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Pulsed mid-IR Cr*" : ZnS and Cr?' : ZnSe lasers
pumped by Raman-shifted Q-switched neodymium lasers

K. Graham, V.V. Fedorov, S.B. Mirov, M.E. Doroshenko,
T.T. Basiev, Yu.V. Orlovskii, V.V. Osiko, V.V. Badikov, V.L. Panyutin

Abstract. The spectral and lasing properties of Cr X ZnS
and Cr?": ZnSe crystals pumped by Raman-shifted nano-
second neodymium lasers are studied. Tunable pulsed lasing is
obtained in the mid-IR range between 2.05 and 2.40 pm. The
minimum lasing threshold was 170 pJ at the maximum slope
efficiency of 20 %.
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1. Introduction

The development of compact tunable mid-IR lasers
operating at room temperature is of great interest for
many scientific studies and applications. Such lasers can be
used in medicine, environmental control and spectroscopic
investigations. In this connection, chalcogenide crystals
doped with transition-metal ions, in particular, Cr>* ions
attract special interest. The fundamental properties of
impurity Cr*" ions in II-VI semiconductors have been
studied since the 1970s [1-35]. The models describing the
symmetry of these optical centres and the splitting of levels
of the Cr** ion in a crystal tetragonal field have been
proposed in Refs [2—6]. A new wave of investigations of
these materials was initiated in papers [7—9], where its was
proposed to use them in solid-state tunable mid-IR lasers.
Room-temperature lasing has been obtained at the °E — °T,
transitions of Cr*" jons in the Zn$ [7, 8, 10-13], ZnSe
[7, 8], CdSe [14], and Cd,_,Mn,Te [15-17] crystals in the
wavelength range from 2 to 3 um. Continuous-wave
[18—21], pulsed [22, 10] and mode-locked [23-25] lasing
has been achieved. The crystals were pumped both by
flashlamps and laser diodes [26-28]. The ZnS and ZnSe
crystals have the best physical properties among the 11-VI
crystals. They are nonhygroscopic (the solubility of ZnS
and ZnSe in water is less than 0.01), their thermal
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conductivity is higher than that for other crystals of this
type 27 Wm 'K for ZnS and 19 Wm ' K~! for
ZnSe), and their temperature derivative of the refractive
index is smaller than in other crystals of this type (as
46 x 107 K~! for ZnSe and 70 x 10~ K~! for ZnSe [29]).
One of the problems in the development of Cr** : ZnS and
Cr’" : ZnSe lasers is the synthesis of crystals with a
homogeneous distribution of impurity chromium ions at
high concentrations and low passive losses. In this
connection it is interesting to dope preliminary grown
pure crystals with impurities by the method of thermal
diffusion. This method offers an advantage of the
independent optimisation of the growth of high-quality
crystals and the diffusion of impurity ions. In addition, this
technology allows one to control the impurity concen-
tration by changing the temperature and duration of
thermal diffusion during doping.

Neodymium lasers can be used as one of the pump
sources for high-power pulsed Cr*" : ZnS and Cr*" : ZnSe
lasers. These lasers are widely used, optimised for high-
power diode pump, and can be easily scaled to obtain the
required output pulse energy.

In this paper, we studied the spectral properties of
Cr?* : ZnS and Cr?" : ZnSe crystals grown by the method
of chemical transport followed by diffusion doping with
chromium ions, as well as their laser parameters upon
pumping by nanosecond pulses. As a base radiation source
for spectroscopic studies and pumping of the crystals, we
used Q-switched neodymium lasers. The output radiation
from a 1.064-uym neodymium laser was converted with the
help of stimulated Raman scattering (SRS) in a cell with
deuterium or hydrogen to radiation at 1.56 or 1.907 um
lying within the absorption band of Cr’*:ZnS or
Cr?* : ZnSe crystals, respectively. In addition, we also
used for pumping the 1.33—1.34-pum radiation from
Nd*": YAG and Nd*":Cr®" : GGG lasers shifted by
SRS in BaWOQ, crystals.

2. Synthesis of crystals

The ZnS and ZnSe crystals were grown by the method of
chemical transport [3] from a vapour phase in a quartz
ampoule of diameter 20 mm and length 200 mm using
iodine transport. The difference of temperatures in the
mixture and crystallisation zones was approximately 100 °C.
The concentration of I, during the crystal growth was 2—
5 mg cm >, Unoriented ZnS and ZnSe crystal samples of
size 2 x 2 x 1 cm had the hexagonal structure. Plates of size
5 x 5 mm and thickness 1-5 mm were manufactured from
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the samples. Chromium was doped into ZnS (ZnSe) crystals
by thermal diffusion. The working surfaces of the plates
were preliminary polished.

