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Abstract: We report on the study of quenching and thermal lensing based on simple effective
lens approximation in a Cr>*:CdSe active medium, including detailed research on the medium's
luminescence lifetime dependence on temperature in the 236-391 K range. This work has allowed
us to partially overcome the limitations associated with thermal effects in the medium and build
a laser system that allowed power scalability to be realized for the Cr>*:CdSe laser. Longitudinal
pumping using a continuous-wave Tm-doped fiber laser at 1.908 um produced an output of 2.3 W
at 2.65 um with an absorbed pump power slope efficiency of 47.6%, which, to the best of our
knowledge, is the highest output power achieved in Cr:CdSe continuous-wave lasers.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Mid-infrared (mid-IR) lasers based on transition metal-doped II-VI chalcogenide crystals are
promising and powerful tools for use in a variety of scientific and industrial applications [1].
Because of the huge number of absorption lines for various compounds in the mid-IR range and
the wide tunability of their active media, these lasers could be implemented in high precision
spectroscopy [2], remote sensing [3], and optical frequency standards [4] applications. Another
promising application of these sources is in medical diagnostics and surgery [5]. Because both
water and collagen have absorption maxima near 3 um, these lasers can also be effective surgical
tools for operations such as skin and nail microperforation [6], dental hard tissue ablation [7],
and laser osteotomy [8], etc.

Among the numerous available transition metal-doped II-VI chalcogenide active media,
crystalline Cr?*:CdSe appears to be the most interesting medium for medical applications [9]
because of its high gain around 3 um [1]. The optical properties of this crystal have been studied
intensively by a variety of scientific groups worldwide. The first operation of a crystalline tunable
Cr?*:CdSe laser was demonstrated in 1999 [10, 11]. Over the next twenty years, substantial work
was undertaken in the development of these lasers. The highest tunability in the wavelength
range of 2.26-3.61 um was achieved in the pulsed regime [12], 200 ns pulses at 10 kHz with
350 mW of average output power were obtained [13], wide tunability range from 2.2 to 3.12 um
in continuous-wave regime with Tm-fiber pumping was shown [14—16], effective diode pumped
Cr’*:CdSe laser with output power of 280 mW and tunabilty range from 2.45 to 3.06 um
was developed [17, 18], Tm-fiber pumped Cr’>*:CdSe laser with maximum output power of
1.7 W appears [19], and a tunable single-frequency continuous-wave (CW) Cr>*:CdSe laser was
demonstrated [20]. Periodically pulsed pump laser was implemented to achieve ns-scale pulse
generation in a Cr?*:CdSe laser [21].
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Despite the considerable potential of Cr?*:CdSe crystals for use as active media, power
scalability is urgently required for Cr>*:CdSe lasers for a wide range of biomedical applications.
To provide further enhancement of the power scalability of Cr?*:CdSe lasers, the limitations
caused by thermal effects in the active media, such as thermal lensing and radiative lifetime
decay, must also be overcome.

In this paper, we report on a comprehensive experimental investigation of Cr**:CdSe lasing
around 2.65 um. Particular attention is paid to characterization of the main physical and technical
limitations that affect the power scalability of Tm-fiber-laser-pumped Cr>*:CdSe single crystals
in the form of quenching and thermal lensing based on simple effective lens approximation in the
active medium, including detailed research into the temperature dependence of the luminescence
lifetime. Detailed studies of these effects have allowed us to partially overcome the limitations
associated with the thermal effects and construct a laser system that allowed us to realize power
scalability. Using a Cr>*:CdSe single crystal, we demonstrated a diffraction-limited beam with
maximum CW output power of 2.3 W at the emission wavelength of 2.65 um from absorbed
pump power of 6.3 W. This corresponds to a slope efficiency of 47.6 %. The output power of 2.3
W, to the best of our knowledge, corresponds to the highest value achieved in Cr:CdSe CW lasers.
Full characterization of laser's performance shows that Cr>*:CdSe has the potential to be used as
an efficient lasing medium for a variety of biomedical applications.

