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Abstract.  Methods of wavelength tuning of a polycrystalline 
Cr2+ : ZnSe laser pumped by a repetitively pulsed Tm : YLF laser 
(pulse duration ~100 ns, pulse repetition rate 3 KHz) are studied. 
With the use of a prism selector, the laser wavelength was tuned 
within the range of 2070 – 2400 nm at a linewidth of 11 nm for a 
SiO2 prism and 30 nm for a CaF2 prism. The use of a Lyot filter 
made it possible to tune the Cr2+ : ZnSe laser wavelength (with 
replacement of the cavity mirrors) within the spectral ranges of 
2130 – 2400 and 2530 – 2750 nm at a linewidth of 4 nm.

Keywords: mid-IR region, Tm : YLF laser, polycrystalline Cr2+ : 
ZnSe laser, prism selector, Lyot filter.

1. Introduction

Tunable mid-IR lasers are of interest for detecting molecular 
gases with low concentrations, which is an important problem 
of environmental monitoring, as well as for various medical, 
chemical, and industrial applications [1].

These needs can be partially satisfied by using tunable 
crystalline Cr2+ : ZnSe lasers emitting in the wavelength region 
2 – 3 mm, which includes intense absorption lines of most sim-
ple molecules [2 – 6].

Wavelength tuning of lasers with a dispersive cavity is 
mainly performed using a prism [7 – 13], an interference-
polarisation filter (IPF) (Lyot filter) [14, 15], or a diffraction 
grating [16 – 18]. In particular, the use of a ZnSe prism in a 
Cr2+ : ZnSe laser pumped by a cw Tm : YAP laser allowed the 
authors of [7] to obtain tuning within the range 2138 – 2760 nm 
with the linewidth of ~30 nm in the centre and ~10 nm at the 
edges of the tuning range. Introduction of an additional 
etalon inside the cavity decreases the linewidth to 4 nm.

By placing a fused-quartz prism or a quartz birefringent 
filter 0.8 mm thick in the cavity of a cw Cr2+ : ZnSe laser, the 
authors of [14] managed to obtain the linewidth narrower 
than 0.4 nm within the tuning range 2180 – 2800 nm.

In the pulsed regime (pulse duration 10 ms), tuning within 
the range 2246 – 2650 nm was achieved using a quartz plate 
1.5 mm thick oriented at the Brewster angle [15].

Using a 600-line mm–1 diffraction grating as a selector, 
laser wavelength in [16] was tuned from 2120 to 2770 nm at a 
linewidth smaller than 2 nm. The use of crystals with a low 
concentration of Cr2+ ions and a sapphire prism allowed one 
to obtain wavelength tuning within the range 1880 – 3100 nm 
in the repetitively pulsed regime [10].

The widest tuning range (1973 – 3349 nm) was achieved 
for a ceramic Cr2+ : ZnSe laser with a dispersive cavity and a 
CaF2 prism under pumping by an Er3+ fibre laser (wavelength 
l = 1697 nm) [13].

Nevertheless, available papers provide no sufficient infor-
mation for determining the dispersive cavity parameters that 
allow one to obtain lasing with required spectral characteris-
tics. The aim of the present work is to study and compare two 
methods of tuning the radiation of a repetitively pulsed 
Cr2+ : ZnSe laser, namely, tuning by a dispersive prism and by 
a Lyot filter. For the studied selectors, we present the experi-
mental results and the theoretical estimates of the main 
parameters, such as tuning range, angular tuning rate, lasing 
linewidth, free dispersion region, sharpness factor, etc. The 
nonselective losses introduced by these elements are also pre-
sented.

2. Prism selector

Selection in a dispersive cavity with a prism occurs due to 
deflection of laser beams with different wavelengths at differ-
ent angles to the cavity axis. The selective losses in this case 
depend on the cavity alignment. The longitudinal modes 
propagating orthogonally to the reflecting surfaces of mirrors 
have the lowest losses.