The plates were placed together with the CrS (CrSe)
powder (providing the molar concentration of chromium of
0.1 % —1.0 % in a final sample) into a quartz ampoule. The
ampoule was pumped to 2 x 107> Torr and sealed off.
Ampoules prepared this way were placed into an oven
for annealing. The annealing time was varied from 14 to 40
days, while the annealing temperature was changed from
820 to 1120 °C. After the annealing, the working surfaces of
the plates were subjected to fine polishing. Along with
samples prepared by the thermal diffusion method, we
fabricated samples doped with chromium from a metal
film deposited on the surface of single crystal plates. The
chromium film was prepared on samples by the method of
pulsed laser deposition in a vacuum chamber, and then the
crystals were placed into quartz ampoules. The ampoules
were pumped to 107> Torr and annealed at 1000 °C for ten
days.

3. Spectral properties of Cr?' : ZnS
and Cr’" : ZnSe laser crystals

According to the Hund rule, the ground state of free Cr"
(3d*) ions is the °D state with the total degeneracy
multiplicity equal to g(°D) = (28 + 1)2L + 1) = 25. This
state of Cr”" ions is split in a weak tetragonal T} crystal
field into the ground 7, and excited °E states [2, 4], with
the ratio of the degeneracy multiplicities equal to
gCE)/g(°T») = 2/3. The wavelengths of the °T, <°E
transitions in Cr~" ions in chalcogenide crystals lie in
the range from 2 to 4 um. These transitions are spin-
allowed transitions. The rest of the transitions from the
excited “F state in Cr>" ions are forbidden according to the
spin selection rule. As a result, the excited-state absorption
is absent, making Cr>*-doped chalcogenide crystals prom-
ising laser media for the mid-IR range [7, 8]. The EPR
studies showed that the ground-state symmetry of Cr?"
ions is perturbed along the (001) crystal axis. It has been
shown in Ref. [2] that this perturbation can be caused by
the static Jahn-—Teller effect. In this case, the local
symmetry of Cr’>* ions is reduced to Dy, [2, 4, 5]. Such
a perturbation leads to the splitting of the ground and
excited states into the sublevels °E — 4, +°B;, and
5T, —°B, +°F, (the symbol ~ denotes irreducible repre-
sentations). In this case, the ratio of the degeneracy
multiplicities for levels are g(SAl)/g(sél) =1 and
2(°By)/gCCE) = 1/2. The °B,(°T,) —’ E(°T,) transition in
ZnS and ZnSe crystals corresponds to a broad absorption
band in the range from 700 to 3000 cm '. The parameters
of the Jahn - Teller perturbation for Cr*" ions in Zn$ and
ZnSe crystals are EyrCE)~ 50 cm™' and Epp CTh) &~
350 cm™! [2, 4, 5]. The degeneracy of the levels is further
removed due to the spin-spin and spin-orbit interactions.
The splitting of the °B, ground-state levels in ZnS and ZnSe
crystals is approximately 7 cm '. However, a dynamic
model for perturbation of Cr*" ions in a tetragonal crystal
field was proposed in some papers (see, for example,
Ref. [6]). According to this model, the 7,; symmetry is
preserved, and the level splitting is much smaller, being only
a few inverse centimetres. As a result, the room-temperature
populations of the sublevels of the ground and excited
states can be assumed identical. The energy level diagrams
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Figure 1. Energy level diagrams for Cr>" ions in a crystal field of the
symmetry 7; in the case of perturbation produced by the dynamic Jahn —
Teller effect [5, 6] (a) and in a crystal field of the symmetry D,; in the
case of perturbation produced by the static Jahn — Teller effect [2, 5] (b).

corresponding to the two splitting models considered above
are presented in Fig. 1.

We studied the absorption and luminescence spectra
corresponding to the °T, < °E transitions in the tempera-
ture range from 14 to 450 K. The luminescence spectra were
recorded with an Acton Research ARC-300i spectrometer.
Luminescence was excited by a cw erbium-doped fibre laser
(ELD-2, TPG Photonics). The luminescence emission was
modulated with a mechanical shutter at a frequency of
800 Hz and measured with a PbS detector using a lock-in
amplifier. The spectral sensitivity of the detection system
was calibrated using an Oriel 9-2050 tungsten halogen lamp.
It was shown [2] that the absorption coefficient o (in cm ™)
of a Cr?" : ZnSe crystal at the Cr*" concentration of no
more than 4 x 10" cm > at room temperature at the
frequency 5650 cm ' is proportional to to the concentration
of chromium ions n¢, (in em?®): o« ~ 1.2 x 10 ¥n¢,. This
result is close to that obtained in Ref. [31], where the
absorption cross section was measured by the saturation
of the crystal transmission upon pulsed excitation. Approxi-
mately the same absorption coefficient at the maximum of
the absorption spectrum can be obtained for a Cr*" : ZnS
crystal using the data from Ref. [3]. The room-temperature
absorption spectra of samples recorded with a Shimadzu-
UV3101PC spectrophotometer are presented in Fig. 2.

