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Abstract.  We report the investigation of a repetitively pulsed laser 
based on a Fe : ZnSe crystal, cooled to a temperature of 195 K by 
two thermoelectric modules with a maximum cooling power of 34 W. 
Two pulsed synchronised Er : YAG lasers, operating in the free-
lasing regime, are used for pumping. It is shown that the average 
laser power in a series of short pulses may exceed 20 W. An average 
pow er of 3.1 W is attained in the stationary temperature regime. 
The lasing spectrum is centred at a wavelength of 4.38 mm, and the 
total divergence angle is 5 mrad.

Keywords: mid-IR range, II – VI crystals, Fe : ZnSe laser, thermo-
electric cooling, repetitively pulsed regime.

1. Introduction

II-VI  compounds  doped  with  divalent  chromium  and  iron 
ions have been actively studied for 20 years as promising laser 
media operating in a spectral range of 2 – 7 mm. Many of rec-
ent studies have been devoted to the application of lasers of 
this type for implementing highly sensitive methods of spec-
tral analysis [1 – 8], in ultrahigh-resolution spectroscopy [9 – 11], 
and in design of IR femtosecond sources [12 – 18].

Much attention is also paid to the development of high-
power pulsed lasers based on Fe : ZnSe crystals for a spectral 
range of  3.8 – 5 mm, which  spans  the  atmospheric  transpar-
ency  window.  The  best  results  have  been  obtained  for  the 
active element cooled by liquid nitrogen: the maximum out-
put energy of a Fe : ZnSe laser in the single-pulse regime rea-
ched 10.6 J [19]. An average output power of 35 W was dem-
onstrated in the repetitively pulsed regime (at a pulse repeti-
tion rate of 100 Hz) [20]. In both cases pumping was performed 
by Er : YAG lasers with l = 2.94 mm and a pulse width of sev-
eral hundreds of microseconds.

A necessary condition for efficient laser operation at room 
temperature is the use of short pump pulses, because the inter-

nal quantum efficiency of laser transition decreases with inc-
reasing temperature as a result of activation of multiphonon 
nonradiative recombination. For example, under pumping by 
250-ns  pulses  from  a  HF  laser,  the  output  energy  of  the 
Fe : ZnSe laser at room temperature reached 1.67 J [21].

The main problem in scaling room-temperature Fe : ZnSe 
lasers is the absence of appropriate pump sources generating 
high-power short pulses in the vicinity of l = 3 mm. In addi-
tion, the increase in the pump power due to the pulse shorten-
ing is limited by the crystal radiation resistance. At the same 
time,  liquid-nitrogen-cooled Fe : ZnSe  lasers, which  demon-
strated  the  best  energy  characteristics,  are  inconvenient  for 
practical use.

In this context,  it  is of interest to develop thermoelectri-
cally cooled Fe : ZnSe lasers. This approach, applied for the 
first time in [22], made it possible then to implement single-
pulse lasing in the vicinity of l = 4.3 mm with an output energy 
of 7.5 J for a Fe : ZnSe crystal cooled to 220 K using a three-
stage  thermoelectric module  [23]. The purpose of our work 
was to investigate the repetitively pulsed regime of a thermo-
electrically cooled Fe : ZnSe laser and the possibility of obtain-
ing an average power of several watts.

2. Experimental setup

A schematic of the experimental setup is presented in Fig. 1a. 
We used two active elements of the Fe : ZnSe laser, which were 
made of  two different single crystals grown on a crystalline 
seed by physical transport  in helium [24]. One of them (ele-
ment 1) was a parallelepiped with an active length of 17 mm 
(along the cavity axis) and had transverse sizes of 25 ́  25 mm. 
The other (element 2) was a cylinder with an active length of 
19.6 mm and a diameter of 12 mm. The transmission spectra 
of these elements are presented in Fig. 2.

