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Abstract.  Experimental results are presented on the development 
of a radiation source emitting at a wavelength of 4.775 mm with a 
pulse energy up to 50 mJ and an average power up to several watts 
in short pulse trains. A TEA CO2 laser and a nonlinear converter 
based on a ZnGeP2 crystal, which are specially designed for these 
experiments, are described. The main limitations of nonlinear conver
sion and possible ways to overcome these limitations are considered.

Keywords: ТЕА СО2 laser, ZnGeP2 nonlinear crystal, second har-
monic generation.

1. Introduction

The second harmonic of CO2 laser covers the spectral range 
4.6 – 5.4 mm, which is important for such applied problems as 
selective laser technologies, remote control, lidar and location 
systems. As a rule, as a pump source, one uses highly efficient 
pulsed  (or  repetitively  pulsed)  TEA  CO2  lasers,  which  can 
emit sub-microsecond narrow-band pulses tunable over dis-
crete vibrational – rotational transitions of the CO2 molecule 
within the range 9.2 – 10.8 mm.

The  second  harmonic  generation  (SHG)  of  TEA  CO2 

laser radiation in some nonlinear crystals was experimentally 
demonstrated in [1 – 10]. The SHG efficiency reached tens of 
percent  [1 – 4,  10].  The  generation  of  the  second  harmonic 
with  a  relatively  high  pulse  energy  in  a  repetitively  pulsed 
regime is a challenging scientific and technical problem.

The aim of the present work is to achieve the generation of 
the second harmonic of a TEA CO2 laser at a high pulse rep-
etition rate and a high average power.

The solution of this difficult problem includes two distinct 
but  interrelated  stages. First of  all,  this  is  the  creation of  a 
high-power  repetitively  pulsed  TEA  CO2  laser  with  stable 
radiation parameters optimised from the viewpoint of highly 
efficient SHG. These parameters are:

(i) high peak power and energy of pulses with a high rep-
etition rate and a high average power;

(ii) short duration of radiation pulses with an as-short-as 
possible tail responsible for unwanted heating of the nonlin-
ear crystal;

(iii)  intense  laser  line at a wavelength determined by the 
nonlinear crystal;

(iv)  low angular  beam divergence, which must  be  lower 
than the angular phase matching width in the nonlinear crys-
tal; and

(v)  linear polarisation, whose direction  is determined by 
the type of nonlinear interaction in the crystal used for SHG. 

The  second  indispensable  condition  for  the  successful 
solution of the considered problem is the correct choice of 
the nonlinear crystal, its dimensions and orientation, as well 
as  the arrangement of  efficient heat  removal  in  the case of 
ope ration with a high average power. It is also important to 
choose  the optimal  configuration of  the SHG unit and  the 
optimal  scheme of pump  radiation  focusing  into nonlinear 
crystals,  thus  optimising  the  parameters  of  the  entire 
laser – crystal system.

In the first part of the work, we present the results on the 
creation and study of a repetitively pulsed high-average- and 
peak-power TEA CO2 laser tunable over the lines of vibratio-
nal – rotational transitions of the CO2 molecule. The laser is 
desig ned based on advanced components and can continu-
ously operate for a long time. For SHG in a ZnGeP2 nonlin-
ear crystal, we used 10-min cycles of laser operation with the 
following  parameters:  9Р(20)  emission  line  ( l  =  9.55 mm), 
pulse energy 0.5 J, pulse duration ~0.2 ms, and frequency up 
to 500 Hz.

The laser was created using the results of [11, 12] obtained 
with participation of  the authors of  the present paper. This 
concerns designing of the gas-dynamic circuit (GDC) and dis-
charge  chamber,  as  well  as  optimisation  of  the  laser  pulse 
shape for the efficient SHG by selecting the laser gas mixture 
composition [10].

The configuration and parameters of the second harmonic 
generator were chosen taking into account the experimental 
data of [10] on the radiation resistance and SHG efficiency of 
the  ZnGeP2  crystal,  as  well  as  the  many  years’  experience 
of the manufacturer of these crystals (Laboratory of Optical 
Crystals Ltd., Tomsk, Russia) [13, 14].

