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Continuous-wave Cr>": CdS laser

V.I. Kozlovskii, Yu.V. Korostelin, A.I. Landman, Yu.P. Podmar’kov,

Ya.K. Skasyrskii, M.P. Frolov

Abstract. Continuous-wave lasing is obtained for the first
time in a Cr2" : CdS crystal pumped by a thulium fibre laser
at 1908 nm. The output power of the laser at 2534 nm
achieved 0.81 W with the slope efficiency with respect to the
absorbed pump power equal to 52.3 %. The parameters of
Cr2":CdS and Cr?':CdSe lasers are compared. A
Cr2":CdSe crystal generated 1.7 W of cw radiation at
2638 nm with the slope efficiency with respect to the absorbed
power equal to 53.4 %.

Keywords: cr*t:cds laser, Cr* : CdSe laser, IR lasers, solid-
state lasers, tunable lasers, II- VI crystals.

1. Introduction

The II-VI crystals doped with bivalent transition-metal
ions are being extensively studied for the development of
tunable IR lasers emitting in the range from 2 to 5 pm [1 -
6]. Interest in lasers based on such crystals is related to a
broad scope of their applications in science and technology,
for example, in spectroscopy, photochemistry, medicine, in
devices for the environmental monitoring, etc. These lasers
have a high efficiency, broad continuous tuning ranges and
can operate in pulsed and cw regimes at room temperature
by using convenient pump sources, including semiconductor
lasers. By now tunable lasing has been obtained in a
number of crystals such as Cr" :ZnS (the tuning range is
from 1.94 to 2.84 um [7, §]), Cr*t:ZnSe (1.88—3.10 um
[9]), Cr*":CdSe (2.26-3.61 um [10]), Cr>":CdMnTe
(2.17-3.01 pm [11, 12]), Cr*:CdTe (2.54 um [13]), and
Fe?*:ZnSe (3.77-5.05 um [14—16]). Recently a Cr>": CdS
laser has been demonstrated (2.18—3.32 um) [17, 18].

A Cr?":CdS crystal has considerably better mechanical
and thermooptical parameters than a Cr>":CdSe crystal
with a similar luminescence band. The lifetime of the upper
laser level in these materials strongly depends on temper-
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ature, decreasing from 6 ps at liquid nitrogen temperature
down to 4 ps at room temperature in Cr>" : CdSe and from
7.3 us to 0.93 ps, respectively, in Cr>" : CdS. Although the
upper-level lifetime of the Cr>":CdS crystal at room
temperature is lower, this crystal can be preferable for a
number of applications, especially upon high-power cw
pumping, because it has a higher heat conductivity and
therefore will be heated weaker, and a decrease in the upper-
level lifetime will be less considerable than that in the
Cr?" : CdSe. In addition, the radiation parameters of lasers
based on IT—VI crystals doped with transition-metal ions
are considerably affected by a thermal lens produced upon
high-power pumping [19]. The thermal lens effect in the
Cr?*:CdS crystal should be weaker than that in the
Cr?":CdSe crystal. The Cr’':CdS crystal was studied
earlier only upon pulsed pumping [17, 18]. The operation
of the Cr?":CdS laser in the cw regime obtained in our
work considerably extends the scope of its applications.

In this paper, we obtained for the first time cw lasing in a
Cr2*: CdS crystal and studied parameters of this laser. For
comparison, we also investigated a cw Cr”>" : CdSe laser on
the same experimental setup and managed to obtain the
higher output power and slope efficiency than those
reported in [20].