The selective characteristics of a cavity with a prism are 
determined by its angular dispersion dj/dl. If the prism faces 
are oriented at the Brewster angle aBr to the optical axis of the 
cavity, the expression for the angular dispersion has the form 
dj/dl = 2dn/dl (n is the refractive index) [19]. The angular 
tuning rate K of a prism cavity is inversely proportional to the 
prism material dispersion,

K = (2dn/dl)–1.	 (1)

For the prism resolution R » l /dl determined by the instru-
mental diffraction profile [19], the cavity transmission line-
width dltr can be found as
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where v is the beam radius. The refracting angle of the prism 
whose faces are oriented at the Brewster angle to the cavity 
optical axis is determined by the expression [19]
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А = 2arcsin[(n2 + 1) –1/2].	 (3)

As follows from relations (1) and (2), the prisms made of a 
material with a high dispersion provide better spectral selec-
tivity (Table 1). 

We experimentally studied the lasing characteristics of a 
Cr2+ : ZnSe laser with a dispersive cavity (Fig. 1). The 
Cr2+ : ZnSe active element (Cr2+ concentration ~1018 cm–3) 
had the form of a disk 4 mm thick with a diameter of 20 mm 
and two polished faces. To reduce the undesirable selection of 
the laser spectrum caused by interference effects, the active 
element was positioned at the Brewster angle with respect to 
the optical axis of the cavity.

The Cr2+ : ZnSe polycrystal was excited by the linearly 
polarised radiation of a diode-pumped Tm : YLF laser with 
lpump = 1908 nm. So that the beams reflected from the optical 
units of the Cr2+ : ZnSe laser cavity did not hit the pump laser, 
the optical cavity axis was inclined at 1.5° with respect to the 
pump beam direction. The pump pulse duration was ∆tpump » 
100 ns at the pulse repetition rate frep = 3 kHz.

A beam of the Tm : YLF laser ( 1 ) was focused by a lens 
system ( 2 ) inside the Cr2+ : ZnSe sample ( 4 ). The cavity 
100 mm long was formed by mirrors ( 3 ), ( 5 ), and ( 7 ). The 
plane mirror ( 6 ) had a high reflection coefficient at wave-
lengths of 1.9 – 2.4 mm (no lower than 99.5 %), while the 
dichroic mirror ( 3 ) had a high reflection coefficient within the 
range 2.1 – 2.4 mm (~99 % for the vertical polarisation) and a 
high transmission coefficient at the pump wavelength (~90 %). 
As an output mirror, we used the spherical mirror ( 7 ) with a 
curvature radius of 300 mm and a refection coefficient of 78 % 
at the laser wavelength. The pulse duration of the Cr2+ : ZnSe 
laser was∆tgen » 70 ns. The dispersive prism ( 5 ) was placed 
between the active medium and highly reflecting mirror ( 6 ). 
The output laser radiation was tuned by changing the angle of 
rotation of the highly reflecting mirror. The power was mea-
sured by a calibrated Gentec detector with the spectral sensi-
tivity region 0.5 – 10 mm. The temporal parameters of the laser 
radiation were measured by a photodetector based on a KPT-
structure with a time constant of ~5 ́  10–9 s. Spectral analysis 
of the output radiation in the range 2.1 – 2.8 mm was per-

formed using a Solar M833 diffraction monochromator. A 
computer system based on a National Instruments NI PCI 
6251 card was used for remote control of the monochromator 
motor and for data accumulation and processing. The con-
trol, data processing, and graphic display software was devel-
oped in the LabVIEW programming environment.

The effect of the material dispersion on the spectral char-
acteristics of laser radiation was studied using prisms made of 
fused quartz SiO2 (dn/dl = – 0.0161 mm–1) and CaF2 (dn/dl = 
– 0.00541  mm–1). The SiO2 prism [Fig. 2, curve ( 1 )], as well as 
the CaF2 prism [Fig. 2, curve ( 2 )], allowed us to tune the 
output radiation wavelength in the spectral range D l = 
2070 – 2400 nm. The long-wavelength limit of the tuning 
range was determined by the spectral dependence of the 
reflection coefficients of the cavity mirrors (Fig. 2). The short-
wavelength edge was determined by the active medium 
absorption [1]. The dip in the tuning curve is related to the 
absorption of laser radiation by the quartz prism material.

