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Abstract.  The lasing characteristics of lasers based on diffusion-
doped Fe2+ : ZnSe polycrystalline samples excited at room temper-
ature by an electric-discharge HF laser are studied. A sample doped 
from two sides (working surfaces) emitted laser radiation with the 
energy E = 253 mJ with the slope efficiency hd = 33 % and the effi-
ciency with respect to the absorbed energy habs » 28 % in the case 
of an elliptical pump spot of size a ́  b = 6.8 ́  7.5 mm. It is found 
that the possibility of increasing the lasing energy of the samples of 
these types by increasing the pump spot area (at a constant pump 
energy density) is limited by the appearance of parasitic generation 
typical for disk lasers. The first results are reported on the laser 
based on a polycrystalline sample made by a technology that allows 
one to form a zero dopant concentration on the surface and a max-
imum concentration inside the sample (i.e., to create a sample with 
internal doping). The possibilities of increasing the Fe2+ : ZnSe 
laser energy at room temperature by using multilayer samples fab-
ricated by this doping method are discussed. 

Keywords: Fe2+: ZnSe laser, non-chain electric-discharge HF laser, 
optical pumping, diffusion doping, CVD method, barothermic 
treatment.

1. Introduction

Optically  pumped  Fe2+ : ZnSe  lasers  attract  attention  of 
researches by the possibility of obtaining high-power coher-
ent  radiation  in  the  practically  important  spectral  range 
4 – 5 mm [1 – 16]. To date, the maximum energy (E = 4.9 J) of 
a  Fe2+ : ZnSe  laser  with  the  efficiency  with  respect  to  the 

absorbed energy  habs » 47 % was obtained by the authors of 
[14] under pumping by a free-running Er : YAG laser at a tem-
perature T = 85 K. For practical applications, it is preferable 
to use lasers operating at room temperature. However, as was 
shown in [14], an increase in temperature to room tempera-
ture in the case of a free-running pump laser led to a decrease 
in E  to 53 mJ  (habs < 1%) due  to decreasing  lifetime of  the 
upper laser state 5T2 of Fe2+ ions in the ZnSe matrix (~360 ns 
at  room temperature  [8]). Under pumping by a  short  solid-
state laser pulse (Q-switching mode), the maximum energy E 
and slope efficiency hd at room temperature were 6 mJ and 
39 %, respectively [15], and the possibility of a further increase 
in  the  energy was  limited  by  the  low  energy  characteristics 
(maximum energy 35 mJ [6]) of available three-micron solid-
state Q-switched lasers used for pumping the Fe2+ : ZnSe crys-
tal.

The  energy  of  room-temperature  Fe2+ : ZnSe  lasers  has 
been considerably  increased by using non-chain electric-dis-
charge HF lasers as pump sources [10 – 14]. Their spectrum (l = 
2.6 – 3.1 mm) completely falls into the absorption band of Fe2+ 
in ZnSe  crystal.  These  lasers  emit  short  (100 – 200  ns)  light 
pulses  and  almost  unlimited  energy  from  the  viewpoint  of 
applications considered  in this work (see  [17 – 19] and refer-
ences therein). It is also important that these lasers can oper-
ate with  high pulse  repetition  rates  [20,  21]. The maximum 
output pulse energy E of a Fe2+ : ZnSe polycrystal diffusion-
doped  through both  faces  in  the  case of pumping by a HF 
laser at room temperature was 192 mJ with habs = 23 % [12]. In 
the  repetitively  pulsed  regime,  the  average  power  of  a 
Fe2+ : ZnSe  laser pumped by a HF  laser  [13,  14] was 2.4 W 
with a pulse energy up to 14 mJ [14] (pulse repetition rate up 
to 200 Hz).

The aim of the present work is to study the possibility of 
increasing  the  output  energy  of  lasers  based  on Fe2+ : ZnSe 
polycrystalline samples pumped by a pulsed electric-discharge 
HF laser at room temperature.