2. Experimental

Figure 1 presents the optical scheme of the setup. A nearly
semi-concentric Cr>":CdS laser resonator is formed by
plane mirror M1, transmitting 96 % of the 1.908-pm pump
radiation and reflecting almost 100 % of radiation in the
spectral range from 2.4 to 3.4 um, and by output spherical
mirror M2 (R =50 mm). We used in experiments two
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Figure 1. Optical scheme of the experimental setup: (AE) active element;
(M1, M2) laser resonator mirrors; (M3) spherical (R = 50 cm) focusing
mirror; (L) collimating lens; (IMO1-3) power meters.
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output mirrors M2(I) and M2(II) with transmission spectra
in the region of the maximum gain in the Cr>*: CdS crystal
shown in Fig. 2. The transmission of both output mirrors at
the pump wavelength was 90 %. Mirror M2 was moved
along the laser resonator axis during alignment, thereby
varying the resonator length to obtain the best matching
between a resonator mode and the pump region.
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Figure 2. Transmission spectra of output mirrors.

The active element (AE) of the laser was made of a
Cr?t: CdS single crystal grown from a vapour phase on a
single-crystal seed by using the physical transport in helium.
Doping was performed during the growth process by using
the technology developed for growing solid-solution single
crystals [21, 22]. The concentration of Cr?" ions measured
by the atomic emission analysis was 1.1 x 10'® cm ™. The
spectral and lasing parameters of this crystal were studied
earlier upon pulsed pumping [17, 18].

The working length of the AE was [, = 5.1 mm, its
transverse dimensions were 1.5 x 5 mm, and it was placed at
a distance of 0.3-0.6 mm from mirror M1. The working
surfaces of the AE had no antireflection coatings, but they
were carefully polished and parallel to each other with good
accuracy (the wedge was less than 30"). The angle between
the crystal axis and normal to the polished working surfaces
of the AE was ~ 4°. To provide the efficient heat removal,
the AE was clamped via indium interlayers between two
copper plates cooled by running water at a temperature of
14 °C. To minimise losses caused by the Fresnel reflection of
radiation from crystal faces, the AE working surfaces were
oriented perpendicular to the resonator optical axis.

The Cr?" : CdS laser was pumped by a 5.8-W, 1.908-pm
modified cw TLM-05LP thulium fibre laser (IRE-Polyus
Research and Technology Association). The pump radiation
beam was focused through M1 by a spherical mirror
(R =50 cm) to a spot of diameter 0.24 mm on the nearer
face of the AE and was directed at a small angle (to ~ 1°) to
the optical axis of the Cr?":CdS laser resonator. This
prevented the incidence of pump radiation reflected from
resonator elements on the focusing mirror, thereby exclud-
ing the influence of the latter on the pump laser operation.
In this case, the angle between the pump beam and
resonator axis inside the crystal did not exceed 25’, which
provided good matching between the volumes of the
pumped region and the fundamental transverse mode of
the resonator. The unsaturated absorption coefficient of the
Cr*: CdS crystal at the pump wavelength was 1.47 cm ™.

The pump and laser powers were measured by IMO1
and IMO2 power meters. Because the absorption coefficient

decreases during lasing, the pump-power absorption in the
AE was determined by measuring (with an IMO3 power
meter) the pump power transmitted thorough the crystal
during lasing. We took into account the Fresnel losses of
pump radiation at the AE input and the contribution of
pump radiation transmitted through the AE and reflected
backward from the AE end facing the output mirror. The
lasing spectrum was measured with a grating monochro-
mator.

3. Experimental results and discussion

We obtained for the first time cw lasing in a Cr>':Cds
crystal in our setup. In most experiments the laser spectrum
was centred at 2534 nm. We observed small line shifts (no
more than by 10 nm) depending on the resonator mirror
and resonator alignment. The laser linewidth did not exceed
6 nm (the spectral resolution of the monochromator was
3 nm).