The luminescence kinetics of Cr®" ions was studied by
exciting them by 5-ns pulses from a neodymium laser whose
radiation was frequency-shifted to 1.56 or 1.907 um due to
SRS in deuterium or hydrogen. The luminescence emission
was detected with an InSb detector with the time resolution
of 0.5 ps. Figure 3b shows the room-temperature lumines-
cence kinetics measured at several wavelengths in a
Cr?* : ZnS crystal (ne, =~ 3 x 10! cm™3). The luminescence
decay curves measured at different wavelengths are well
described within the experimental error by single exponen-
tial with the decay time t = 4.3 ps (a slight deviation from
an exponential decay of luminescence at a wavelength of
2.25 pum is caused by scattered laser radiation detected at the
long-wavelength edge of the luminescence spectrum).
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Figure 2. Absorption (1) and lumincscence (2) cross scctions for the
5T, & E transitions in Cr>* jons in ZnS (a) and ZnSc (b) crystals at
room temperature.

Figure 3a demonstrates the luminescence decay at
1.95 um detected for a Cr®':ZnS crystal at different
temperatures. The decay time t of luminescence increases
up to 5.7 ps with decreasing the crystal temperature down to
14 K. Figure 4 shows the temperature dependences of the
excited-state lifetimes of Cr’" jons in ZnS and ZnSe
crystals. One can see that the excited-state lifetime slightly
changes in the temperature range from 14 to 300 K.

The luminescence lifetimes of Cr®* ions in a ZnS crystal
at room temperature are close to the values 4.7—5.4 pus
obtained in Ref. [4], but shorter than the lifetime 8 ps
measured in Ref. [7]. This is probably explained by the
influence of reabsorption. Another reason can be the
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Figure 3. Dccay of luminescence of Cr?* jons at 1.95 pm in ZnS crystals
cxcited by 5-ns, 1.56-pm pulscs from the D, Raman lascr at temperaturcs
14 (1),352(2)and 401 K (3) (a), as wcll as at the wavelengths 1.95( /1),
2.15(2), and 2.25 um (3) at 300 K (b). Curve (4) is the time resolution
of the detection system upon registration at the pump wavcelength.
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Figure 4. Dcpendences of the decay time of luminescence of Cr* ions in
the ZnS (a) and ZnSc (b) crystals upon pulsed cxcitation at 1.56 (m) and
1.907 um (o).

dependence of the transition oscillator strength on the
crystal growth technology (in Ref. [7], crystals were grown
by the physical transport method). We observed a slight
increase in the luminescence lifetime for a Cr?' : ZnSe
crystal with temperature. This can be explained by a lower
probability of radiative transitions from the higher-lying
components I'y, I'y, I'y, and >4, (Fig. 1) of the excited state
or by a slight variation in the lifetime of excited centres
within the inhomogeneous luminescence band.

The concentration quenching of luminescence of a
Cr?t : ZnSe crystal was studied in detail in Ref. [32], where
it was shown that it can be neglected at room temperature
for concentrations below 10" cm™. However, the excited-
state lifetime drastically decreases at higher concentrations.
The data presented in Fig. 4 allow us to estimate the
quantum yield of luminescence as the ratio of the lumines-
cence lifetime measured at room temperature to the
radiative lifetime. The latter was assumed equal to the
maximum luminescence decay time measured in the temper-
ature range from 14 to 450 K. The quantum vyield of
luminescence of chromium ions in ZnS and ZnSe crystals
found by this method was 0.75 and ~ 1, respectively.

We also studied the dependence of the luminescence
intensity of Cr>" : ZnS crystals on the polarisation of
exciting radiation. The luminescence intensity was measured
in these experiments along the pump beam direction and
perpendicular to it. However, the difference in the lumi-
nescence intensities did not exceed the experimental error
(~ 8%). The absorption cross section for the °T, «°E
transition of Cr®" ions in ZnS (ZnSe) crystals (Fig. 2) was
calculated from the calibrated luminescence spectrum using
the relation [33]

2°1(7)
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where the refractive index 1s n = 2.27 (2.44); the radiative
lifetime is 7,4 = 6 us (6 ps); and I(2) is the spectral intensity
distribution measured in W m™~ nm™ .

