed the calculation.
Experiment
A DFB laser operating continuously at 1532 nm was amplified in a single mode fiber up to 3 W to
provide the illumination. The duty cycle was reduced to 10% with a shutter operating at 1 Hz, to
avoid heating the samples. An InGaAs photodiode and lock-in amplifier were used to detect the
beam transmitted through the sample. The samples were 10 mm in diameter, 1 mm thick, and
anti-reflection coated. The sample was placed in a cryostat for the 80 K measurements (Fig. 1).
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Conclusion
Z-scan measurements on Er:YAG have been made at room temperature and 80 K. The data
have been interpreted with a steady-state model including rate equations for the (intensitydependent) populations of the lowest four manifolds, and an equation for the (populationdependent) propagation of the light. Our room temperature results for Cup are approximately
twice the values previously obtained with other techniques. Our values for Cup at 80 K are the
first obtained at a cryogenic temperature, and are approximately eight times larger than at room
temperature.
High power Er-doped lasers for eye-safer applications are currently being designed to operate at
cryogenic temperatures because the optical, thermal, and mechanical properties of Er:YAG, for
example, improve as the temperature is lowered, depending on the particular transitions involved.
Knowledge of the low-temperature Cup, and its dependence on Er concentration will allow the
effect of upconversion to be minimized by choosing the optimum doping level. An advantage of
the z-scan technique for measuring upconversion is that it can be carried out with the same
quasi-cw diode laser that will pump the solid-state laser being designed.
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