Figure 3 presents the dependences of the output power
of the Cr?" : CdS laser on the absorbed pump power P, for
two output mirrors. The maximum value P, = 0.81 W was
obtained with output mirror M2(Il) for P,,, =2 W. In this
case, the threshold absorbed pump power Py was 0.538 W
and the slope efficiency #,,, was 52.3%. When output
mirror M2(I) with a smaller transmission was used, the
threshold power Py decreased down to 0.433 W and #,
decreased to 30.9 %. Note that due to losses in external
optical elements and the input face of the crystal (the
Fresnel reflection coefficient is 15.2%) and due to weak
absorption of pump radiation by the crystal (less than 50 %
during lasing), the pump power was used incompletely. As a
result, the total optical efficiency of the Cr®" : CdS laser was
14 %.
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Figure 3. Dependences of the output power of the Cr : CdS laser on
the absorbed pump power obtained with output mirrors M2(I) and
M2(1I).

The dependence of n,,, on the transmission 7 of the
output mirror was used to estimate passive losses L in the
Cr?*: CdS laser resonator from the expression [23]
1 1 L1

no T’
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where 1 = Np(Ap/ 21as)(1 — TEsa /0) is the limiting efficiency;
N, is the pump radiation use efficiency; /i, is the laser
wavelength; /% is the pump wavelength; Ogsa 18 the exc.itf:d-
state absorption cross section; and ¢ is the laser transition
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cross section. We obtained from experiments the value
L =2.7%. By assuming that these losses are internal losses
in the AE, the upper estimate of the loss factor in the
Cr?t:CdS crystal at the laser wavelength is 0.026 cm™'.

To compare the parameters of Cr°":CdS and
Cr?* : CdSe lasers under identical experimental conditions,
the Cr’*:CdS crystal was replaced by the Cr’':CdSe
crystal of almost the same size (with slightly different 7).
We used two Cr’':CdSe crystals: crystal No. 1 ([, =
4.9 mm) with the same Cr’" ion concentration (1.1x
10" cm_3) as in the Cr2*:CdS crystal, and crystal No. 2
(I, =52 mm) with a lower Cr’>" concentration (0.81x
10" cm™). The Cr?* concentration in Cr>" : CdSe crystals
was determined from absorption spectra by using the
absorption cross section taken from [3]. The unsaturated
absorption coefficient at the pump wavelength was 3.3 and
2.43 cm™! for crystals No. 1 and 2, respectively.

We obtained cw lasing in both Cr* : CdSe crystals. The
maxima of the lasing spectra of these crystals (at 2638 and
2598 nm for crystals No. 1 and 2, respectively) were shifted
to the red with respect to the maximum of the lasing
spectrum of the Cr”" : CdS laser. The width of these spectra
did not exceed 6 nm.

Figure 4 presents the dependences of the output power
of Cr?*: CdSe (No. 1), Cr**: CdSe (No. 2), and Cr>* : CdS
lasers on the absorbed power, which were obtained by using
output mirror M2(IT). A considerable difference in the
maximum absorbed pump power for these three crystals
is caused by the difference in their absorptions during cw
lasing.
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Figure 4. Dependences of the output power Cr?*:CdS, Cr?*:CdSe
(No. 1) and Cr?":CdSe (No. 2) crystals on the absorbed pump power
obtained with mirror M2(II).

The maximum value P, = 1.7 W was obtained in the
laser based on crystal No.1 for Py, =3.37W and
Py, =0274 W. The achieved output power exceeds
1.1 W obtained earlier in the cw Cr’':CdSe laser [20].
This can be explained by the more efficient use of pump
radiation due to a smaller angle between the pump beam
direction and laser resonator axis and by the better
matching between the pump and lasing volumes in the
crystal. In addition, the working faces of the crystal were
well polished, which reduced scattering losses. The achieved
slope efficiency n,,, = 53.4 % also exceeded the efficiency
n, =44% obtained in [20]. Even the higher value
Naps = 57.5%, which is the highest for the Cr*':CdSe
laser, was obtained in the laser based on crystal No. 2.

We measured the parameters of the Cr’":CdSe laser
with output mirror M2(I) as well. As in the case of the
Cr?":CdS laser, we estimated passive losses in the
Cr?": CdSe laser resonator as 3.5 % and 2.9 % in crystals
No. I and 2, which corresponds to absorption coefficients
equal to 0.036 and 0.028 cm™', respectively. The main lasing
parameters of Cr>":CdS and Cr’':CdSe crystals are
presented in Table 1.