The  operating  faces  of  active  elements,  which were  not 
made antireflective, were parallel with a deviation angle no 
larger than 30''. The active element was placed in a vacuum 
chamber.  Element  1  was  clamped  via  indium  gaskets  from 
two opposite sides by two four-cascade thermoelectric mod-
ules TB-4-(199-97-49-17)-1.5 (Kryotherm), soldered to water-
cooled copper heat sinks (Fig. 1b). Element 2 was pla ced in a 
copper  cube  with  sizes  of  22 ́  22 ́  22  mm  using  a  collet 
chuck,  via  an  indium  gasket.  The  cube  was  clamped  via 
indium gaskets from two opposite sides by two four-cascade 
thermoelectric modules. The plane-parallel CaF2 windows of 
the  vacuum  chamber  and  the  active-element  operating  sur-
faces were oriented perpendicular to the cavity optical axis.

The active-element temperature was measured by a cop-
per – constantan  thermocouple. One  contact  of  the  thermo-
couple was fixed on the copper heat sink, and the other was 
fixed  in  the  indium gasket between  the crystal  (shaped as a 
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parallelepiped)  and  the  ‘cold’  surface  of  the  thermoelectric 
module or in the copper cube (when using a cylindrical active 
element). A typical dependence of the heat power Q that can 
be withdrawn by one thermoelectric module from the ‘cold’ 
surface on the temperature difference DТ between the ‘cold’ 
and ‘hot’ surfaces (referred to below as the temperature dif-
ference on a thermoelectric module) is presented in Fig. 3.

The  solid  line  in  Fig.  3  corresponds  to  manufacturer’s 
data; the maximum drop and power values are given with an 
error of  10 %. The maximum  temperature difference  in our 
experimental setup was 100 K ± 2 K. On the assumption that 
the maximum cold-productivity Qmax  remains  the same,  the 
corresponding dependence somewhat changes (dashed line).

The Fe : ZnSe crystal was pumped by beams (l = 2.94 mm) 
of two identical lamp-pumped pulsed Er : YAG lasers opera-
ting  in  the  free-lasing  regime.  The  sync  pulse  of  the  power 

supply of one of the lasers initiated a discharge in the other 
laser.  Experiments  were  performed  with  discharge  pulse 
widths t = 350 or 700 ms for each pump lamp. The power sup-
plies of Er : YAG lasers provided a pulse repetition rate up to 
20 Hz. Figure 4 shows oscillograms of lasing pulses of two pump 
lasers  at  t  =  700  ms.  It  can  be  seen  that  the  lasing  in  the 
Er : YAG  laser  in  the  second  half  of  the  pump  pulse  has  a 
more pronounced spike character. A typical spike width is 1 ms.

In  the  single-pulse  regime  the maximum  total  energy of 
two Er : YAG lasers was 12 J. In the multipulse regime a cha-
nge  in  the pulse  energy was observed,  especially during  the 
first 2 s (see Fig. 5).
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Figure 1. ( a ) Schematic of the experimental setup: ( HRM, OM ) highly reflecting and output mirrors of the Fe : ZnSe laser cavity, respectiv ely; 
( CaF2 ) vacuum chamber windows; ( M1 ) mirrors directing the Er : YAG laser pump beams into the Fe : ZnSe crystal; ( M2 ) mirrors restoring the 
pump radiation reflected by the faces of the F e: ZnSe crystal and transmitted through it into this crystal; ( PD ) photodiodes. ( b ) Vacuum chamber 
( side view ).
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Figure 2. Transmission  spectra  of  active  elements  1  and  2  of  the 
Fe : ZnSe laser.
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Figure 3. Dependence of  the cooling power of  thermoelectric module 
on  the  temperature  difference  across  it  according  to  manufacturer’s 
data ( solid line ) and a similar dependence with correction of the maxi-
mum attainable difference based on the measurement results  ( dashed 
line ).
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At low frequencies (1 – 4 Hz, Fig. 5а) the pulse energy of 
the Er : YAG laser increases during the first second. At high 
frequencies (8 – 10 Hz, Fig. 5b), after a small rise in the pulse 
energy, one can observe its drop during ~ 1.5 s. In both cases 
a  rapid change  in  the average power occurs  for 1 – 2  s. The 
further change in the pump power is much smaller than the 
observed  change  in  the  average  value of  the Fe : ZnSe  laser 
power.  The  difference  in  the  behaviour  of  the  pump  laser 
power at different repetition rate but approximately the same 
average lamp pump power is apparently related to the forma-

tion  of  different  thermooptical  lenses  in  the  Er : YAG  rod, 
which affect the Q factor of the Er : YAG laser cavity.