2. Repetitively pulsed TEA CO2 laser for SHG

The laser is designed according to the typical TEA CO2 laser 
scheme with closed-cycle circulation of the working mixture. 
It  consists of  two main blocks, namely of  laser and control 
blocks.
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The laser block (Fig. 1) includes:
(i) a GDC of closed-cycle laser mixture circulation with a 

heat exchanger and a regenerator;
(ii) a discharge chamber with the main and preionisation 

discharge electrodes;
(iii) a high-voltage modulator of the main discharge (MD) 

assembled according to the voltage doubling scheme, which 
includes a main-discharge capacitor bank and a thyratron;

(iv)  a  capacitor  bank  for  gas  preionisation  prior  to  the 
application of voltage to the main-discharge electrodes;

(v)  two  7020С-300-380  chargers  (Optosystems  Ltd., 
Troitsk, Russia)  (Fig.  2), which  charge  the  capacitor banks 
with a rate of 500 Hz and form pulses for triggering the thyratron;

(vi)  a  thyratron  triggering  and  heating  circuit,  which 
ensures required parameters of high-voltage pulses for thyra-
tron triggering; and

(v) a  cavity  containing a  system of mirrors,  a ZnSe exit 
window, an echelette, and systems of water and air cooling of 
optical element.

The laser block also includes:
(i) a system for the output laser beam transport, focusing, and 

conversion (in spatial characteristics and polarisation orien-
tation), as well as for directing the beam on the SHG crystals; 
and

(ii)  a  second-harmonic  generator  consisting  of  ZnGeP2 
nonlinear crystals and the systems of temperature and phase 
matching angle stabilisation.

The laser is equipped with gas injection and cooling sys-
tems.  They  serve  for  cooling  the  thyratron,  the  discharge 
chamber electrodes, and the optical systems of the laser and 
second  harmonic  generator;  for  evacuating  and  injecting 
gases in the GDC prior to operation; for adding a fresh gas 
mixture in the process of long-term operation; and for blow-
ing the optics inside the GDC.

All the blocks have their own housings and are addition-
ally  covered  by  a  common  removable  protecting  cover  to 
ensure  safe  operation  and  low  sound  and  electromagnetic 
noises. A photograph of  the  laser  block  (without  the  outer 
cover) is shown in Fig. 1. This block has overall dimensions of 
2.3 ́  1.7 ́  2.5 m and a weight of about 2 t.

The control  system of  the  laser provides  the  correlation 
between  the  laser  components  during  the  setting-up  proce-
dure, in the process of operation, and after completion of the 
operating cycle, as well as continuous monitoring of the state 
of the laser systems. A photograph of the laser control panel 
with a touch screen is shown in Fig. 2b. The control system 
has dimensions of 1.2 ́  0.5 ́  1.2 m and a weight of 90 kg.

The metal housing of the GDC (Fig. 1) contains two heat 
exchangers,  a  circulation  fan  with  a  gas  consumption  of 
~1 m3 s–1, and a discharge chamber, in which the gas flow rate 
is ~100 m s–1. The gas circuit has windows for observation of 
the  discharge.  Care  was  taken  to  ensure  vibration  isolation 
between the mechanical systems and the optical bench of the laser.

Prior  to  start up,  the GDC housing was  evacuated  to a 
pressure  not  exceeding  1  Torr  and  then  was  automatically 
filled with a CO2 – N2 – He working mixture with a required 
proportion of  the  components up  to  a  total  pressure of,  as 
rule,  400 – 500 Torr. The working mixture  composition was 
chosen based on the recommendation of [10] on the optimisa-
tion of the SHG process. The helium concentration was 80 %, 
while the CO2 : N2 ratio was chosen within the range 4 : 1 – 6 : 1. 
A decrease in the concentration of nitrogen leads, as is known, 
to shortening of the laser pulse tail. The portion of radiation 
contained in this tail does not participate in SHG but heats 
the crystal.

The key unit of the TEA CO2 laser is a discharge chamber 
with  a  pulsed  self-sustained  discharge  between  the  cathode 
and anode. The discharge  region size was 30 ́  30 ́  700 mm. 
The UV  emission  of  the  preionisation  formed  by  auxiliary 
discharges under the cathode enters the MD region through 
transverse slits in the central part of the cathode. To ignite a 
uniform  self-sustained discharge  in  the TEA CO2  laser,  the 
capacitor bank must promptly short circuit the discharge gap. 
For  this  purpose,  the  capacitor  bank  and  the  high-voltage 
switch (thyratron) are installed in the vicinity of the discharge 
chamber  and  connected  to  its  electrodes  with  the  minimal 
induction.  The  discharge  was  supplied  using  a  scheme  of 
pulsed voltage doubling. The MD capacitor bank energy was 
35 – 50  J,  the  shock  capacitance  of  the MD  capacitors  was 
0.04 mF,  and  the  discharge  current  duration was  0.7 – 1 ms. 
For  switching  the  self-sustained  discharge  of  the  laser  at 
higher fre quencies (up to 500 Hz), we used a domestic water-
cooled TGI1-2500/50 thyratron. At lower frequencies (below 