2. Cr?*:CdSe luminescence lifetime measurement

Previously, temperature-dependent photoluminescence lifetime measurements of the upper laser
5E level in a Cr2* in CdSe host have been performed in the 77-300 K [22] and 77-320 K [23]
temperature ranges. However, the temperature in the active volume of high-power CW Cr>*:CdSe
lasers can reach much higher levels than room temperature. In this work, we have studied the
luminescence decay of the °E state of Cr>* in single-crystal CdSe over the temperature range
from 236 to 391 K. For the luminescence lifetime measurements, a monocrystalline sample was
fabricated in the form of a plane-parallel plate that was 9 mm in length with a cross-section of
5.5x3 mm?. The sample surfaces with dimensions of 5.5x3 mm? were mechanically polished
to an optical finish. The crystal's c-axis was aligned parallel to the sample's long side. The
Cr** doping level was determined to be 2-10'® cm™3 from room temperature optical absorption
measurements using absolute values of the absorption cross-section that were taken from [22].
The specimen was mounted on a copper finger structure, on which the temperature could be
varied over the range from 235 to 400 K. The crystal temperature was monitored using a
chromel-constantan thermocouple that was attached to the crystal surface.
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Fig. 1. (a) Schematic of experimental setup used for luminescence lifetime measurements.
BS: beam splitter; PD-24, PD-36: photodiodes (b) Luminescence lifetime dependence on
temperature of Cr2*:CdSe crystal.
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The experimental setup used to perform the photoluminescence lifetime measurements is
depicted in Fig. 1(a). The measurements were performed under pulsed excitation using 1.94 um
radiation from a passively Q-switched Tm:YAP laser (pulse energy of 1 mJ, pulse width of 100 ns
full width at half maximum (FWHM)). The exciting beam was focused to the 2 mm spot by
spherical mirror and entered into the sample through the surface with dimensions of 5.5%3 mm?.
Luminescence of the crystal was observed in the direction perpendicular to the pump beam. The
excitation pulse and the luminescence response in the 2-3.5 um spectral region were recorded
using PD-24 and PD-36 photodiodes (IBSG Co., Ltd, Saint Petersburg, Russia), respectively,
with temporal resolution of 30 ns. The PD-36 photodiode was equipped with a low-pass filter
(cut-off: 2 um) and was placed close to the sample. The experimental temperature-dependent
photoluminescence lifetime data are presented in Fig. 1(b) (squares).

The luminescence lifetime decreased from 6 ps at 236 K to 150 ns at 391 K. At room
temperature (293 K), the emission lifetime was measured to be 4.45 us, which shows good
agreement with previously reported values [22,23] (see Fig. 1(b)). It is also seen that an increase
in temperature to above 275 K causes a sharp reduction in lifetime, which leads to a significant
increase in the threshold pump power and a drop in the Cr>*:CdSe laser's efficiency.

The temperature dependence of the luminescence lifetime is typical for nonradiative relaxation
in optical centers with strong electron-phonon coupling, which can be described using the
following expressions [24]:

=W, (1)
Wy = Wo-exp(—=E, /kT), 2)

where 7, is the radiative lifetime, W,,,- is the non-radiative transition rate, E, is the activation
energy, and T is the crystal temperature. The red line shown in Fig. 1(b) is an approximation
of the experimental data corresponding to the best fit parameters E,= 3707 cm™! and 1/W =
0.205 ps, and the radiative lifetime value is 7r=6.07 ps, which is in good agreement with the data
obtained in [22,23].

3. Experimental setup for the Cr’>*:CdSe laser

The experimental setup for the single-crystal Cr>*:CdSe laser is shown in Fig. 2. A Cr’*:CdSe
crystal with a Cr>* concentration of 1.7-10'® cm™3, length of 4 mm and a cross-section of 2 mm x
8 mm was placed at the waist of a quasi-concentric resonator consisting of two spherical dichroic
mirrors.

The resonator configuration differs from that which was used in previous research [5, 14,15, 17]
because of the need for precise alignment of the crystal, which is difficult when the crystal is
located near a flat mirror. The second advantage of a system with two spherical mirrors is its
high resistance to misalignment, which is particularly important in systems with strong thermal
lensing [25].

Figure 3(a) and Fig. 3(b) show the transmission spectra of high-reflectivity (HR) mirror
(R = 100 mm) and various output couplers (R = 50 mm), respectively.

The uncoated normally oriented Cr’>*:CdSe single-crystal has low signal absorption of
3.22 cm™! at a pump wavelength of 1.908 um and was wrapped using indium foil and placed in a
water-cooled copper heatsink, which was cooled using flowing water. The water temperature was
approximately 11°C. The air humidity was approximately 30%. A Tm-doped fiber laser with
a wavelength of 1.908 um was selected as the pump source, based on the absorption spectrum
of the Cr>*:CdSe single crystal. The maximum output power of the pump laser was 20 W. The
pump-to-laser beam overlap in the active medium was provided by focusing the pump radiation
using a plano-convex lens with the focal length of 77.8 mm. The HR mirror has a negative focal
length for the pump radiation and this was taken into account during calculation of the pump
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Fig. 2. Schematic of the Cr>*:CdSe laser.
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Fig. 3. (a) Transmission spectrum of the HR mirror (b) Transmission spectra of the output
couplers.

waist. The divergence of the output laser beam was compensated using another focusing lens
with a focal length of 100 mm. Selective mirrors were used to filter the pump radiation from the
laser output.