The  beams  of  pump  lasers  were  introduced  into  the 
Fe : YAG crystal at a small  (~ 4 °) angle with respect to the 
cavity axis from two opposite sides. Under these conditions, 
the output end faces of Er : YAG laser rods 4 mm in diameter 
were imaged [with the aid of spherical mirrors M1 (R = 300 mm)] 
on the end faces of the Fe : ZnSe crystal with a magnification 
of 2 : 1 in the form of spots 8 mm in diameter. To use more 
efficiently the Er : YAG pump beams, they were returned (af-
ter the reflection from the faces of the Fe : ZnSe crystal and 
transmission through it) to the active region of the Fe : ZnSe 
laser by spherical mirrors M2 (R = 300 mm), located at dis-
tances of 300 mm from the Fe : ZnSe crystal.

The 80-cm-long cavity of the Fe : ZnSe laser was formed 
by  a  nonselective  spherical  highly  reflecting mirror  (HRM) 
with a curvature radius of 2 m and a flat output mirror (OM) 
with a reflectance of 25 % in the spectral range of 4.0 – 4.5 mm.

The energies of pump and lasing pulses were measured using 
OPHIR  calorimeters,  and  the  pulse  shapes  were  recorded, 
respectively,  by  PD-36  and  PD-48  photodiodes  (IBSG Co, 
Ltd). The  lasing  spectrum was measured by a  spectrograph 
with a diffraction grating of 300 lines mm–1, operating in the 
first order  in the spectral range of 4 – 4.5 mm. The spectrum 
was  recorded  from  a  thermal  print  on  thermal  fax  paper, 
located  in  the  cassette  part  of  the  spectrograph.  The  laser 
beam divergence was determined by measuring the fraction of 
the  pulse  energy  transmitted  through  a  set  of  diaphragms 
positioned  in  the  focal plane of  the  spherical mirror with a 
focal length of 500 mm.

3. Experimental results

3.1. Laser characteristics in the single pump regime

Figure 6 shows the dependence of the output energy Elas of 
the Fe : ZnSe laser on the total pump energy Ep, obtained for 
the laser with active element 1 in the regime of single 700-ms 
pump pulses. The pump pulse threshold energy was 0.67 J. At 
the maximum pump pulse energy (12 J), the output energy of 
the Fe : YAG laser was 4.1 J. The differential laser efficiency 
was  determined  from  the  slope  of  the  straight  line  plotted 
based  on  experimental  points  to  be  36 %, which  is  in  good 
agreement with  the  results of  [23]. Approximately  the  same 
value was obtained using active element 2.
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Figure 4. Oscillograms of lasing pulses of two Er : YAG pump lasers.
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Figure 5. Temporal change in the average power of one Er : YAG laser 
at initial average powers of ( a ) ~ 4 W and ( b ) ~ 7 W and pulse repeti-
tion rates of ( 1 ) 1.2, ( 2 ) 2, and ( 3 ) 4 Hz ( a ) and ( 1 ) 2, ( 2 ) 8, and ( 3 ) 
10 Hz ( b ). 
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Figure 6. Dependence of the output energy of Fe : ZnSe laser on the to-
tal pump pulse energy.
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The  dependences  of  the  single-pulse  energy  for  the 
Fe : ZnSe laser with active element 1 on the temperature dif-
ference DТ at two pump pulse energies are presented in Fig. 7. 
The  temperature  of  the water  cooling  the  copper  heat  sink 
was  17 °С.  The  difference  between  the  temperatures  of  the 
water and the ‘hot’ surface of the thermoelectric module did 
not exceed 5 K. In the case of a single pump pulse, the differ-
ence between  the  temperatures of  the  crystal  and  the  ‘cold’ 
thermoelectric module  surface was negligible;  therefore,  the 
crystal temperature T at DТ = 100 K was assumed to be 195 K.