Figure 1. Laser module (without the outer housing).

a b

Figure 2. (a) Power supply and (b) touch screen control panel.
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300 Hz),  it  was  possible  to  use  a more  compact  air-cooled 
TGI1-5k/50  thyratron  (Pulsed  Technologies  Ltd,  Ryazan, 
Russia).

The  laser  is  based  on  a  stable  plano-concave  cavity 
(Fig. 3). A highly reflecting concave mirror is installed inside 
the  chamber. As  a plane output  coupler  placed outside  the 
chamber, we used a diffraction grating (100 lines mm–1) with 
a blaze angle of 30°. The radiation is coupled out of the cham-
ber  through a Brewster window (ZnSe),  i.e.,  is plane polar-
ised.  The  diffraction  grating  selects  one  vibrational – rota-
tional CO2 laser line, as a rule, the 9Р(20) line ( l = 9.55 mm), 
which  falls  into  the  phase-matching  region  of  the  ZnGeP2 
crystal. The diffraction grating operates  in  the autocollima-
tion regime  in  the  first diffraction order. The radiation was 
coupled out  via  the  zero diffraction order  according  to  the 
Littrow scheme, in which the output laser beam direction is 
retained upon tuning the laser wavelength. The cavity mirrors 
and diffraction grating were mounted on water-cooled con-
tact  plates.  The  Brewster  window  and  the  concave  mirror 
inside the GDC are blown over by the working gas mixture. 
In the case of laser operation with a high pulse repetition rate, the 
working mixture composition was kept constant using a rege-
nerator and partial refreshment of the mixture from a gas vessel.

3. Study of laser characteristics

The laser operation was tested at pulse repetition rates up to 
500 Hz at a charge voltage of MD capacitors up to 25 kV and 
an uninterrupted operation duration up to 10 min. The laser 
parameters and  thermal  regimes  stabilise  for approximately 
this time. The radiation energy in pulsed cycles was measured 
by a PE-50 pyroelectric detector with the use of a calibration 
kit provided by the manufacturer (Ophir, Israel).

The laser cavity was usually tuned to the 9Р(20) line ( l = 
9.55  mm).  The  experiments  were  mainly  performed  with  a 
mixture of the composition CO2 : N2 : He = 5 : 1 : 24 (with a low 
nitrogen  concentration)  at  a  total  pressure  of  500 Torr. At 
pulse  repetition  rates  up  to  200  Hz,  the  pulse  energy  was 
0.5 – 0.6  J  and  the  average  power  was  constant  during  the 
entire 10-min cycle [Fig. 4, curve ( 1 )]. For comparison, note 
that,  with  the  other  conditions  being  the  same,  the  pulse 
energy for the mixture CO2 : N2 : He = 1 : 1 : 8 exceeded 1 J.

Visually,  the  discharge  was  homogeneous  during  the 
entire  pulse  train,  without  spark  discharges.  To  operate  at 
higher repetition rates, it was necessary to decrease the capac-
itor bank voltage to 20 – 22 kV.

Comparing the curves in Fig. 4, one can see that the laser 
energy instability from pulse to pulse is higher in the case of a 
higher  pulse  repetition  rate, which  can be  explained  by  the 

fact that the PE-50 pyroelectric detector measured the pulse 
energies periodically (with a rate not exceeding 15 Hz) and the 
electronic circuit had no synchronisation system.

The  output  laser  beam  cross  section  has  a  rectangular 
shape with a size of about 16 ́  20 mm, and the angular beam 
divergence  is 3 – 3.5 diffraction  limits. The  laser pulse shape 
measured  by  a  germanium  photon  drag  detector  (Ioffe 
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Figure 3. One of possible selective cavity schemes used in the laser.
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Figure 4. Laser pulse energy as a  function of  time at pulse  repetition 
rates of ( 1   ) 100 and ( 2 ) 500 Hz.
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Figure 5. Laser pulse shape measured at oscilloscope bandwidths of (a) 
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Physico-Technical  Institute,  St.  Petersburg,  Russia)  at  two 
different oscilloscope bandwidths is shown in Fig. 5. One can 
see that the long pulse tail was almost completely suppressed 
and the peak half-width was ~200 ns. The pulse had a fine 
structure related to beating of longitudinal cavity modes.

