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An efficient continuous-wave Cr?"-doped ZnSe laser pumped by a Co:MgF, laser is experimentally demon-

strated.

eration, with 52% incident-power slope efficiency, and a tuning range between 2180 and 2800 nm.

In a single-pass pump scheme we observed up to 520 mW at ~2500 nm in 0.4-nm narrow-band op-

In the

multipass pump scheme we also observed and analyzed the effect of dual @-switching laser action at 1.75 and

2.5 pm in the Co:MgF,—Cr:ZnSe coupled-cavity oscillator.

Finally, we report the measurement of the passive

losses and of the ground-state absorption at the lasing wavelength. © 2001 Optical Society of America

OCIS codes: 140.3600, 140.3070.

1. INTRODUCTION

Cr?*-doped broadband 11-vI chalcogenide lasers, which
were first suggested!™ and later studied,*'? represent
nowadays the only room-temperature, diode-pumpable,
and simple alternative to the existing midinfrared laser
sources, based either on cryogenic crystalline lasers or on
cascaded quantum-well materials, or use of nonlinear fre-
quency down conversion approaches. Both pulsed* as
well as continuous-wave (cw) operation'® of Cr:ZnSe,
pumped by an InGaAsP/InP laser diode, has been demon-
strated so far. However, thorough investigation of the
new laser system under more-optimal high-brilliance
pumping (i.e., by a TEM,, laser-beam profile) is indis-
pensable. Most novel concepts, physical phenomena, and
limitations have been first studied under diffraction-
limited laser pumping. Knowledge acquired in these
studies can then be applied to the diode-pumped systems.

The first cw broadly tunable lasing of Cr:ZnSe pumped
by a Tm:YALO laser was demonstrated by Wagner
et al.'%!  An output power of 90 mW in the single-pass'’
and 380 mW in the double-pass pumping scheme!! were
achieved, but with a noticeably broadened (50-nm) free-
running linewidth. The authors pointed out that it was
impossible to force the laser output into a single emission
line even with an etalon.'’ Recently, 1 W of output
power was obtained with a single-pass pumping by a
Tm:YAG laser at 2013 nm."* Broadband free-running os-
cillation has also been measured.*

In this study we investigate the cw Cr:ZnSe laser,
pumped by a Co:MgF, laser in a single-pass pumping
scheme, yielding 520-mW cw output power at 52%
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incident-power slope efficiency (63% absorbed-power effi-
ciency), tunable between 2180 and 2800 nm with a free-
running linewidth of less than 0.5 nm. We discuss the
unexpected observation of the dual @-switching and las-
ing at both pump and laser wavelengths owing to cavity
coupling in the case of multipass pumping or occasional
reflections, as well as the line broadening associated with
this phenomenon. We also report the measurement of
the ground-state absorption (GSA) at the lasing wave-
length. This knowledge is essential because GSA is in-
trinsic to the material and produces fundamental limita-
tion on the laser threshold. By taking into account GSA
at the lasing wavelength, we explain discrepancies in
internal-loss measurements by Findlay—Clay and inverse
slope-efficiency methods reported in the literature.®1%:11
Finally, we study how the presence of water vapor within
the resonator affects the tunability range.

2. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The
Cr?*: ZnSe sample, in the form of a polished plate, was
mounted at the Brewster angle on a room-temperature
copper block in an astigmatically compensated X-fold
four-mirror cavity, consisting of 75-mm and 100-mm
radius-of-curvature dichroic mirrors, a flat high reflector
(HR), and an output coupler (OC) with transmission of
1.7%, 2.7%, 6.8%, 7.8%, or 12%. These were the only
curved mirrors available at the time of the experiment.
The resonator-beam spot size was calculated to be ap-
proximately 70 um X 170 um (astigmatism from the
Brewster-angle orientation of the plate), whereas the
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Fig. 1. Schematic of the experimental setup. The pump at 1.75
pm and the output radiation are polarized in the plane of the fig-
ure. L, birefringent filter; A, two-plate variable attenuator; F,
uncoated 50-mm focusing lens.

pump beam was focused into an estimated 50um X 120
pum spot inside the crystal by a 50-mm uncoated lens.
This slightly nonoptimal spot-size relation was found to
provide the highest output power, albeit a somewhat in-
creased threshold. Three samples, diffusion doped with
Cr, were prepared: a single crystal with thickness d
= 2.8 mm, upper-state lifetime 7 = 8.3 us, and absorp-
tion coefficient £ = 3.2—8.0 cm ™! (owing to strong doping
inhomogeneity), and two other samples with d = 3 mm
and 4.5 mm, 7 = 6.6 us and 7.3 us, and £ = 3.6cm ! and
4.5 em™!, respectively, the last being a polycrystalline
material. The actual absorption during laser operation
varied between 30% and 90%. The first sample per-
formed significantly better than the latter two and is re-
ferred to below.