2. Experimental setup

In  experiments, we  used  two  types  of  active  polycrystalline 
Fe2+ : ZnSe elements. The samples of the first type were made 
of polycrystalline ZnSe grown by chemical vapour deposition 
(CVD) in the reaction of zinc vapour and hydrogen selenide 
in  an Ar  flow. From  this material, we  cut plates  20 mm  in 
diameter  and  4.5 mm  thick,  which were  then mechanically 
ground  and  polished.  The method  of  doping ZnSe  crystals 
with Fe ions did not considerably differ from the method of 
doping with Cr ions [22]. Both surfaces of the ZnSe plate were 
coated with Fe films no thicker than 1 mm by electron-beam 
deposition. The plates were annealed for 7 – 15 days at a tem-
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perature  of  1000 ± 2 °С  in  a  sealed  quartz  tube  filled  with 
hydrogen.  The  annealed  samples  were  chemically  and 
mechanically  polished.  Sample  No.  1  was  annealed  for  15 
days, and sample No. 2 was annealed  for 7 days. Sample 2 
was used by us previously as an active element in [11 – 13].

The active element of the second type (sample No. 3) was 
prepared  by  an  original  technology  described  in  detail  in 
[23, 24] for Cr2+ : ZnSe crystals. An advantage of this technol-
ogy is that it allows one to fabricate samples with a zero dop-
ant concentration at the surface and a maximum concentra-
tion inside the sample (we call it the sample with internal dop-
ing). The process of  fabrication of Fe2+ : ZnSe samples with 
internal doping has some specific features, which make it pos-
sible to produce a material of a higher optical quality with a 
precisely specified number of iron ions in the absorbing layer 
per unit area. First, the Fe2+ : ZnSe samples 10 ́  15 ́  5 mm in 
size obtained by the CVD method were coated by an iron film 
by  the CVD method using  the reaction of Zn vapours with 
FeCl2. Then,  to  form a near-surface  layer  doped with Fe2+ 
ions,  the  samples were annealed  in  sealed quartz  tubes at a 
temperature of 1050 °С in an argon atmosphere at a pressure 
of ~1 atm for two days. The optical absorption of iron ions in 
the samples (the number of iron ions in the absorbing layer 
per unit area) was controlled by Fourier transform IR spec-
troscopy.

Next, the samples were chemically and mechanically pol-
ished by the method described in [25] and placed into a CVD 
reactor to grow a ZnSe layer with a needed thickness on the 
surface doped with Fe2+ ions. As a result, we obtained a three-
layer structure ZnSe – Fe2+ : ZnSe – ZnSe with a thickness up 
to 8 mm. To create a required iron concentration profile, we 
performed high-temperature gas-static treatment of the syn-
thesised  structure  in  an  argon  atmosphere  at  a  pressure  of 
90 MPa and a temperature of 1200 °С for 53 h. The use of a 
high isostatic pressure considerably decreases the sublimation 
of  zinc  selenide and allows one  to  increase  the  temperature 
and decrease the time of the treatment compared to diffusion 
annealing. In addition, barothermal processing leads to heal-
ing of light-scattering bulk structural defects [26]. The size of 
sample 3 was 10 ́  15 ́  7 mm, and its lateral faces were roughly 
ground.

All the three samples had a similar transmission (3 % – 4 %) 
at the pump wavelengths at low incident energy densities, and 
the surface density of ions in the absorbing layer (or in two 
layers in the case of samples with two-side doping) was about 
(3 – 4) ́  1018 cm–2.

The  experimental  scheme  is  shown  in  Fig.  1.  The 
Fe2+ : ZnSe laser cavity 120 mm long was formed by a concave 
mirror M1 (gold coating on a quartz substrate) with the cur-
vature radius R = 1 or 0.5 m and a plane output mirror M2. 
The output mirrors (interference coating on CaF2 substrates) 
had the reflection coefficients r = 40 % and 60 % at the wave-
length l = 4.5 mm. The Fe2+ : ZnSe samples were placed per-
pendicular  to  the optical  axis  of  the  cavity  at  a distance of 
40  mm from the output mirror. The radiation of a high-power 
pulsed HF laser with the pulse full width at half maximum t » 
130 – 160 ns (depending on the concentration ratio of compo-
nents in the working mixture) [10 – 12, 27, 28] was attenuated 
by calibrated optical filters F and focused on the sample sur-
face by a spherical lens L with a focal distance of 45 cm into 
an elliptical spot with axes a and b. In the process of experi-
ments, the pump spot area S containing 0.9 of the energy inci-
dent on the sample surface varied from 0.057 to 0.48 cm2 (the 
major  axis  b  of  the  pump  spot  ellipse  was  changed  within 

