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Recent interest in the development of Er-doped achieving high output from a specific lasing transition
solid-state lasers for high-intensity 3-,um sources has are unique to each crystal. Before this report, we
been fueled predominantly by the medical community undertook a comprehensive study comparing the
because of the strong absorption by water in this performance of many crystal configurations with
wavelength range. Er-doped yttrium aluminum gar- varied doping percentages, coating properties, pump
net (Er:YAG), however, has a transition at 2.94 am wavelengths, and pump waists. Combining the re-
that fortuitously overlaps one of the few transmission sults with the reported work of others, we were able to
bands in the water-vapor spectrum in the 3-Am range specify crystal properties (dimensions, coatings, and
and is therefore useful for meteorological and special configuration) and pump-laser characteristics to
metrology applications. Until now, the highest re- achieve greater than 1 W of cw output at 2.94 /m from
ported cw output power from diode-pumped Er:YAG at an Er:YAG laser.
2.94 ,m was 171 mW, which was obtained with a 12% Both in this study and in earlier work, it was
slope efficiency (7).' Our efforts have yielded 1.15-W determined that a short (few-millimeter) monolithic
output and 77 of 34%. To the best of our knowledge, crystal resonator design using a longitudinal pump
this is the highest efficiency and diode-pumped cw laser as an excitation source could best optimize the
Er3+ laser output near 3 um. -  low-gain and high-pump-absorption properties of the

Previously, the cw operation of other Er-doped 3-gm Er:YAG laser. Our earlier end-pumping laser
hosts had exceeded that of Er:YAG. Stoneman and measurements using a Ti:sapphire laser showed that
Esterowitz2 reported 125-mW output (7 = 36%) from monolithic Er:YAG crystals processed in different
Ti:sapphire-pumped Er-doped gadolinium scandium coating runs could lase at either 2.83 or 2.94 Am or
gallium garnet (Er:GSGG), while Dinerman and both. The sensitivity of the output wavelength to
Moulton5 obtained 0.5-W output from diode-pumped coating reflectivity and pump characteristics can be
Er-doped yttrium scandium gallium garnet (Er:YSGG) attributed to the slight variation in the emission cross
(7 = 31%). The rather high 7 for Er:GSGG corre- sections' and the saturation properties ° for the two
sponded to a greater-than-unity quantum efficiency, transitions. It was concluded that for optimum cw
which demonstrated for the first time that photons output at 2.94 Am the output coupler (OC) must have a
were recycled during the upconversion process for reflectivity greater than 99.6% at 2.94 /m and a lower
the 41112-4113/2 transition of Er 3 . A high cw slope reflectivity at 2.83 Am. Ti:sapphire end-pumping
efficiency (7 = 35%) was also demonstrated for measurements also indicated the importance of achiev-
Er-doped yttrium lithium fluoride (Er:YLF) at the ing a high pump-power density. Early data indicated
400-mW level by Jensen et al.,' using polarization- that the slope efficiency increased as a function of de-
coupled pump diodes. They also reported 1.1-W cw creasing pump waist. In most cases in which the OC
output (77 = 20%) from the same crystal, using a reflectivity was less than 99.6%, efficient conversion
fiber-coupled diode bar as the pump source. The was achieved for pump waists (radii) less than 50 pm.
total Er:YLF laser output was not directly measured, However, the combination of high pump power and
because the laser emitted from both reflectors.' intracavity intensity resulted in damage to the high re-

The lower efficiency of Er:YAG compared with that flector (HR) in nearly every sample previously tested.
of other garnets, such as Er:GSGG and Er:YSGG, has To eliminate this damage condition, we configured
been attributed to the unfavorable lifetimes of the up- the crystals with the HR on an undoped section of
per and lower laser levels 7 and to the lower stimulated- YAG. This composite approach not only distances
emission cross section of Er:YAG.' The issues for the HR from the point of maximum intensity and
achieving lasing from the 4I11/2 -13/2 transition of Er3  thermal loading but also reduces the peak tempera-
and the less favorable properties of Er:YAG than those ture,11- 3 which is particularly beneficial to lasers with
of other hosts have been discussed at some length in temperature-sensitive transitions. The composite
the literature.9 Because the Stark sublevel dynamics crystals were configured with a 1-mm section of un-
are different for each Er 3 ' host, conditions (tempera- doped YAG on the pump side that was diffusion bonded
ture, pump specifications, and feedback or coatings) for to either 1- or 2-mm-thick 50%-doped Er:YAG, yielding
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L o,,i, 3,iR although the flat-curved samples demonstrated lower
Bem ..... HR OC thresholds regardless of the crystal thickness. The