In the dispersive cavity with a fused quartz prism, the 
FWHM of the spectral line with l = 2200 nm [Fig. 3, curve 
( 1 )] was 11 nm and decreased to 5 – 7 nm at the tuning curve 
edges. This narrowing of the spectrum can be explained by 

Table 1.  Comparison of the selective properties of SiO2 and CaF2 prisms 
(experimental values are given in parentheses).

Prism	 l/mm	 n	
d
dn

l
/mm–1	 A/deg	 K/	 d ltr/

material					     nm ang.min–1	 nm

SiO2	
2.2	 1.43501	 –0.0161	 69.7	 9 (9)	 22(fused 							     

quartz)							     
						    
CaF2	 2.2	 1.42281	 –0.00541	 70.2	 26.9 (23)	 65

1

2 7

3

4 5 6
Tm:YLF laser
    (1908 nm)

Figure 1.  Scheme of a Cr2+ : ZnSe laser with a prism selector: (1) 
Tm : YLF laser; (2) lens system; (3) dichroic mirror; (4) Cr2+ : ZnSe ac-
tive element; (5) prism selector; (6) highly reflecting mirror; (7) output 
mirror.
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Figure 2.  Tuning curves of the Cr2+ : ZnSe laser with a SiO2 ( 1 ) and 
CaF2 ( 2 ) prism at a pump power of 800 mW, as well as wavelength de-
pendence of the reflection coefficient of the highly reflecting mirror of 
the Cr2+ : ZnSe laser cavity ( 3 ).
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Figure 3.  Spectra of a Cr2+ : ZnSe laser with a selective cavity and a 
SiO2 ( 1 ) or CaF2 ( 2 ) prisms.
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the near-threshold lasing regime at the tuning range edges. 
The angular tuning rate was K = 9 nm ang.min–1.

With the CaF2 prism selector, the laser linewidth at a 
wavelength of 2200 nm was dl » 30 nm [Fig. 3, curve ( 2 )] at 
a pump power exceeding the threshold value by a factor of 
2.5. Similar to the case with the SiO2 prism, the laser line 
became narrower (to 13 – 15 nm) at the tuning edges. The 
tuning rate for the cavity with the CaF2 prism was K = 
23 nm ang.min–1.

The introduction of prisms lead to a slight increase in the 
lasing threshold and to a decrease in the output power by 
~23 % for the SiO2 prism and by ~7 % for the CaF2 prism 
when the cavity was adjusted to the maximum gain. The non-
selective losses introduced by the prisms can be related to the 
absorption by the material and by the reflection of the nonlin-
early polarised beam from the prism faces. The polarisation 
ellipticity can be caused by both the natural and thermally 
induced anisotropy of the active medium. In addition, the 
losses can be caused by the Fresnel reflection form the faces of 
the prism with the refracting angle A different from the opti-
mal value calculated by expression (3).

3. Selective cavity with a Lyot filter

Compared to other dispersive elements, an IPF (or Lyot fil-
ter), as well as a prism with faces oriented at the Brewster 
angle, has the minimal nonselective losses [20]. Similar to the 
case with prisms, the absence of dielectric coating ensures a 
low sensitivity of the filter to the radiation power density, 
which is determined only by the radiation resistance of the 
material. The sensitivity of IPFs to laser radiation divergence 
is also low, because of which it is not necessary to use an intra-
cavity collimating optical system.

In experiment, we placed a two-stage Lyot filter into the 
Cr2+ : ZnSe laser between the dichroic mirror ( 3 ) and the out-
put mirror ( 6 ) (Fig. 4). The mirror ( 3 ) simultaneously served 
as a linear polariser at the laser wavelength. The Lyot filter 
was formed by a pair of birefringent plane-parallel plates with 
the thicknesses d1 = 2 mm and d2 = 6 mm, which were cut 
from crystalline quartz parallel to the optical axis. The plates 
were mounted in a holder fixed on a rotary table with a step 
motor (Standa), which ensured the rotation angle accuracy of 
0.9'. The laser frequency was tuned by rotating the holder 
with the plates around the normal to their faces. The rotary 
table with the IPF and the monochromator were controlled 
by a National Instruments computer system.

