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Abstract.  We report a study of the effect of postgrowth treatment 
of ZnGeP2 single crystals (low-temperature annealing, irradiation 
with fast electrons, polishing of working surfaces) and the condi-
tions of exposure to repetitively pulsed laser radiation [wavelength 
(2091 or 1064 nm), pulse repetition rate, beam diameter, exposure 
time, sample temperature] on the laser-induced damage threshold 
(LIDT) of the surfaces of these crystals. It is found that thermal 
annealing of ZnGeP2 single crystals and their irradiation with a 
flux of fast electrons, which increase the LIDT at a wavelength of l 
= 1064 nm, do not lead to a change in this threshold at l = 2091 nm. 
It is shown that ZnGeP2 elements with lower optical losses in the 
spectral range 0.7 – 2.5 mm have a higher LIDT at l = 2091 nm both 
immediately after fabrication and after postgrowth processing. An 
increase in the threshold energy density of laser radiation by a 
factor of 1.5 – 3 at l = 2091 nm is revealed with a decrease in the 

crystal temperature from zero to –60 °C. The fact of reversible pho-
todarkening of the propagation channel of laser radiation in 
ZnGeP2 in the predamage region of parameters is established by 
the method of digital holography.

Keywords:  ZnGeP2 single crystal, optical damage, postgrowth 
treatments, surface polishing, radiation of Ho 3+ : YAG- and 
Nd 3+ : YAG lasers.

1. Introduction 

Repetitively pulsed sources of high-power coherent mid-IR 
radiation are widely used in such areas as processing of (mate-
rials glass, ceramics, or semiconductors) [1, 2], atmospheric 
sounding for remote determination of the composition of 
substances and environmental monitoring [3 – 5] and also 
medicine, including diagnostics of diseases using gas analysis 
and resonance ablation of biological tissues [6, 7]. 

One of the most efficient solid-state sources of coherent 
radiation in the mid-IR range are optical parametric oscilla-
tors (OPOs). The most high-power OPOs in the 3500 – 
5000 nm wavelength range are currently fabricated on the 
basis of nonlinear optical crystals ZnGeP2 (ZGP) [8]. ZGP-
based OPOs are capable of generating radiation with an 
average power of up to 100 W or an energy per pulse of up 
to 200 mJ with a pulse width of 20 – 40 ns and a pulse repeti-
tion rate from a few hertz to one hundred kilohertz [9 – 11]. 
Unfortunately, the reliable long-term operation of high-
power ZGP-based OPOs is limited by optical damage (or 
laser damage) of this material. In this regard, the expansion 
of the practical use of high-power OPOs in the mid-IR range 
is associated with the need to reveal the physical mecha-
nisms of laser damage. Although optical damage is a well-
known effect, clarifying its mechanism is an independent 
task in each specific case [12, 13]. 

The problem of ZGP optical damage by laser radiation 
at wavelengths of 1064 and 2100 nm in the region of ~10 mm 
has been discussed in a number of papers [14 – 19]. It was 
reported, in particular, that the laser-induced damage 
threshold (LIDT) of the ZGP surface is related to the den-
sity of the pump radiation energy and is almost independent 
of the radiation intensity [14]. It was shown that improving 
the quality of polishing of working surfaces and reducing or 
completely removing the near-surface fractured layer leads 
to an increase in the LIDT [15]. In this case, the LIDT of a 
ZGP crystal with antireflection coatings at a wavelength of 
2050 nm was ~2 J cm–2 at a pulse repetition rate f » 10 kHz 
[15], which is five times less than the previously measured 
damage threshold of the same crystal under the action of 
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radiation at l = 2 mm and f » 1 Hz [14]. A significant differ-
ence was revealed in the LIDT values for the ZGP crystal at 
wavelengths of 1064 and 2100 nm [16]. Dynamic visualisa-
tion of the process of damage by laser radiation at l = 
2100  nm in the ZGP volume showed that an avalanche-like 
increase in temperature occurs in the forming track inside 
the nonlinear optical element [17]. The LIDT of ZGP ele-
ments at l = 9.55 mm was determined from the intensity of 
the incident beam 142 MW cm–2 at a pulse width tp = 85 ns 
and a pulse repetition rate f = 1 Hz [18], which corresponds 
to a pulse energy density of ~9.5 J cm–2. The report in [19] 
about an increase in the ZGP damage threshold with 
decreasing pump pulse width ‘...testifies in favour of the 
thermal nature of damage for nanosecond pulses due to 
anomalous infrared absorption’ [20, 21]. Thus, the large 
scatter of the LIDT values of the ZGP crystal and the differ-
ences in the interpretation of the results of previous studies 
show that the physical mechanism of laser damage and its 
dependence on the factors of technological processing and 
experimental parameters remain not fully understood. 