For Cr:ZnSe a crucial point is the choice of the pump
source, since the absorption band of Cr?" is centered at
1.75 um, and only a few cw lasers are able to deliver suf-
ficient power in this region. Our pump source was a cw
liquid-nitrogen-cooled Co?*:MgF, laser,!® tunable be-
tween 1.62 and 2.13 um; it was optimized to obtain the
highest possible (1.6-W) power in TEM,, mode at 1.75
pm. The broad tuning range allowed us to investigate
thoroughly our Cr:ZnSe laser while pumping at different
wavelengths. The effective power coupled into the
Cr:ZnSe cavity was adjusted by the variable attenuator,
consisting of two Brewster-angled ZnSe plates, rotating
around the beam axis.

3. RESULTS AND DISCUSSION

A. Output Parameters and Crystal Losses

Figure 2 shows the laser output power versus incident
pump power for three different output couplers: 1.8%,
6.8%, and 12%. In the optimized cavity, up to 520 mW of
output power at 52% slope efficiency (63% absorbed-
power slope efficiency) at ~2500 nm was achieved with-
out a noticeable thermal lensing effect. The output line-
width in the cw regime was measured to be less than 0.4
nm (the nominal spectral resolution of the Digikrom 480
monochromator with 50-um slits and a 600-groove/mm
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grating is 0.2 nm). It is important to notice that all the
above measurements were carried out in the single-pass
pumping scheme. The free-running linewidth increased
to 10—20 nm in the nonstationary regime, e.g., when a
chopper was used, or in a gain-switched mode (see below).

Using the standard Findlay—Clay analysis,'® we mea-
sured a value of (10 = 3)% (16%/cm) for round-trip pas-
sive losses [Fig. 3(a)l, in agreement with the value
15%/cm.* However, an alternative method of inverse
slope efficiencies!” [Fig. 3(b)] yields only (2 = 0.2)%
round-trip losses. The disagreement between the results
of the measurements with different methods was repeat-
edly pointed out in other publications!*!! and deserves
additional attention.

The consistent difference in results can be explained
under the assumption of a nonzero GSA. With GSA in-
cluded in the consideration, the inverse slope-efficiency
method!” can still be applied to yield the correct result of
2% unsaturable losses, provided that the slope efficiency

is extracted from the linear region of the output curve'®
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Fig. 2. Cr?":ZnSe laser output power versus pump power with
different output couplers (OC). In the parentheses the slope ef-

ficiency versus the absorbed power is given. Curvature in the
threshold region is due to GSA bleaching.'®
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Fig. 3. Cr?":ZnSe passive intracavity-loss determination by two
methods: (a) Findlay—Clay plot and (b) the method of inverse
slope efficiencies. In both cases the logarithmic round-trip loss
value is given by the intersection of the linear fit with the ab-
scissa. The discrepancy is due to the GSA.
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far above the threshold. However, the original Findlay—
Clay formula'® Py, = Pyl — In(1 — Toe)/28] (Toc is
the transmission of the output coupler, 26 is the round-
trip loss, and Py,  is the threshold pump power with no
output coupling) has to be extended to the quasi-three-
level case. Using Eq. (7a),'® we can write the following
expression for the threshold pump power of a quasi-three-
level laser:

—In(1 - Toc)

Py =Pygll + — |
th = 2 tho 25 + 2a(n)!

(1
where «( is the GSA coefficient at the oscillation wave-
length N\, and [ is the crystal length. The above expres-
sion allows use of the Findlay—Clay plot technique (Fig.
3a), but the round-trip loss value of 10% includes the
GSA. The assumption of the nonzero ground-state popu-
lation also explains the nonlinear initial region of the out-
put curve (Fig. 2), a typical feature of the longitudinally
pumped quasi-three-level lasers.'®

In order to find additional evidence, we carried out ab-
sorption measurements of the two samples in a Fourier-
transform infrared spectrophotometer in a wide wave-
length range of up to 30 um, using an undoped ZnSe plate
as a reference. The absorption around 2.5 um (Fig. 4)
arises from the overlap between the absorption band ow-
ing to the ®Ty — °E transition and the transition within
the ground state 5T, owing to the static Jahn-Teller ef-
fect around 6.6 um.'®?° It scales with Cr®* concentra-
tion so that the figure of merit, defined as the ratio of at-
tenuation coefficients at the absorption peak and at the
lasing wavelength, remains approximately the same.

We can thus conclude that losses from GSA are intrin-
sic to Cr:ZnSe crystals and provide the upper limit for the
figure of merit. The round-trip GSA loss from the spec-
trum in Fig. 4 is estimated to be (13 = 1)% for a 2.8-mm-
thick sample and constitutes the major part of the losses,
defined from the Findlay—Clay analysis. The actual pas-
sive round-trip loss, which is determined from the inverse
slope-efficiency analysis (Caird plot'?), is as small as 2%.
This is an important point because passive losses can be
minimized through improved growth techniques, whereas
the effect of the GSA produces a fundamental limitation
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Fig. 4. Absorption spectra of the polycrystalline (curve 2) and
single-crystal Cr:ZnSe samples (curve 1). Curves 3 and 4 are
the 15X magnifications of curves 1 and 2, respectively. The fine
structure in the 3500—4000-cm ! region is due to atmospheric
H,0. The sharp structure at 1600 cm ™! and 2900 cm ™! is likely
due to bending and stretching vibrations of OH bonds in the crys-
tals.
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Fig. 5. Tuning range of the laser measured with a 0.8-mm Lyot

filter (open circles). Also shown is transmission of the output

coupler (OC), the high reflector (HR, five reflections), and 2.2 m

of air at ~70% humidity (Air). Attenuation from intracavity air
induces dips in the output power at certain wavelengths.