4. Second harmonic generator

It is known that the main problems of SHG in ZnGeP2 crys-
tals  in  a  repetitively-pulsed  regime  are  related  to  a  strong 
absorption of this crystal at a pump wavelength, which in our 
case  was  9.55  mm.  The  absorption  coefficients  of  ZnGeP2 
crystals presented in the literature for one and the same wave-
length may differ by several times (see, for example 0.26 cm–1 
in [15] and 60 m–1 in [2]), which is obviously determined by the 
growth  technology,  treatment  and  coatings  of  the  studied 
crystals. The absorption  coefficient  for our  crystals  [13,  14] 
was measured in [10] to be ~0.4 cm–1.

A considerable amount of heat released by the crystal vol-
ume irradiated by a laser beam can be, in principle, due to the 
high  heat  conductivity  (180  mW  cm–1  K–1  [16]),  efficiently 
removed to the outer crystal surfaces cooled by a temperature 
stabilisation system.

The crystals were made in the form of parallelepipeds with 
dimensions  6 ́  12 ́  12 mm  (cut  angles q =  66°, j =  0),  and 
their broad ground faces were pressed to heat sinks (copper 
plates), whose temperature was controlled by Peltier elements 
(Fig.  6). The  released  heat was  removed  by  a water-cooled 
heat  sink.  The  constant-temperature  regime was  controlled 
by an electronic module using the data of temperature detec-
tors placed near the broad faces of crystals.

The  input  and  output  faces  of  the  crystals  measuring 
6 ́  12  mm  were  coated  by  a  broadband  antireflection  film 
with a  reflection  coefficient not  exceeding 3.5 % – 4 %  in  the 
region of both 9.55 mm and 4.775 mm. To orient the crystal at 
the phase-matching angle  (65.2°),  the  temperature  stabilisa-
tion unit together with the crystal was rotated with the use of 
step motors around the horizontal axis perpendicular to the 
laser beam axis (Fig. 6).

As was shown in [10], at energy densities exceeding 2 J cm–2 
(peak  intensity ~20  MW  cm–2),  the  ZnGeP2  crystals  were 
damaged after action of 5 – 10 laser pulses at a repetition rate 
of several hertz. Because of this, in the case of operation at a 
high pulse repetition rate, the energy load on the crystal was 
decreased to 0.5 – 0.7 J cm–2.

The  laser beam was split  into  two parallel  channels and 
coupled  into  the  SHG unit, which  contained  four  identical 

nonlinear ZnGeP2 crystals (two crystals successively in each 
channel). In addition to a decrease in the thermal load, this 
geometry ensured an increase in the conversion efficiency due 
a larger total interaction length with simultaneous compensa-
tion for the angular divergence and the diaphragm aperture 
effect.

The cross sections of beams incident on the crystals of the 
first cascades had the form of vertically oriented ellipses with 
the axes of about 4 and 10 mm, which ensured lossless cou-
pling  of  radiation  into  the  crystals  with  cross  sections  of 
6 ́  12 mm. The radiation was vertically polarised (vector E).

After passing two frequency-conversion cascades, the sec-
ond-harmonic (4.775 mm) and pump (9.55 nm) beams left the 
SHG unit, were superposed by mirrors into one beam, and, 
through a MgF2 filter, which cut off the 9-mm radiation, were 
directed to an energy meter.

5. Results of SHG experiments

All the series of SHG experiments were performed with the 
switched-on system of cooling and temperature stabilisation 
of nonlinear crystals. At pulse repetition rates up to 200 Hz, 
the pump radiation energy at a wavelength of 9.55 mm at the 
entrance to the SHG unit was about 0.4 J taking into account 
the  losses  on  the  beam  formation  and  splitting  optical  ele-
ments, i.e., the energy of the beam incident on the first crystal 
of each of the parallel channels was 0.2 J (average energy den-
sity ~0.5 J cm–2). At pulse repetition rates of 300 – 500 Hz, the 
energy  at  the  entrance  to  the SHG module was  30 % – 40 % 
lower (Fig. 4).