The decrease in the laser pulse energy with a decrease in 
DТ is due to the rise in the lasing threshold upon crystal heat-
ing because of  the shortening of  the upper  level  lifetime for 
the Fe : ZnSe laser. It can be seen in Fig. 7 that an increase in 
the pump pulse energy provides a wider temperature range of 
laser operation.

Figure 8a shows the oscillograms of Fe : ZnSe laser pulses 
at different DТ values and Ep = 4.5 J; for comparison, oscil-
lograms recorded at different Ep values and DТ = 97 K are 
presented in Fig. 8b. Zero on the time axis corresponds to the 
discharge onset in the pump laser lamps. It can be seen that, 
with an increase in the crystal temperature (i. e., decrease in 
DТ) the instant of lasing pulse termination shifts to the pump 

pulse  onset. A  decrease  in  the  pump  pulse  energy  causes  a 
smaller  shift. This difference  is  explained as  follows: with a 
change in DТ from 100 to 30 K (corresponding to the change 
in the crystal temperature from 195 to 265 K), the lifetime of 
the upper laser level decreases from ~ 15 to 1 ms and becomes 
comparable with the width of pump pulse spikes. Indeed, the 
energy threshold in the pulsed regime is given by the formula 
[25]

Eth = E0
1

/

e /

s

s

t t

-
t t-
,  (1)

where t is the lifetime of the upper laser level, E0 is the thresh-
old  energy  at  t–1= 0,  and  ts  is  the  spike width. Let us now 
compare  the  lower  oscillograms  in  Figs  8a  and  8b,  corre-
sponding to lasing at a small excess above the threshold. As 
was  noted  above,  the  spike  character  of  pumping  becomes 
more pronounced in the second half of the pulse and develops 
to its end. In the case of DТ = 28 K and Ep = 4.5 J, when t » 
ts, the threshold increases by a factor of 1.6 by the end of the 
pulse. Therefore, heating the crystal  leads to suppression of 
lasing in the second part of the pulse, whereas at DТ = 97 K 
and Ep = 0.55 J, when t >> ts, the threshold remains constant 
during  the pulse.  In  the  repetitively pulsed  regime, one  can 
obtain a higher average laser power by decreasing the pulse 
width.

Figure 9a shows the  lasing spectra of the Fe : ZnSe  laser 
for two different active elements and different DТ values. It 
can be seen that the lasing spectrum obtained using active ele-
ment 2, which is characterised by higher absorption of pump 
radiation per pass as compared with element 1 (see Fig. 2), is 
red-shifted in the case of DТ = 100 K. The dip in the spectra in 
the vicinity of 4.2 – 4.3 mm is due to the intracavity absorption 
of  radiation by  the CO2 molecules present  in  the air. Upon 
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Figure 7. Dependences of the pulse energy for a Fe : ZnSe laser with ac-
tive element 1 on DТ at pump pulse energies of ( 1 ) 4.5 and (2) 8 J.
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Figure 8. Oscillograms of Fe : ZnSe laser pulses ( a ) at different DТ val-
ues and Ep = 4.5 J and ( b ) at different energies Ep and DТ = 97 K.
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Figure 9. Lasing  spectra of  a Fe : ZnSe  laser with  active  element  1  at 
DТ = 100 K [ (a), print ( 1 ) ] and active element 2 at DТ = 100 [ (a), ( 2 ) 
and (b), ( 2 ) ], 80 [ (a), ( 3 )], 60 [ (a), ( 4 ) ], 50 [ (a), ( 5 )], 40 [ (a), ( 6 )], 30 
[ (a), ( 7 )], and 20 [ (a), ( 8 )] K in the single pump regime and in the steady 
repetitively pulsed regime at n = 2 Hz and Ep = 6 J [ (b), ( 9 )]. The verti-
cal bars indicate the positions of the 6th and 7th diffraction orders for 
the He – Ne laser line.
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heating  the  crystal  (when DТ  decreases),  the  lasing  spectra 
become red-shifted.