The faces of the plates were oriented at the Brewster angle 
aBr to the cavity axis and served as partial polarisers. A wave 
polarised in the plane of incidence (p-polarisation) passed 
through the surfaces of the plates without losses. A wave with 
the orthogonal polarisation (s-polarisation) was partially 

attenuated. In this case, the transmission of the faces for the 
s-polarisation is given by the expression

n
n
1

2
s 2t =

+
,

where n = (no + ne)/2, and  no and  ne are the refractive indices 
for the ordinary and extraordinary waves, respectively [21]. 
At the wavelength l » 2.3 mm, the transmission is ts » 92 %.

The filter transmission is a periodic function of wave-
length and depends on the angle of incidence a on the plate 
and on the angle F between the main plane of the birefringent 
plate and the plane of beam incidence on the front face [19],

T = cos2Dj(a, F),	 (4)

where Dj is the difference between the phase incursions for 
the ordinary and extraordinary waves. The laser frequency 
can be tuned by changing the angle of inclination of the aniso-
tropic plates of the filter, i.e., by changing the angle a. At the 
normal incidence of a light wave on the plate surface (a = 
90°), the dependence of the transmission coefficient on the 
wavelength is described by the expression

( )
cosT

n n de o2 p
l

=
-; E,	 (5)

where d is the filter thickness.
As the angle a deviates from aBr, the nonselective losses 

for the p-polarisation increase. Therefore, tuning is usually 
performed by rotating the plates around the normal to the 
front face, i.e., by changing the angle F [22, 23].

With rotation of the plate around the normal, the dis-
tances lo and le passed by the o- and e-beams remain constant. 
The refractive index ne for the extraordinary beam changes 
due to the change in the angle q between the wave vector k 
and the optical axis of the anisotropic plate. In this case, one 
uses the following angular dependence of the extraordinary 
refractive index [24]:
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o e
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q

=
+

+ .	 (6)

The angle q is determined according to the expression

arccos sin cosno
q a F= c m.	 (7)

When deriving this expression, we assumed that lo » le, 
because the overlap of the o- and e-beams remained the same 
after passing through the plate.

When the plane of incidence is perpendicular to the main 
plane (F = 90°), the extraordinary refractive index does not 
depend on the angle a and takes an extremal value. In this 
case, the difference in the refractive indices is maximum and 
the free dispersion region Dl of the filter is minimal. When the 
plane of incidence coincides with the main plane (cosF = 1), 
the refractive index ne is different in different directions. The 
region Dl was estimated using the following expression taking 
into account the different orientations of the anisotropic plate 
with respect to the incident beam:

/1 2( ) ( ) /sinn n d n1e
o Br o

2 2

2
l

q a
lD =

- -
-6 6@ @

.	 (8)

The dependence of Dl on the angle F was theoretically 
and experimentally studied for a plate with the thickness d2 = 
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Figure 4.  Scheme of a Cr2+ : ZnSe laser with a Lyot filter: ( 1 ) Tm: YLF 
laser; (2 ) lens system; ( 3 ) dichroic mirror; ( 4 ) Cr2+ : ZnSe active ele-
ment; ( 5 ) highly reflecting mirror; ( 6 ) output mirror; ( 7 ) Lyot filter.
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6 mm (Fig. 5). The distance Dl1 between the transmission 
maxima of the filter used in the experiment was determined by 
the thinner plate with the thickness d1. At F = 45°, according 
to (7) and (8), Dl1 » 260 nm, which approximately corre-
sponded to the laser tuning range.

The laser wavelength was tuned within a range of 
2130 – 2400 nm (Fig. 6). Similar to the case with the prism, the 
long-wavelength edge of the tuning range was determined by 
the spectral dependence of the reflection coefficients of the 
cavity mirrors. In the short-wavelength region, the tuning 
range was limited by the filter design.

The tuning rate was 8.5 nm deg–1. In the course of experi-
ment, it was found that the use of the two inner surfaces of the 
birefringent plates, which served as partial polarizers, is insuf-
ficient for polarisation isolation of the filter plates since the 
lasing spectrum contained, in addition to the main maximum, 
additional (spurious) maxima with a lower intensity. To elim-
inate the spurious maxima, it was necessary to introduce an 
additional pair of fused quartz plates between the birefringent 
plates.