The luminescence cross sections for Cr”' : ZnS and
Cr?" : ZnSe crystals calculated in this way in the maximum
of the gain curve were 1.4 x 107" and 1x10°'® cmz,
respectively. The spectral dependences coincide with data
reported in [7]; however, the absolute values of the radiative
lifetime differ from the values 7,4 = 11 and 8 us obtained

for Cr*" : ZnS and Cr*' : ZnSe crystals in [7].

4. Lasing experiments

The first series of experiments on tunable lasing was
performed with a Cr?" : ZnS crystal, which was pumped by
radiation from a Nd*" : YAG laser Raman shifted in a cell
with deuterium. The scheme of the experiment is shown in
Fig. 5. The Raman converter was pumped by 5-ns, 1.064-
pm pulses from a single-frequency Nd>* : YAG laser. An
optical isolator placed between the laser and the SRS cell
prevented the damage of active elements by backward
radiation scattered in the cell. The 1.56-um backscattered
radiation pulses with energy of up to 100 ml] were
attenuated and focused into a Cr>" : ZnS crystal with a
lens of the focal length 26.5 cm. The stability of the pump
energy was approximately 5%. A semisherical resonator of
length 18.5 cm was formed by a flat dichroic mirror
deposited on the active-element face and by a spherical
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mirror with radius of curvature p = 20 cm. The second face
of the crystal was covered by an anti-reflection coating for
the lasing wavelength range and by a highly reflecting
coating for the pump wavelength, providing the double-
pass pumping in the active element.

1
Nd**: YAG, ‘ Hy, =191 um
A =1.064 pm D;, A =1.56 ym

(=
A
3

Figure 5. Experimental setup for studying the Cr?* : ZnS laser pumped
by radiation from the Nd>* : YAG laser frequency-shifted due to SRS in
a hydrogen or deuterium cell: (/) optical isolator; (2) attenuator; (3)
CaF, prism.

The averaged absorption coefficient in the 1.7-mm thick
active element was ~ 3.5 cm~|. However, the distribution of
chromium ions over the crystal depth was strongly inho-
mogeneous. The output mirror had transmission of 10 % or
20 % in the spectral range between 2.05 and 2.5 um and
25 % at the pump wavelength. The calculated waist of the
resonator mode was 200 pm. The output emission was
separated from pump radiation using a Ge filter.

Figure 6 shows the dependence of the output energy on
the absorbed pump energy for the output-mirror trans-
mission 7= 10 %. One can see that the lasing threshold is
achieved at the pump energy Ey,; = 170 pJ and the slope
efficiency is 20 %. The spectral width of the laser pulse was
90 nm. The maximum output energy was limited by the
optical damage of the active-element coatings. For the
output mirror with 7= 209%, the lasing threshold was
Eyp =250 pJ. The passive losses at the lasing wavelength
per one round-trip were estimated to be ~ 14 % using the
relation [33]
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Figure 6. Output energy of the Cr?* : ZnS laser with the output-mirror
reflectivity R = 90 %.
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where R; and R, are the reflectivities of output mirrors.

To obtain tunable output radiation, we placed a CaF,
prism into the resonator at a distance of 7 cm from the
output mirror (with the reflectivity R = 90 %). The insertion
of the prism into the resonator increased the lasing thresh-
old up to 240 pJ. Figure 7 shows the spectrum of tunable
laser output in the range between 2.05 and 2.40 um obtained
at the three-fold excess of pump radiation over the lasing
threshold. The maximum of the tuning curve is located at
2.25 um. The tuning range in the long-wavelength region
was limited by the mirror coatings, whose reflectivities
decreased at long wavelengths.

Output energy (arb. units)
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Figure 7. Output tuning curve for the Cr>* : ZnS laser with the output-
mirror reflectivity R = 90 % and a CaF, prism used for tuning.