4. Study of thermal lensing

Thermal effects in the Cr>*:CdSe crystal reduce its lasing performance sufficiently [14] such
that it must be taken into account during laser development. The effects of quenching and
thermal lensing play particularly important roles in Cr>*:CdSe media when compared with other
chalcogenides such as Cr>*:ZnSe and Cr**:ZnS [1].

The upper-state lifetime in Cr>*:CdSe crystals is strongly inversely dependent on the medium's
temperature, which result in increased quenching and additional heating of the medium. It is thus
essential to maintain the temperature of the medium carefully to prevent population inversion
reduction due to quenching.

It is important to note that heating of the active medium caused by pump radiation process not
only leads to reduction of the upperstate lifetime but also causes thermal lensing. Pump-induced
thermal lensing limits the stability zone of the laser resonator and distorts the propagating beams,
which leads to high resonator sensitivity to misalignment. The thermal lens focal length should
thus be calculated for correct design of the laser resonator.

In accordance with [25], the focal length of the thermal lens f’, which is caused by active
medium heating, can be estimated using the following equation:
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f (Pheat) =5 dn’ (3)
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where K is the crystal's thermal conductivity (%); wo is the pump waist radius in the active
medium (m); Ppeq: is the heating power dissipated in active medium (W); 3—; is the thermo-optical
constant (K~1).

To calculate the focal length of the thermal lens, it is necessary to find the value of the heating
power. There are two main processes that lead to active medium heating by the pump radiation:
the presence of a quantum defect, which means that the difference between the energies of the
pump and generated photons causes heating of the medium, and thermal quenching, as described
above. It is assume that the heating power can be estimated using the following equation [25]:

AP
Phear = (1 - /l_)Pabp (4)
8

where P, is the pump power absorbed in the active medium (W).

It is also seen from (4) that the heating power will continuously increase with pump power,
which leads to an increase of the temperature inside the active medium and to a decrease of the
luminescence lifetime, as was shown in Section 2. Due to the unsatisfactory thermal parameters
of the Cr¥*:CdSe crystal, all the effects mentioned above will result in an increase of the laser
threshold and a reduction of the laser efficiency.

Another important parameter for the thermal lens calculation is the pumping spot radius on
the active medium. To obtain the real pump caustic profile in the laser resonator, pump laser
beam profiling was performed using the knife-edge method. The beam profiles were measured at
output pump powers of 1.85 W, which refers to an absorbed pump power in Cr>*:CdSe crystal
of 1.04 W, and 10.4 W, which refers to an absorbed power of 6.3 W. Fresnel reflection from a
wedge-shaped fused silica plate was used to attenuate the beam. The beam profiles dependence
on the distance from output collimator of the pump laser are depicted in Fig. 4(a). The results of
these measurements show that increase in the laser power lead expansion of the beam radius.
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Fig. 4. (a) Pump beam caustics for two pump power values (b) Focused pump beam caustics
for two power values.

The beam caustic was also profiled after an optical system consisting of a focusing lens with
focal length of 77.8 mm and a plano-concave HR resonator mirror for a laser power of 1.85 W
with zero attenuation. Figure 4(b) shows the measurement results and the results of caustic
modeling using previous experimental data. The beam waists values were 46 pm and 41 um for
pump powers of 1.85 W and 10.4 W, respectively.
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The focal length dependence on the absorbed pump power was calculated using the active
medium properties listed in [1], the measured luminescence lifetime and the pump beam waist
size of 41 um. The results are shown in Fig. 5(a). The focal length dependence obtained was
then used further to calculate the stability zone of the resonator.
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Fig. 5. (a) Dependence of focal length of thermal lens on absorbed pump power (b) Stability
zone of laser resonator with thermal lens.

The resonator stability analysis and the laser caustic calculations were performed using the
matrix method to estimate the influence of the thermal lens on the laser performance. Figure 5(b)
represents the stability zone of a resonator with a thermal lens when taking the dependence of the
beam radius on the distance between the laser crystal and the output mirror into consideration.
The figure shows that the thermal lens significantly reduces the stability zone, which dramatically
increases the resonator's sensitivity to the slightest misalignments and thus leads to prevention
of power scalability for the Cr?*:CdSe laser. Figure 6(a) and Fig. 6(b) show the modeled
divergences between the caustics of the pump and laser beams in the crystal caused by thermal
lensing for two different absorbed pump powers of 1.04 W and 6.3 W, respectively. Figure 6(b)
shows a catastrophic thermal self-focusing, which should actually break the simple effective lens
approximation. We did not focus on precise modeling and calculation of thermal lens influence
on the laser beam distortion [26,27]. For adequate description of a CW laser generation regime,
we used a simple effective lens approximation [28]. Using the modeling results, the degree of
overlap of the pump beam volume and the resonator mode volume in the crystal was obtained,
with values of 0.89 for an absorbed pump power of 1 W and 0.24 for an absorbed pump power of
6.3 W indicating a reduction in the pump efficiency with increasing power. Small value of the
overlap between the gain region and the resonator mode will lead to additional heating caused by
increasing the ratio between nonradiative and radiative processes in the active medium.