The spectral FWHM of the laser line did not exceed dl ~ 
4 nm at l » 2300 nm (Fig. 7). From the experiment with the 
plate with the thickness d2 = 6 mm, we determined the sharp-
ness factor F = Dl/dl, which characterises the selective prop-
erty of the Lyot filter, to be ~25.

It may be of interest to use a selective cavity simultane-
ously with a prism and a single-plate Lyot filter. In particular, 
taking into account the fond F, the combination of a quartz 

prism and a birefringent quartz plate ~25 mm thick will allow 
one to decrease the laser linewidth to dl < 1 nm. Due to bire-
fringence, an increase in the anisotropic plate thickness will 
cause a shift of the e-beam with respect to the o-beam by the 
value

h » d tan b,	                                                       (9)

where

( ) arctan tann
n
e

o 2
b q q q=- +` j; E 	 (10)

is the birefringence angle between the normal to the tangent 
to the ellipsoid of revolution and the wave vector, which 
depends on the angle q [23]. According to (9) and (10), for the 
angle q = 45º, the beams at the distance d = 25 mm are sepa-
rated by h » 0.13 mm. Taking into account that the diameter 
of the excited cavity mode is ~1 mm, the shift should exert no 
negative effect on the selective properties of the Lyot filter.

The nonselective losses introduced by the IPF were insig-
nificant and lead to a decrease in the laser output power by 
about 4 %. This was probably related to absorption losses in 
the optical components of the filter. At the pump power of 
6 W, the laser output power at a wavelength of 2300 nm 
was ~2 W, which is somewhat smaller than for the scheme 
with optical isolation between the Cr2+ : ZnSe and Tm:YLF 
lasers [25].

4. Tuning of the Cr2+ : ZnSe laser wavelength
in the range 2.53 – 2.75 mm

To obtain lasing in the Cr2+ : ZnSe polycrystal in the long-
wavelength region of its gain spectrum, we used mirrors that 
ensured a high Q-factor of the cavity at l = 2.6 – 3.0 mm. These 
mirrors allowed us to realise a simple scheme of a two-mirror 
linear cavity (without an intermediate dichroic deflecting mir-
ror). Pumping occurred through a dichroic highly reflecting 
mirror with a transmission coefficient of ~80 % at the pump 
wavelength. The output mirror had a transmission coefficient 
of 20 % – 25 % at l = 2.6 – 3.0 mm. Both mirrors were transpar-
ent in the short-wavelength region (l < 2.55 mm).

Tuning was performed in the range Dl » 2530 – 2750 nm 
(Fig. 8). Despite the fact that the selective polarisation losses 
were decreased due to the absence of the intermediate deflect-
ing mirror, the laser spectrum showed no background radia-
tion outside the maximum of the filter transmission.
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Figure 5.  Theoretical (curve) and experimental (points) dependences of 
the free dispersion region Dl on the angle F.
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Figure 7.  Spectrum of the Cr2+ : ZnSe laser with a Lyot filter.
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The laser output power was ~2 W (l = 2.6 mm) at a pump 
power of 6 W. The maximum slope efficiency was 50 % at the 
linear part of the dependence of the laser power on the pump 
power, while the efficiency with respect to the absorbed power 
was ~67 % taking into account the losses at the dichroic mir-
ror (absorption of pump power in the crystal ~70 %).

5. Conclusions

Thus, we experimentally studied the spectral and lasing char-
acteristics of a repetitively pulsed laser based on a Cr2+ : ZnSe 
polycrystal with a selective cavity.

A method of determining the selective characteristics of a 
dispersive cavity with a prism is described.

It is found that, for polarisation isolation of the plates of 
the Lyot filter at the laser pulse duration Dtgen » 70 ns, it is 
necessary to use additional partial polarisers.

The laser wavelength was tuned within the ranges 2.07 – 2.4 
mm and 2.53 – 2.75 mm. The narrowest linewidth was dl » 4 nm.

The maximum slope efficiency was ~50 % at the laser 
wavelength l = 2.6 mm.

The obtained results can be used for development of tun-
able Cr2+ : ZnSe lasers with required spectral characteristics.
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Figure 8.  Tuning curve of the Cr2+ : ZnSe laser in the long-wavelength 
region at a pump power of 1.8 W.