2.6 – 8.1 mm, while the b/a ratio varied from 1.02 to 1.08). The 
angle of incidence of the pump beam on the sample surface 
was ~20°. The pump radiation energy incident on the sample, 
the  energy  passed  through  the  sample,  and  the  Fe2+ : ZnSe 
laser  output  energy were measured  by  calorimeters C1 – C3 
(Molectron),  respectively. To control  the shape of pulses of 
the Fe2+ : ZnSe and HF lasers, we used photodetectors (Vigo-
system Ltd) with a time resolution of ~1 ns. The high sensitiv-
ity  of  photodetectors  allowed  us  to  measure  the  radiation 
scattered from the receiving plates of corresponding calorim-
eters.

When measuring the dependences of transmission of sam-
ples on the incident pump energy in the absence of Fe2+ : ZnSe 
laser  oscillation,  the  cavity  mirrors  were  shielded  by  non-
reflective screens.

3. Experimental results and discussion

Figure 2 presents the dependences of transmission T of sam-
ple 1 on the incident HF laser energy density Win measured 
in the absence of Fe2+ : ZnSe lasing at different dimensions a 
and b of the pump spot on the sample surface. One can see 
that  the  transmission  behaviour  strongly  depends  on  the 
spot size. At relatively small spots (b G 5.4 mm), the trans-
mission  monotonically  increases  with  increasing  pump 
energy density Win with a slight tendency to saturation. At 
6.6 < b G 7 mm, the transmission is observed to saturate at 
Win » 0.7 J cm–2. An increase in b to 8.1 mm leads to satura-
tion  already  at Win »  0.4  J  cm–2.  This  behaviour  of  the 
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Figure 1. Experimental scheme: (W) BaF2 wedge; (C1 – C3) calorime-
ters; (F) optical filters; (L) spherical lens; (Fe2+ : ZnSe) active element; 
(M1, M2) cavity mirrors.
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Figure 2. Dependences of the transmission T of sample 1 on the inci-
dent HF-laser energy density Win in the absence of lasing at the pump 
spot sizes a ́  b = ( 1 ) 7.6 ́  8.1, ( 2 ) 6.6 ́  7, ( 3 ) 6.3 ́  6.8, ( 4 ) 5.3 ́  5.4, ( 5 ) 
6.3 ́  6.6, ( 6 ) 4 ́  4.1 and ( 7 ) 2.6 ́  2.8 mm.
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dependence of T on Win clearly points to the development of 
parasitic generation (superluminescence ) [27] at large pump 
spots in the near-surface layer of the sample, where the dop-
ant concentration is highest and, hence, the active medium 
gain is maximum.

At open mirrors M1 and M2, lasing along the optical axis 
of the cavity is developed more rapidly that the parasitic gen-
eration in the near-surface layer of the sample until the major 
axis b of  the pump spot reaches some critical value. This  is 
illustrated by the dependences of the output energy density of 
the Fe2+ : ZnSe laser Wout = E/S (S is the pump spot area) on 
Win at different pump spot sizes  (Fig. 3).  It  is  seen  that  the 
points measured at different pump spot sizes well fall on one 
and  the  same  curve. At Win >  0.25  J  cm–2,  the dependence 
Wout(Win) is linear, which testifies to low radiative energy loss 
in the direction transverse to the optical axis despite the large 
maximum size of the spot (b = 7.8 mm) in this series of exper-
iments.

At large spots, it is also important to optimise the cavity 
parameters. Figure 4 shows the dependences of the Fe2+ : ZnSe 
laser energy on the energy Eabs absorbed in sample 2 at differ-
ent combinations of r and R of cavity mirrors. The pump spot 
size (a ́  b = 6.8 ́  7.5 mm) was the same as in [12]. One sees that 
the  cavity  optimisation  makes  it  possible  to  noticeably 
increase the laser energy. At the M1 mirror curvature radius 
R = 0.5 m and the reflection coefficient of output mirror M2 
r = 40 %, all the points on the plot (except for the point mea-
sured  at  the maximum Eabs)  are  well  described  by  a  linear 
function,  the  slope  efficiency  at  the  linear  part  being  hd  = 
33 %. The laser energy E reaches 253 mJ at habs » 28 %.