The  total  second  harmonic  energy  in  the  single-pulse 
regime was 40 – 50 mJ (with identical contributions from each 
channel), which corresponded to the energy conversion effi-
ciency 10 % – 12 %. The main contribution to the conversion 
was made by the first of the successive crystals in each channel 
(80 % – 85 %).

Some results on SHG in a repetitively pulsed regime are 
presented in Fig. 7. At pulse repetition rates of 10 – 50 Hz, the 
system retained the output second harmonic pulse energy at a 
level of 25 – 30 mJ for a rather long time [more than 5 min in 
Fig. 7, curve ( 1 )], which corresponded to an average power 
up to 1.5 W.

At  pulse  repetition  rates  exceeding  100  Hz,  the  second 
harmonic pulse energy decreased during the first 3 – 5 s and 
then stabilised at a level which was the lower the higher the 
pulse repetition rate.  In particular,  this  level was 15 – 20 mJ 
for 100 Hz, did not exceed 5 – 7 mJ for 200 Hz (Fig. 7), and 
was 3 – 5 mJ for 400 Hz. In all the cases, the maximum aver-
age power was approximately the same (1.5 – 2 W).

Note  that,  after  several  tens  of  seconds  of  operation  at 
repetition  rates  exceeding  200  Hz,  we,  as  a  rule,  observed 
uncontrolled damage of the crystals (usually, at the entrance 
face of the first-cascade crystals). Because of this, at high rep-
etition rates, we always stopped the operation after 10 – 15 s. 
The damaged crystals could be repaired by additional treat-
ment and deposition of coatings.

6. Discussion of results

The experiments on SHG showed that a sufficiently high effi-
ciency  (10 % – 12 %)  was  achieved  only  in  regimes  with  low 
pulse  repetition  rates. With  increasing  pulse  repetition  rate 
and incident power, the SHG efficiency was observed to con-
siderably decrease (Fig. 7) for several seconds. The main rea-
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Figure 6. Nonlinear crystal mounting system.
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son for this decrease was heating of the crystals, which led to 
violation of the phase matching conditions. To quantitatively 
estimate the effect of heating on the SHG efficiency, we per-
formed two-stage numerical calculations.

First, we calculated the temperature field in the crystals by 
solving  the  stationary  thermophysical  problem  (without 
allowance for SHG) for our heat sink design and experimen-
tal parameters. We determined the maximum temperature of 
the crystals and the temperature distribution along different 
directions at a fixed temperature (320 K) of the cooled faces. 
This  temperature  was  chosen  based  on  the  condition  of 
achieving  steady-state  and  stable operation of  the  tempera-
ture control system.

As  follows  from the calculation results  shown  in Fig. 8, 
the thermal field in the crystals was strongly inhomogeneous 
with a maximum temperature at the laser beam axis near the 
entrance  face  and  decreasing  temperature  in  the  transverse 
and longitudinal directions (i.e., in the direction to the cooled 
faces and along the laser beam propagation).

At a radiation power of 100 W at the entrance to the first 
crystal, the power absorbed in this crystal was ~35 W. The 
maximum temperature is observed near the entrance face of 
the crystal and is equal to 350 K, i.e., the temperature gradi-
ent  between  the hottest  point  of  the  crystal  and  the  crystal 
faces contacting the heat sink is 30 K. The temperature in the 

centre of the exit face of the crystal is 338 K. For the second 
crystal, the corresponding absorbed power and the maximum 
temperature gradient are 25 W and 20 K. It should be noted 
that, with increasing absorbed power, the temperature distri-
bution changed only quantitatively.

Heating  of  the  nonlinear  crystals,  in  turn,  changes  the 
refractive index and the induced SHG phase mismatch. From 
the derivatives  n To2 2   and  n Te2 2   [17, 18], we determined 
the temperature dependence of the phase mismatch difference 
Dk ( k T2 2D  = 0.11 ± 0.01  cm–1  K–1). For the above-mentioned 
temperature gradients, the transverse difference Dk from the 
entrance  face  centre  to  the  side  surface of  the  crystal  is  3.3 
cm–1, while the longitudinal change Dk along the beam axis is 
1.32 cm–1. This leads to a considerable decrease in the conver-
sion efficiency.