The aim of this work is to clarify the influence of the 
parameters of postgrowth technological operations (low-tem-
perature annealing, exposure to fast electrons, polishing of 
working surfaces) and the experimental conditions (pulse 
width and repetition rate, beam diameter, exposure time, ele-
ment temperature) on the LIDT of the ZGP crystals surface 
under the action of a laser radiation at wavelengths of 2091 
and 1064 nm. 

2. Single crystal samples and the method  
of their postgrowth processing 

To study optical damage, we used two different ZGP single 
crystals (I and II), from which nine samples were cut. Seven 
plates (samples 1 – 7) 30 mm in diameter and 3 mm thick were 
cut from crystal I parallel to the crystallographic plane (100), 
two other elements (samples 8 and 9) 6 ´ 6 ´ 20 mm in size 
were cut from crystal II at angles q = 54.5° and j = 0 relative 
to the optical axis. Both ZGP single crystals were grown by 
the Bridgman method in the vertical direction on an oriented 
seed as described in [22]. 

The previously synthesised material used for the growth 
of single crystals was examined for the presence of impurities. 
The concentrations of impurity chemical elements were deter-
mined by inductively coupled plasma mass spectrometry 
(NexION300D, PerkinElmer, USA) in preparations at the 
Department of Chemistry and Technology of Crystals of the 
Russian Chemical Technology University (Moscow). For 
analysis, a solid sample was dissolved in a mixture of high-
purity mineral acids under microwave autoclaving conditions 
(SpeedWAVE FOUR, Berghoff, Germany) in PTFE auto-
claves. The content of impurity elements (their concentration 
in the sample exceeded 10–8 wt%), shown in the histogram 
(Fig. 1), was the same in both studied ZGP single crystals. 

Before the start of the study, the phase composition of the 
samples was also determined using X-ray diffraction analysis. 
The study was carried out at a wavelength of 1.541862 Å on a 
Rigaku MiniFlex 600 X-ray diffractometer having an X-ray 
tube with a copper anode. The phase composition was anal-
ysed using the PDF 4+ database and the POWDER CELL 2.4 
full-profile analysis program. The survey was carried out in 
the range of angles 3 – 60° with a step of 0.02°. Samples for 
X-ray diffraction analysis were cut from single crystals I and 
II and ground to a powdery state. According to the results of 
X-ray structural analysis, no residual components of the syn-
thesis – the second phases (Zn3P2, ZnP2, GeP) – were revealed 
in all the samples under study (Table 1). 
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Figure 1.  Impurity composition of ZGP crystals as determined by inductively coupled plasma mass spectrometry. White bars indicate the limit of 
determination of the content of impurity elements for a particular element (i.e., the concentration of impurities of a particular chemical element does 
not exceed the value corresponding to the height of the white bar), the height of the black bars corresponds to the mass fraction of the content of 
the impurity element, when the limit of determination is an order of magnitude less than the measured concentration of the chemical element.

Table  1.  Results of X-ray diffraction analysis of the samples under study.

Sample Lattice parameters/Å CSR size/nm

1 – 6
a = 5.468

35
c = 10.714

7
a = 5.471

88
c = 10.706

8
a = 5.461

35
c = 10.707

Note: For all samples, only ZnGeP2 phases with a concentration of 
100  wt% were found; CSR is a coherent scattering region in which 
X-rays are scattered coherently and independently of other similar regions.
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With the help of a digital holographic camera DCH-1064 
manufactured by LLC ‘LOK’ (Tomsk, Russia), holograms of 
the internal volume of all studied samples were obtained. To 
determine internal inhomogeneities and volumetric defects 
resulting from the presence of residual components of synthe-
sis in the material [23], the obtained holographic images were 
reconstructed. The limiting resolution of the method was 
3 mm (a detailed description of the digital holography tech-
nique, including that related to the visualisation of defects in 
ZnGeP2, is given in [23 – 25]). In all the samples studied in this 
work, within the limits of the method resolution, no bulk 
defects were detected in the entire volume of the material 
(including the surface). 

Some of the samples under study after growth were not 
subjected to thermal annealing and irradiation with a flow of 
fast electrons – technological operation A. Some of the sam-
ples after growth were subjected to thermal annealing at a 
temperature of 600 °С – technological operation B. Some of 
the samples after annealing were irradiated with a flow of fast 
electrons (with an energy of 5 MeV and a flux density of 2.2 ´ 
1017 electrons cm–2) – technological operation C. 