The dependences of the fraction of the Fe : ZnSe laser pul-
se energy (at a pump energy of 6.8 J) transmitted through a 
diaphragm on the diaphragm diameter are presented in Fig. 10. 
Here,  active  element  2  and  350-ms  pump  pulses were  used. 
The experimental data are described well by the transmission 
curve for a beam with a Gaussian intensity distribution and a 
radius w = 1.25 mm, transmitted through a hole with a diam-
eter d. The total divergence angle of the laser beam was esti-
mated as Q = 2w/F = 5 mrad (F = 500 mm is  the spherical 
mirror focal length). A 5-mrad angle contains ~ 65 % energy. 
Note that the diameter of the fundamental TEM00 mode for 
the cavity in use can be estimated as

2w0 = 
L

L
R L2 c

c

c

p
l -

 = 1.5 mm,

where Lc is the cavity length and R is the curvature radius of 
the  highly  reflecting mirror. Then  divergence  of  the  funda-
mental Gaussian mode is Q0 = l/(2 p w0) = 1 mrad. Thus, the 
measured divergence of the Fe : ZnSe laser beam exceeds the 
divergence of the TEM00 mode by a factor of about 5.

3.2. Laser characteristics in the repetitively pulsed pump 
regime

The first experiments on the application of this regime were 
performed for a pulse width of 700 ms using active element 1. 

Figure  11  shows  the  dependence  of  the  Fe : ZnSe  laser 
pulse energy on the pulse serial number in a short series of 12 
pulses with a repetition rate of 5 Hz. It can be seen that aver-
age radiation power in this series exceeded 20 W. During the 
first second of laser operation, we observed a significant rise 
in the output energy, which was followed by its slight decrease. 
This behaviour corresponds to the initial lasing dynamics of 
pump  lasers operating  in  the  repetitively pulsed  regime  (see 
Fig. 5a). Unfortunately, the pump lasers that were at our dis-
posal could not reliably operate in the quasi-cw repetitively pul-
sed regime at ultimate pulse energies and frequencies of 5 Hz 
or higher.

The  time  dependences  of  the  average  laser  power  in  a 
series of 100 pulses at different pulse repetition rates are pre-
sented  in Fig.  12.  It  can be  seen  that  the  average Fe : ZnSe 
laser power in a series of 100 pulses may reach ~ 10 W.

Figure  13а  shows  a  time  dependence  of  the  average 
Fe : ZnSe laser power in a series of more than 1500 pulses at a 
rate of 2 Hz. Here, we observed attainment of the steady-state 
operation regime of  the repetitively pulsed  laser 10 – 15 min 
after the operation onset; it was related to a change in the ope-
ration regime of thermoelectric modules. The maximum aver-
age Fe : ZnSe laser power was 2.8 W. The average power sig-
nificantly  decreases with  an  increase  in  the  pulse  repetition 
rate.  It  is demonstrated by Fig. 14, which presents  the  time 
dependences of the average laser power at approximately the 
same values of the average pump power. The decrease in the 
average power with an increase in the pulse rate is related to 
the less efficient operation of the pump laser (see Fig. 5), as 
well as with the more rapid drop of Elas upon crystal heating 
because of the small initial excess above the lasing threshold 
(see Fig. 7).