on the laser threshold. A high slope efficiency approach-
ing the quantum-defect limit (70%) suggests negligible
excited-state absorption, in agreement with spectroscopic
analysis> and  direct excited-state  absorption
measurements.'*

B. Tunability

In the free-running mode the laser operated around 2490
nm. We carried out two different measurements of the
tuning range by using a fused-silica prism and a 0.8-mm
quartz birefringent filter: in both cases we measured a
tuning curve between 2180 and 2800 nm (Fig. 5). The
tunability was limited on both sides by the cavity optics.
On the red side of the spectrum the emitted power is low-
ered owing to water-vapor absorption. In Fig. 5 we give
the corresponding measured absorption spectrum of air,
normalized to the length of the cavity. The dips in the
tuning curve follow the corresponding water spectral
peaks and could be eliminated by purging the resonator
with dry nitrogen.

C. Cw and Q-Switched Operation

In order to increase the output power from the low-
concentrated sample we used the power-scaling
approach.'®  Double-pass pumping was achieved by in-
troducing the 150-mm curved HR mirror M, to collect
back the transmitted pump radiation at 1.75 um (Fig. 1).
While allowing an increase of the output power in the
low-doped sample from ~60 mW to ~170 mW, this pump
scheme also created unavoidable feedback into the pump
laser. The pump laser then operated in a @-switched
mode with pulses of 2.5-10-us duration at a 3-20-kHz
repetition rate, depending on the crystal absorption and
the attenuator loss. Consequently, the output of the
Cr:ZnSe laser was also pulsed, with a typical pulse width
of 5-20 us and with the linewidth broadened to ~40 nm.
Such behavior can be understood, assuming that under
given conditions, the Cr:ZnSe crystal acts as a coupled-
cavity saturable absorber for a Co:MgF, laser. The low
saturation intensity of Cr:ZnSe (14 kW/cm?)? and the
strong focusing of the Co:MgF, radiation into the Cr:ZnSe
crystal ensures easy saturation of the latter. The line-
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width of ~40 nm is very similar to that reported,'®!!
where the multipass regime was also used.

A more detailed treatment of the self-Q-switching re-
gime can be performed by considering the stability condi-
tions for cw operation in a resonator with coupled
cavities.?! For the setup considered it can be shown that
the pump laser with saturation intensity I%"° will switch
to the pulsed regime, when

I PSP —In(Ty) + v P ?
—————TocTa>1+ +1)],
I satS aol I satS
(2)
where I is the absorption saturation intensity

of the Cr:ZnSe, IY"® is the gain saturation intensity
of the Co:MgF,, S and SP"™P are the respective mode ar-
eas, P is the pump power incident upon the Cr:ZnSe crys-
tal, and «y/ is the small-signal absorption coefficient
of the Cr:ZnSe. To¢ is the transmission of the output
coupler of the Co:MgF, laser, and T', is the transmission
of the attenuator. Finally, vy is the unsaturable loss
coefficient in the coupled cavity. With the waist diam-
eters of 0.3mm X 0.4mm in the Co:MgF, laser and
50 um X 120 um in the Cr:ZnSe laser and the respective
saturation intensities of 76 kW/cm? (Ref. 15) and 14
kW/cm? (Ref. 3), we find that the left-hand side of expres-
sion (2) is ~57' 4 and the right-hand side is <2. This ex-
plains why the pump laser switches to the pulsed regime
whenever the two-pass geometry is used. Experimen-
tally, we found that the Co:MgF, laser was @ switched
with the attenuator transmission changing from 7'y = 1
down to Ty ~ 0.2.

4. CONCLUSION

In conclusion, this study presents, for the first time to our
knowledge, a room-temperature cw Cr:ZnSe laser,
pumped by a cryogenically cooled Co:MgF, laser, capable
of more than 0.5-W output power in the single-pass re-
gime. Here we should note that the system as a whole is
not a room-temperature device. However, the laser is
distinguished by a narrow linewidth, a slope-efficiency
value close to the theoretical limit, and continuous tun-
ability in an interval ~25% of the central wavelength.
We also present an explanation of the observed dual @
switching and lasing at both the pump and the laser
wavelengths owing to the coupling with a pump laser cav-
ity, developed in the case of the multipass pumping. We
believe this phenomenon to be responsible for the broad-
ening of the linewidth observed in the latter case. Fi-
nally, there is an intrinsic loss owing to GSA, which sets
the limit to the threshold.
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