Table 1. Main radiation parameters of Cr>*:CdS and Cr2*:CdSe
lasers.

i Output mirror M2(I)  Output mirror M2(II)
Crystal Alas/

nm Pth/w Nabs (0/0) Plh/w Nabs (%)
Cr*:CdS 2534 0433 309 0.538 523
Cr*:CdSe o o104 297 0.273 53.4
(No. 1) : : : :
CritaCdSe oo o137 331 0.310 575
(No. 2) : : : :

These data show that Cr>":Cd and Cr?":CdSe lasers
have close values of 7,,,. As expected, the threshold pump
power for the Cr?" : CdS crystal is higher than that for the
Cr?*:CdSe laser. It can be estimated from the expression
[24]

Py = (Epn/07)(Sp + Sias) (L + T), ()

where Epy, is the pump photon energy; o is the gain cross
section  (ocgs = 1.1 x 107 em?  [18],  ocgse = 1.1x
107" em? [25]); 7 is the upper laser-level lifetime; and Sp
and S}, is the pump and laser mode area, respectively. It
follows from expression (2) that the difference between
threshold pump powers observed in [24] is manly deter-
mined by the difference in the values of 7, which is 0.93 and
4.05ps for Cr?":CdS and Cr®':CdSe, respectively,
according to our measurements at room temperature.
Therefore, according to (2), the threshold powers for
these two crystals at 300 K should differ by more than
four times. However, the data presented in Table 1 show
that the difference in the values of Py, is smaller. In our
opinion, this can be explained by the difference in
thermooptical parameters of these crystals.

We demonstrated qualitatively the advantage of the
Cr?":CdS crystal over the Cr>":CdSe crystal at high
pump powers in additional experiments in which the
pump beam diameter on a crystal was reduced down to
0.15 mm. In this case, the growth rate of the output power
of the Cr*":CdSe (No. 1) crystal decreased when the
absorbed pump power exceeded 1.6 W. As a result, the
maximum output power did not exceed 1.2 W, unlike
Py = 1.7 W obtained for the pump spot of diameter
0.24 mm. In the Cr>":CdS laser, such a decreases in the
growth rate of the output power was not observed, and the
output power at the maximum absorbed pump power of
2 W was 0.785 W, which is close to 0.81 W obtained with a
large pump spot. This gives promise that higher output
powers can be achieved by using higher-power pumping of
the Cr*":CdS laser.

At present the highest output power among cw lasers
based on I1— VI crystals was achieved in Cr>" : ZnS (10 W)
and Cr?" : ZnSe (13 W) lasers pumped by a 30-W fibre laser
[8]. We can assume that the optimisation of pumping
conditions and the use of higher-power pumping will
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provide the increase in the output power of Cr>*: CdSe and
Cr?" : CdS lasers.

The homogeneous nature of the amplification band of
IT-VI crystals doped with transition-metal ions allows in
principle a considerable narrowing of the laser line without
significant power losses, while the results that we obtained
earlier upon pulsed pumping [17, 18] give promise that
continuous tuning of cw Cr>":CdS laser can be achieved
in the range from 2.2 to 3.3 um. Narrowband and tunable
lasers of this type can find applications in high-resolution
spectroscopy, in particular, in the development of compact
optical frequency standards.

4. Conclusions

We have obtained for the first time cw lasing in a
Cr?":CdS crystal emitting 0.81 W of output power with
the slope efficiency with respect to the absorbed pump
power equal to 52.3 %. In our opinion, the laser efficiency
can be increased by further optimising the transmission of
the output mirror and matching the pump and lasing
regions in the active element. To increase the total laser
efficiency, it is necessary to use the active element with AR
coated surfaces having a stronger absorption at the pump
wavelength.
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