The modeling results show that increasing the pump power leads to divergence between the
pump and laser beam caustics in the active medium and causes significant narrowing of the
resonator stability zone. These effects complicate the adjustment process and limit further power
scalability of the Cr?*:CdSe laser system.

5. Laser slope measurements and internal loss calculations

Measurements of the Cr>*:CdSe laser's output power dependence on the absorbed pump power
were performed using three different output couplers with different transmission coefficients
(9.5%, 21.5% and 33.3%). The measurement results and their approximations are shown in
Fig. 7(a).

The threshold pump power and the slope efficiency were calculated for each measurements.
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An optimal slope efficiency value of 47.6% was achieved using the output coupler with the
transmission coefficient of 33.3% that shown in Fig. 7(b). The maximum power of 2.3 W with
reference to an absorbed pump power of 6.3 W was attained using the 33.3% output coupler by
cooling the active medium to a temperature of 5°Cat 30% air humidity. The internal losses were
calculated using the values of the slope efficiency 7 for the three different output couplers. For
this purpose, the 1/5 dependence on the inverse of the OC transmission coefficient 1/T was
determined (as shown in Fig. 8). According to the literature [12,29], the net internal losses in the
resonator can be found using the following expression:

1 1

n 7o 1o
where 179 = Ap /g - 11p(1 — 0gsa/0) is the maximum slope efficiency, 7, is the pump conversion
efficiency, orsa is the upper-state absorption cross-section, and ¢ is the laser transition cross-
section. Because absorption from the upper laser level in crystals of the A;Bg group doped with
Cr?* jons is very low, i.e., 0gsa/0 < 1, we obtain g = Ap/Ag - 11p.

L 1

7 &)



Research Article Vol. 27, No. 9 | 29 Apr 2019 | OPTICS EXPRESS 12097 I

Optics EXPRESS SN N\

29

>284 | = Experiment
Q .
5274 |— Linear fit
'S
= 2.6
%
&2.5<
S'2.4
=
2]
o 2.34
5]
S 22
g2
— 2.19
20 R S e e e

Inverse OC transmittance

Fig. 8. Dependence of inverse slope efficiency on inverted OC transmittance.

The calculated value for the internal losses was L = 5%. Assuming that all losses are caused
by the active medium, we can obtain an active medium absorption coefficient of 0.063 cm™! at
the laser wavelength. The maximum laser efficiency was calculated to be 179 = 0.54, which leads
to a pump conversion efficiency of 17, = 0.75. Based on these calculations, we conclude that
the laser performance was limited by poor overlapping of the pumped volume and the resonator
mode volume in the active medium, which leads to additional heating and a decrease of the pump
conversion efficiency. A bend of the laser output power in Fig. 7(b) was mostly caused by an
increase of the laser threshold due to lifetime reduction because of vigorous heating of the active
medium.

6. Conclusion

We have performed a thorough characterization of the quenching and thermal lensing based
on simple effective lens approximation in the Cr>*:CdSe active medium, including detailed
research into the dependence of the luminescence lifetime on temperature in the 236-391 K
range. This allowed us to partially overcome the limitations associated with the thermal effects
and build a laser system in which we realized power scalability for the Cr?>*:CdSe laser. Using
a Cr’*:CdSe single crystal, we demonstrated Tm-doped fiber laser-pumped room temperature
diffraction-limited 2.3 W-level pure CW lasing at approximately 2.65 um with absorbed power
slope efficiency of 47.6%, which is the highest output power lasing obtained to date for Cr**:CdSe
lasers. The internal loss value in the active medium was 5%, indicating the good optical quality
of the active medium. Laser performance was limited by a small value of the gain region and
the resonator mode overlapping in the active medium, which leads to additional heating and a
reduction in the pump conversion efficiency. Bend of laser output power dependence on absorbed
pump power was substantially caused by increasing the laser threshold due to a lifetime reduction
because of powerful heating of the active medium. Compensation of these effects is a challenging
task, but further research will be performed to compensate the effect and improve the laser
characteristics. In general, these favorable results prove that the Cr**:CdSe laser is an interesting
and powerful solid-state source with potential for applications in biomedicine.
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