Thus, the optimisation of the cavity allowed us to increase 
the laser energy with respect to the energy obtained in [12] (E 
= 192 mJ) at the same spot size. However, already at b > 8 mm 
(similar  to  [12])  the  laser  energy  decreased due  to  radiative 
losses in the direction transverse to the optical axis. Therefore, 
at the maximum pump energy density determined by the sur-
face breakdown  threshold  (~3 J  cm–2  [11]),  the  energy E » 
250  mJ  can  obviously  be  considered  as  limiting  for  the 
Fe2+ : ZnSe  disk  laser  elements  diffusion-doped  from  two 
sides [29] (the maximum dopant concentration is achieved at 
the sample surface). Two-end pumping proposed in [11] will 

undoubtedly  increase  the  laser  energy,  but  this  is  not  very 
convenient technically.

To  further  increase  the  energy  of  lasers  based  on 
Fe2+ : ZnSe polycrystal, it seems promising to create samples 
with several doped  layers using  the  internal doping method 
proposed by the authors of [23, 24]. Such a multilayer sample, 
in which the Fe2+ : ZnSe layers are alternated with ZnSe lay-
ers, is schematically shown in Fig. 5. The maximum Fe2+ con-
centration in each of the doped layers must decrease inversely 
proportionally to the number of layers so that the multilayer 
sample  transmission  remained  constant  (close  to  the  trans-
mission of samples with two-side doping). Figure 6 presents 
the output energy of a Fe2+ : ZnSe  laser based on sample 3, 
which  is  prepared  by  internal  doping,  as  a  function  of  the 
absorbed energy. The pump spot size was a ́  b = 4.7 ́  5 mm. 
At b > 5 mm, the laser energy sharply decreased due to the 
development  of  parasitic  generation  caused,  probably,  by 
backscattering from the ground lateral surfaces of the crystal, 
i.e.,  the  restriction by  the  spot  size  in  this  case  is  related  to 
improper treatment of the crystal. As follows from Fig. 6, the 
slope  efficiency  of  a  laser  based  on  a  sample  with  internal 
doping  is  hd  =  32 %,  and  the  efficiency with  respect  to  the 
absorbed energy is habs » 30 % at the maximum laser energy 
E = 91 mJ. Note that the lasing threshold for the sample with 
internal  doping with  respect  to  the  absorbed  energy  (Eth = 
0.12 J cm–2) is almost twice as low as the lasing threshold for 
sample 1 with two-side doping (Eth » 0.23 J cm–2), whose laser 
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Figure 3. Dependences  of  the  Fe2+ : ZnSe  laser  density  Wout  on  the 
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rameters are R = 1 m and r = 40 %.
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characteristics are shown in Fig. 4. Figure 7 presents the oscil-
lograms of HF and Fe2+ : ZnSe laser pulses in the case of sam-
ple 3 at the absorbed energy Eabs = 250 mJ. Under this pump-
ing, the Fe2+ : ZnSe laser pulse duration at half maximum is 
~145 ns.

Thus, the sample with internal doping is highly competi-
tive in main characteristics with the samples doped from two 
sides. Therefore, we can expect that the development of the 
fabrication technology of polycrystalline Fe2+ : ZnSe samples 
with multilayer doping will make  it possible  to  increase  the 
laser energy by increasing the pump spot area.

4. Conclusions

We have studied the lasing characteristics of lasers based on 
polycrystalline diffusion-doped Fe2+ : ZnSe samples excited at 
room  temperature  by  a  pulsed  non-chain  HF  laser.  The 
energy of a sample doped through two faces was E = 253 mJ. 
It is established that a further increase in the laser energy of 
the samples of this type by increasing the pump spot area is 

limited by the development of parasitic generation typical for 
disk  lasers. The  possibilities  of  creating  a  high-energy  laser 
based on multilayer samples fabricated by the internal doing 
method, in which the iron-doped ZnSe layers alternate with 
undoped layers, are discussed.
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