We related the possibility of increasing the average lasing 
power to a decrease in the pump pulse width. The time depen-
dences of the average Fe : ZnSe laser power in the repetitively 
pulsed regime at a pump pulse repetition rate of 2 Hz, their 
width of 350 ms, and different energies are presented in Fig. 13b. 
The maximum  average  Fe:ZnSe  laser  power  in  the  steady-
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Figure 10. Dependence of  the  fraction of Fe : ZnSe  laser pulse energy 
transmitted through a hole in the focal plane of a spherical mirror with 
a focal length of 500 mm on the hole diameter at a pump energy of 6.8 J 
in  the  ( )  single-pulse  regime  and  ( )  steady  repetitively  pulsed.  The 
solid line is a similar dependence calculated for a beam with a transverse 
Gaussian  intensity distribution  and a  radius w =  1.25 mm. The data 
were obtained using active element 2 and 350-ms pump pulses.
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4 Hz, 8.1 J. 
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state repetitively pulsed regime was 3.1 W. Thus, shortening 
the pump pulse led to an increase in the laser power by about 
10 %.

The  lasing  spectrum of  the Fe : ZnSe  laser  in  the  steady 
regime  is presented  in Fig. 9b as  spectrum ( 9 ).  It  is  signifi-
cantly red-shifted with respect to the spectrum in the single-
pulse pump regime and is peaking near l = 4.38 mm at a width 
of  0.1 mm. The observed  shift  is due  to  the  crystal heating, 
which leads to the broadening of the absorption band and a 

rise  in  the reabsorption of  laser radiation  in  the  long-wave-
length edge of the absorption spectrum.

It can be seen in Fig. 10 that the radiation directivity of 
the  Fe : ZnSe  laser  beam  in  the  steady  repetitively  pulsed 
regime  is  practically  the  same  as  under  the  single  pumping 
conditions.

4. Results and discussion

Prior to the laser operation onset, the active element, indium 
gaskets,  and  ‘cold’  plates  of  the  thermoelectric module  are 
cooled to a temperature of ~ 195 K. There is also some tem-
perature distribution inside the thermoelectric modules. After 
switching on the laser in the repetitively pulsed pump regime, 
the active region is the first to be heated (adiabatic heating). 
Then the heat penetrates all previously cooled elements (heat 
removal is performed via equalisation of the temperatures of 
these elements with their specific heat involved). Finally, the 
system attains the steady regime as a result of changing the 
operation regime of thermoelectric modules so as to provide 
removal of supplied thermal pump power.

Let us first consider the removal of heat from the active 
region due to the heating of the neighbouring regions of the 
crystal.  It  follows  from Fig.  7  that  the  pulse  energy  of  the 
Fe : ZnSe laser decreases almost linearly with increasing crys-
tal temperature, which is related to an increase in the lasing 
threshold  (in  the  single-pulse  pump  regime  the  crystal  tem-
perature  is  equal  to  the  temperature  of  the  thermoelectric 
module ‘cold’ surface). This dependence can be written as

Elas = E0las – aDTu    (2а)

or

P las
av  = P las

av
0  – naDTu , (2b)

where E0las = kEp and P las
av
0  = E0lasn are, respectively, the pulse 

energy and the average  laser power at  the minimum crystal 
temperature (T = 195 K); DTu  is the increment in the crystal 
temperature with respect to minimum; k is the laser efficiency; 
and a is the proportionality factor, which is equal to 0.03 J K–1 
at E0las = 2.7 J (see Fig. 7, upper curve). The factor k can be 
expressed  in  terms of  the pump pulse  threshold  energy and 
the laser differential efficiency as k = kdif (1 – Eth /Ep), where 
kdif = 0.36 and Eth = 0.67 J (see Fig. 6). Let us assume that the 
crystal is unlimited in the (x, y) plane, oriented perpendicular 
to the cavity optical axis. Active element 1 with large trans-
verse sizes satisfies this assumption to a greater extent. Then 
the temperature increment DTu  can be written as [26]