Figure 9 shows the results of the second calculation stage, 
at which we calculated the two-cascade SHG efficiency as a 
function  of  the  power  absorbed  by  the  crystals  based  on  a 
modified geometrical-optical method (see details  in [10, 19]) 
taking  into  account  the  obtained  temperature  distribution 
and  the effect of additional phase mismatches. The  interac-
tion parameters were close to the corresponding parameters 
of the above-described experiments. For comparison, the cal-
culations were performed for several  lengths of crystals and 
two absorption coefficients at the laser wavelength (0.2 and 
0.4 cm–1). The absorption coefficient at the second-harmonic 
wavelength was taken to be 0.02 cm–1.

From Fig. 9, one can see that, at the absorption coefficient 
of 0.4 cm–1, which is typical for the crystals used in this work, 
the SHG efficiency was almost twice as low as it would be if 
we  succeeded  to  decrease  the  absorption  coefficient  of  the 
crystals  to  0.2  cm–1. All  the  crystals  demonstrated  a  strong 
dependence  of  the  SHG  efficiency  on  heating  of  crystals, 
because of which we had to admit that it is the strong absorp-
tion of ZnGeP2 nonlinear crystals that limited the possibility 
of obtaining efficient generation of  the  second harmonic of 
repetitively  pulsed  TEA CO2  laser  radiation  in  our  experi-
ments.

Note that the situation can be improved by using a two-
circuit automatic system of nonlinear crystal control. In the 
present work, only the temperature at the side planes of the 
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Figure 8. (colour online) Temperature ( T ) distribution over the cross 
section of  the first nonlinear crystal  (absorption coefficient 0.4 cm–1). 
The arrow shows the direction of pump pulse propagation.
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crystals  was  maintained  automatically  (first  circuit).  The 
phase matching direction was corrected by a manually con-
trolled step motor with subsequent fixation of the crystal ori-
entation.

Nonuniform heating over the crystal cross section requires 
additional  dynamic  adjustment  of  phase  matching  (second 
circuit).  The  second  circuit  should  control  the  second  har-
monic  intensity  and maintain  its  value  in  a  given  range  by 
changing the crystal orientation.

The  operation  algorithm  must  be  chosen  taking  into 
account  that  the  significant  (almost  20-fold)  difference 
between the absorption coefficients at the wavelengths of the 
incident radiation and the second harmonic creates additional 
problems  for  thermal  stabilisation of  the crystal.  Indeed,  in 
the process of adjustment of the crystal heated by laser radia-
tion to a new phase matching direction, the conversion effi-
ciency and the second harmonic intensity increase, which, in 
turn, leads to a decrease in the crystal temperature due to a 
lower  absorption  of  the  second  harmonic  radiation.  The 
phase matching conditions change again, and, as a result, the 
crystal temperature varies in a wave-like process, whose time 
constant we estimate to be several seconds.

Finally, note that interest in using ZnGeP2 crystals in var-
ious nonlinear optical converters for creating lasers emitting 
in the range 3 – 5 mm does not subside in recent years. Russian 
researchers also have a many-year experience in such experi-

ments and in crystal growth [3, 4, 10, 13 – 15, 19 – 21], which 
allows one to expect further successful works in this direction.

7. Conclusions

We  have  described  a  repetitively  pulsed  TEA  CO2  laser 
adapted for SHG in ZnGeP2 crystals. Using the CO2 : N2 : He 
=  5 : 1 : 24  gas  mixture  operating  at  one  lasing  line  with  a 
wavelength  of  9.55  mm,  we  obtained  laser  pulses  with  an 
energy of 0.3 – 0.5 J at repetition rates up to 500 Hz. The laser 
pulse duration at half maximum was ~200 ns. The laser can 
continually  operate  for  a  long  time;  the  operation  time  for 
SHG was restricted to 10 min.

The possibility of SHG at a wavelength of 4.775 mm with 
an average power up to 1.5 – 2 W was demonstrated. At pulse 
repetition rates of 10 – 50 Hz, the system operated for ~5 min 
with a  constant  second harmonic pulse  energy at  a  level of 
25 – 30 mJ. At higher pulse repetition rates, we observed a rapid 
decrease  in the average power and reliability of the second 
harmonic generator due to a possible damage of the crystals.
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Figure 9. Calculated  SHG  efficiency  for  two  successive  crystals  with 
lengths of ( 1 ) 0.5, ( 2 ) 1, and ( 3 ) 1.5 cm and absorption coefficients of 
(a) 0.2 and (b) 0.4 cm–1. 
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