0.9 pro x&-7 _ lower thresholds on the flat-curved samples suggest
Ii. that the effective waist is smaller for the flat-curved

samples than for the flat-flat samples. The flat-flat

YEr:YAG samples had the additional advantage of being less
sensitive to positioning of the pump laser for achieving
optimum performance than the flat-curved samples.
During these preliminary tests, we also observed that

0.96 Am the output power increased at a rate of -3 mW/°C as
Dthe sample temperature decreased.

We selected the best-performing sample, a 3-mm
Fig. 1. Schematic illustration of the diode-pumped flat-flat crystal, and cooled it to 15 *C both to opti-
Er:YAG experimental layout. mize performance yet avoid water condensation. At a

maximum incident diode pump power of 4.4 W, 1.15 W
of output power at 2.94 Am was obtained. At this

total cavity lengths of 2 and 3 mm, respectively (Fig. 1). power level the diode lasers required 18 W of electri-
All the crystals had a 3 mm by 3 mm cross section cal power, yielding a total laser electrical efficiency
and flat HR's. The OC's were either flat or concave, of 6.4% (not including the power to the thermoelec-
with radii of 1 and 4 cm for the 3- and 2-mm samples, tric coolers). No coating damage was observed at this
respectively, power level or in any of the tests of the bonded samples

To achieve high efficiency at 2.94 Am and suppress discussed above. The laser output beam quality was
output at 2.83 Am, tight specifications on the optical measured to have an M

2 of -2 and did not vary sig-
coatings were necessary. The high-reflection high- nificantly at the various power levels. Only 2.94-tim
transmission coating on the pump side of the crystal lasing output was observed at all pump powers. The
required reflectivity R > 99.95% at 2.94 Am, R < HR reflectivity at the pump wavelength was measured
99.9% at 2.83 /tm, and transmittivity T 90% at to be 10%. Measurements of the OC coating reflectiv-
964-nm pump wavelength. The OC coating needed to ity at the pump wavelength (94%) and the single-pass
have R = 99.8 ± 0.05% at 2.94 Am and a significant
reflectivity (R -- 95%) at the 964-nm'wavelength for
double-pass pumping. Finally, the combined loss at 7-s3,, 2.94 99.96%

2.83 /m of the HR and the OC had to be greater than 1oo HR

at2.94/zm. ThespectraoftheHRandtheOC(Fig. 2) "-2% HR ,....9 9 , . 1 .. ..... ... ... .
coatings provided by the vendor indicated that they met 9. . ".85%

all our requirements. The reflectivities of the OC and Z- 99.6 -

the HR were 99.85% and 99.96% at 2.94 Am, 99.65%
and 99.82% at 2.83 Am, and 10% and 95% at 964 nm. 2 29.4 0.19%

As a result, the combined reflectivity loss at 2.94 Am Cr 99.2 - @2.83pm: 0.53%

was significantly lower than at 2.83 Am (i.e., 0.19% 99 _

versus 0.53%).
To focus several watts of pump power within the 2800 2850 2900 2950 3000

small laser mode volume, we polarization combined Wavelength(nm)
two novel diffraction-limited laser diode devices. Fig. 2. Coating reflectivity of Er:YAG samples. HR, re-

flectivity curve for the pumping surface; OC, reflectivity
The laser devices were developed by SDL, Inc., and curve for the output surface.
consisted of a tapered InGaAs gain element and an
external grating for wavelength-stabilization con-
trol. 4 These devices were also fitted with an optical 500
isolator so that stable single-frequency diffraction- E=
limited output was provided. The outputs of the two .400 2mFLFL

devices at 963.7 and 964.2 nm were combined and I 2mmFL1c

collimated to form a 1.8-mm-diameter beam. This _,30 FIJFL - -

beam was then focused into the Er:YAG samples with * U1em
a 5-cm focal-length lens. The resultant pump beam :2001 -

had a N.A. of <0.04 and a pump waist of 45 Am. The 3..PLJFL

schematic layout is shown in Fig. 1. 000
The initial results consistently showed a 30-40%_/

higher output power for the 3-mm samples than for 0 I

the 2-mm samples when the pump power was limited 0 0.5 1 1.5 2 2.5
to less than 2.5 W of incident power. Representative Pump Power(W)
performance curves for the crystals (without tempera- Fig. 3. Er:YAG output performance from various samples
ture control) are shown in Fig. 3. The efficiency of the pumped by one diode under the same conditions. The
flat-flat (FL/FL) samples was typically higher than legend indicates sample's cavity length and curvatures of
that of the flat-curved (FL/1 cm, FI/4 cm) samples, the HR and the OC.
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