DTu (x, y, t) = 
( ) ( , )

d d d
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  = (Ep – Elas)nfn(x, y, t),  (3)

where E = Ep – Elas is the part of the pump energy spent on 
crystal heating during one pulse; r0 = 0.4 cm is the pump spot 
radius; l = 1.7 cm is the crystal length; С = 1.6 J cm–3 K–1 and  
a2 = 0.19  cm2  s–1 are,  respectively,  the volume  specific heat 
and the thermal diffusivity of ZnSe crystal at Т » 200 K; F(t) 
is a  time dependence, which can be written as  the sum of a 
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Figure 13. Time dependences of the average power of a Fe : ZnSe laser 
with active elements ( a ) 1 and ( b ) 2 in the repetitively pulsed pump re-
gime at a pulse repetition rate of 2 Hz; pulse widths of ( a ) 700 and ( b ) 
350 ms; and pump pulse energies of ( 1 ) 5, ( 2 ) 6, ( 3 ) 6.8, ( 4 ) 8.1, and ( 5 ) 
9 J ( a ) and ( 1 ) 6, ( 2 ) 6.8, and ( 3 ) 8.1 J ( b ).
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Figure 14. Time dependences of the average power of a Fe : ZnSe laser 
with active element 1 in the repetitively pulsed regime at approximately 
constant average pump power and pulse repetition rates of ( 1 ) 1.2, ( 2 ) 
2, ( 3 ) 4, and ( 4 ) 10 Hz.
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sequence of d functions, normalised to frequency; and R(x, y) 
is the transverse intensity distribution in the pump beam, lim-
ited by the spot radius r0 and similar to that measured in [23]. 
The  heat  release  power  is  assumed  to  be  the  difference 
betwe en the pump and laser powers. This simplification app-
ears reasonable, because the luminescence quantum yield of 
the Fe : ZnSe crystal in the temperature range under consider-
ation is much smaller than unity, and only a small fraction of 
the pump power is spent to excite luminescence.

A maximum increase in the crystal temperature occurs on 
the optical axis, where x = y = 0. Figure 15 shows the depen-
dence fn(0, 0, t) = fn(t). Dashed lines connect the points corre-
sponding  to  the  beginning  of  the  pump  pulse.  This  depen-
dence will be denoted as f0n(t).

Having replaced the function fn(x, y, t) with the function 
f0n(t) in the right-hand side of Eqn. (3), we obtain an expres-
sion  for  the  increment  in  the  crystal  temperature  up  to  the 
next pulse onset:

DTu(t) = (Ep – Elas)nf0n(t).  (4)

Then, substituting DTu(t) into Eqn (2a) and solving its rel-
ative to Elas, we arrive at an expression for the average laser 
power P las

av  = Elasn:

P las
av  = Pp

av [(k – anf0n(t))/(1 – anf0n(t))].  (5)

It follows from formula (5) that, in the case of a short series of 
pump pulses, when f0n(t) is small (i. e., k >> anf0n(t)), the aver-
age  laser power  is approximately proportional  to  the pump 
power, and the laser efficiency is close to 36 %. This situation 
corresponds to the data presented in Fig. 11 (the case where 
an average lasing power of 20 W, limiting for our system, was 
obtained during the first two seconds of laser operation).

For longer series of pump pulses, the laser power gradu-
ally decreases. In this case the heat reaches the crystal bound-
aries. However, formula (3) can be applied as previously if the 
change in the thermal diffusivity of material at crystal bound-
aries is taken into account. Calculations show that the consid-
eration of this change does not affect much the increment in 
the temperature of the central part of active element 1 during 
the laser operation for 100 s.

If the pulse repetition rate is constant and the excess above 
the lasing threshold is sufficiently high (i. e., the dependence of 
the efficiency on Ep can be neglected), the average laser power 
is approximately proportional to the pump pulse energy. The 
time  dependence  of  the  power  changes  only  slightly with  a 
change in the pump pulse energy [Fig. 12; curves ( 3, 4 )]. At 
the same time, if the average pump power is maintained con-
stant  and  the pulse  repetition  rate  is  increased,  the  average 
laser power  rapidly decreases, which  is  in qualitative agree-
ment with the dependences presented in Fig. 14. This decrease 
is explained as follows: to maintain the pump power constant 
with  an  increase  in  frequency,  one  must  reduce  the  pulse 
energy, as a result of which the excess above the lasing thresh-
old decreases.