In the second series of experiments, we used an acousto-
optically O-switched Nd** : YAG laser as a base pumping
source, which emitted 40— 50-ns, 1.34-pm pulses. This laser
was used to pump a Raman laser based on a BaWQ, crystal
of length 42 mm (Fig. 8). This crystal was chosen as an
active medium for a solid-state IR Raman laser due to its
unique properties [34, 35]. The BaWO, crystal provides a
high peak intensity of Raman scattering, which is very close
to its record value in a Ba(NOs), crystal, but unlike the
latter, this crystal is nonhygroscopic, hard, and has a high
thermal conductivity, while its absorption spectrum is
shifted to the IR region, allowing one to obtain SRS in
the range between 1.7 and 3 pm. The resonator of the
Raman laser was formed by two flat mirrors. The reflectivity
of the input mirror was R = 90 % — 100 % in the range from

BawQ,
(Ba(NO3),)
1 2 35 4
Nd* : YAG
(Nd>*Cr?* : GGG)
1.33-1.34 pym 1.56-1.73 yum  2.5um

Figure 8. Experimental setup for studying the Cr>* : ZnS laser pumped
by radiation from a neodymium laser frequency-shifted due to SRS in
BaWO, and Ba(NO;), crystals; (I, 2) input and output mirrors of the
Raman laser; (3,4) input and output mirrors of the laser under study;
(5) active element.
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1.5 to 2.0 pm and its transmission was T = 80 % —90 % at
the pump wavelength 1.34 ym. The output mirror had
R=50% at 1.53 um and 7 =14% at 1.78 um. To avoid
the optical damage of the crystal, the pump radiation was
focused by a lens with the focal distance f= 180 mm into a
spot at a distance of a few millimetres in front of the input
face of the crystal.

Figure 9a shows the general output emission spectrum of
the laser. One can see that even when the output mirror with
R =50% at the wavelength corresponding to the first
Stokes component (L =1.53 um, Av=925cm™") was
used, lasing was obtained at the wavelengths 1.78 and
2.13 um corresponding to the second and third Stokes
components. An additional weak scattering observed near
the first Stokes component is caused by another, weaker
vibrational mode (Av = 332 cm™!) observed in the sponta-
neous Raman spectrum of the BaWO, crystal. The output
parameters of the Raman laser are presented in Fig. 9b. The
conversion efficiency of the 1.34-um pump radiation to the
second Stokes component was 5 % with the slope efficiency
equal to 10 %. Note that the efficiency of conversion to the
first Stokes component was of the same order of magnitude
(6 %, see Fig. 9b). The total slope efficiency of conversion to
the first and second Stokes components was 22 %.

The Cr®' :ZnSe laser was pumped by the BaWO,
Raman laser. Due to a broad absorption band of the
Cr?* : ZnSe crystal, both Stokes components of the Raman
laser can be used for pumping. We used in this experiment a
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Figure 9. Output emission spectrum (a) and the output energy (b) of the
BaWO,; Raman laser pumped by the 1.34-pm radiation from the
Nd** : YAG laser. The total slope efficiency is 22 %.

2.5-mm thick Cr>" : ZnSe crystal absorbing 75 % of pump
radiation at 1.53 pm. A semi-concentric resonator of this
laser of length 40 mm was formed by a spherical input
mirror with the radius of curvature p = 100 mm and a flat
output mirror. The pump radiation was focused into the
crystal by a lens with the focal length f'= 100 mm, which
was placed in front of the spherical mirror. The pump
energy was varied using a set of neutral filters.

Figure 10 shows the output parameters of the
Cr?" : ZnSe laser for resonators with different reflectivities
of the output mirror. One can see that the minimum lasing
threshold was 250 pJ and the maximum slope efficiency was
11 %. The maximum total lasing efficiency for the output
mirror with R=34% was 8%. The round-trip passive
losses in the resonator were estimated from the Findlay—
Clay analysis [33] (Fig. 11a). One can see that the losses per
round-trip were 10%. This value is close to losses in a
Cr?" : ZnS crystal synthesised using a standard technology.
On the other hand, the resonator losses can be estimated
from the dependence of the slope efficiency on the reflec-
tivity of the output mirror [36]

1 1 L
i (%)

where 7 is the slope efficiency and g, is the limiting slope
efficiency. Losses per round-trip estimated from (3) are
13 %. This value is close to losses calculated from the lasing
threshold. The difference between the losses can be caused
by a greater influence of the nonstationary lasing regime on
the slope lasing efficiency than on the lasing threshold.
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Figure 10. Output energy of the Cr’" : ZnSe laser for resonators with
different output-mirror reflectivities R.

We also studied the time delay between the pump and
output pulses of the Cr*™ : ZnSe laser. The lasing dynamics
was measured with a Ge: Au photoresistor cooled down to
77 K and recorded with a Tektronix TDS-380 digital
oscilloscope. The time resolution of the detection system
determined by the photoresistor was 7 ns. Figure 12 shows
the dependences of the time delay between the leading edges
of the pump and output pulses for the Cr*" : ZnSe laser
with different output mirrors. One can see that the lasing
build-up time changed in experiments from 35 to 170 ns
depending on the reflectivity of the output mirror and the
pump-pulse energy. The time delays observed in experiments
are comparable with typical duration of Q-switched laser