Let us now estimate the average laser power under steady-
state conditions. The dependence of the thermal power that 
can be removed by two thermoelectric modules on the tem-
perature difference on these modules is given by the formula

Q = bDTTM,  (6)

where b is a proportionality factor, equal to 0.34 W K–1 for 
the thermoelectric modules used by us, and DTTM is the tem-
perature difference between the extremely low temperature of 
the ‘cold’ surface of the thermoelectric module and the tem-
perature of the same surface under conditions of steady repet-
itively pulsed pumping. The DTTM value is smaller than DTu, 
because  there  is  also  a  temperature  difference  between  the 
centre of the crystal active region and the ‘cold’ surface of the 
thermoelectric module in the steady regime:

DTTM = dDTu.  (7)

Then,  rewriting Eqn  (6) with allowance  for  (7) and  (2b) 
and equating Q to Pp

av  – P las
av , we arrive at the expression for 

the average laser power in the steady regime:

P las
av  = Pp

av

1 /( )

/( )k

an bd

an bd

-

-
= G.  (8)

As an example, we will consider the case corresponding to 
curve ( 3 ) in Fig. 13b: Pp

av  = 16.2 W, k = 0.34 (see Fig. 6, for 
Ep = 8.1 J), a = 0.03 J K–1, n = 2 s–1, and b = 0.34 W K–1. The 
factor d in (7) can be estimated proceeding from the following 
considerations. Having substituted the experimentally measu-
red value P las

av  = 3.1 W into Eqn (2b), we find that DTu = 40 K. 
Let us now estimate the temperature difference implemented 
in the cylindrical active element clamped in a copper holder. 
To this end, one must solve the steady-state heat conduction 
equation in cylindrical coordinates. On the assumption that 
the power of homogeneous heat release in the central region 
of active element with a radius r0 = 0.4 cm is Pp

av  – P las
av  » 

13.1 W  and  that  the  temperature  on  the  lateral  surface  of 
cylindrical active element of radius R0 = 0.6 cm is maintained 
constant, it can easily be shown that the temperature differ-
ence between the cylinder centre and lateral surface is deter-
mined by the formula

DTс =  . ln
l

P P
r
R

2
0 5

p
av

las
av

0

0

p c

-
+ c m; E,  (9)

where  l = 1.93 cm is  the  length of active element 2 and c = 
0.23 W cm–1 K–1 is the thermal conductivity of ZnSe at a tem-
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Figure 15. Dependences  fn(t)at n =  ( 1 )  1,  ( 2 )  3,  and  ( 3 )  10 Hz. The 
dashed line connecting the points corresponding to the pump pulse on-
sets are the dependences f0n(t).
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perature of 200 K. Formula (9) yields DTс » 4 K. Furthermore, 
using formula (7) and taking into account that DTTM = DTu – 
DTс, we obtain the following estimate: d » 0.9. Then, we find 
from formula (8) that P las

av  = 2.9 W, which almost coincides 
with the measured value of 3.1 W.

5. Conclusions

We presented a repetitively pulsed Fe : ZnSe laser, which has 
an active  crystal  cooled by  two  four-cascade  thermoelectric 
modules and is pumped by two Er : YAG lasers. An average 
laser power of 20 W was obtained for 2 s in the unstable reg-
ime, whereas the average power under steady-state conditions 
turned out to be 3.1 W at a pump pulse repetition rate of 2 Hz 
and a pulse width of 350 s. The lasing spectrum was peaking 
near l = 4.38 mm. The laser beam was axisymmetric, and the 
cone with an angle of 5 mrad contained 65 % of the Fe : ZnSe 
laser power. The experimental values of average lasing power 
are in good agreement with the calculation results. The aver-
age laser power is determined to a great extent by the charac-
teristics of the thermoelectric modules.
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