The working surfaces of all the samples were processed 
on a 4-PD-200 polishing and finishing machine. Initial treat-
ment consisted of polishing on a cambric polish using ACM 
0.5/0 synthetic diamond powder (average grain size 270 nm). 
In this case, a fractured layer with a thickness of ~30 mm 
formed in the process of cutting the crystal into oriented 
plates and their preliminary grinding was removed, – polish-
ing procedure D. Two samples (1 and 2) were not subjected 
to subsequent polishing, the rest were additionally polished 
on a cambric polishing pad using synthetic diamond powder 
ACM 0.25/0 – polishing procedure E. Next, the samples 
were polished on a resin polishing pad, also using ACM 
0.25/0 – polishing procedure F. One of the polished working 
surfaces of samples 1 – 6 was coated with an antireflection 
coating to provide transmission over 98 % at l = 2091 nm. 
The blooming was carried out in order to reduce the possible 
effect of the interference field of the incident and reflected 
waves on the initialisation of optical damage, since the 
reflection coefficient from the uncoated ZGP surface is 
~25 %. On the working faces of samples 7 – 9, antireflection 
coatings (with a transmission of more than 98% at l = 2091 
nm) were applied on both sides. 

The parameters of the experimental samples and the tech-
nological operations carried out with them are shown in 
Table 2. 

Using a SHIMADZU UV-3600 spectrometer, absorption 
spectra were obtained in the wavelength range 0.7 – 2.5 mm for 
ZGP plates 1 mm thick, additionally cut from single crystals I 
and II (Fig. 2). The absorption coefficient in plates from crys-
tal II after annealing turned out to be ~0.25 cm–1 less than the 
absorption coefficient in plates from crystal I after annealing 
in almost the entire measurement range. 

The control of the profiles of the working surfaces of the 
samples under study was implemented by means of a ZYGO 
NewView 7300 profilometer using the white light interferom-
etry method. The profilometer and its software allow mea-
surements with 50´ magnification (Fig. 3). For each experi-
mental sample, surface areas with a size of 110 ´  110 mm were 
investigated and the following parameters were estimated 
(their values are given in Table 2): 

1) the maximum difference in the height and depth of 
inhomogeneities on the surface (PV) relative to the average 
value; 

2) the root-mean-square roughness depth 

( )RMS dl z x x1 l
2

0
= y ,	 (1) 

Table  2.  Parameters of the studied ZGP samples.

Sample
Postgrowth  
treatment

Absorption coefficient  
at l = 2091 nm/cm–1

Type of polishing 
procedure

Polishing parameters

PV/nm RMS/nm Ra/nm

1 A 0.5 D, E 33.7 1.23 0.83

2 A 0.5 D 40.6 1.38 1.08

3 A 0.5 D, E, F 48.6 0.36 0.15

4 B 0.3 D, E, F 31.4 0.44 0.27

5 B 0.3 D, E, F 37.1 0.49 0.17

6 B, C 0.03 D, E, F 31.4 0.44 0.27

7 B, C 0.03 D, E, F 32.6 0.45 0.21

8 B, C 0.03 D, E, F 40.6 0.37 0.22

9 B, C 0.03 D, E, F 40.6 0.37 0.22

Note: PV PV is the maximum difference in height and depth of inhomogeneities on the surface relative to the average value; RMS is the root mean 
square roughness depth; and Ra is the arithmetic mean deviation of the roughness profile from the centre line.
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Figure 2.  Absorption spectra in the wavelength range 0.75 – 2.6 mm 
for ZGP plates cut from crystal I immediately after growth ( 1 ), after 
annealing at 600 °С ( 2 ) and after irradiation with a fast electron flow 
( 3 ), as well as for the plate ZGP cut from crystal II after annealing at 
600 °С ( 4 ).
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where l is the base length in the direction of the x axis along 
which the roughness profile is estimated [26]; z is the axis nor-
mal to the surface; z(x) is the distance from the centre line of 
the roughness profile to the surface roughness curve at a point 
with the x coordinate; and 

3) the arithmetic mean deviation of the roughness profile 
from the midline [26] 

| ( ) | .dR l z x x1
a

l

0
= y 	 (2) 

3. Experimental setup 

As a radiation source with a wavelength of 2091 nm, we used 
a Ho3+ : YAG laser, developed and manufactured at the IAP 
RAS [27], pumped by a cw thulium fibre laser. The 
Ho3+ : YAG laser operated in the active Q-switched regime 
with a pulse width tp = 18 – 45 ns, which changed depending 
on the pulse repetition rate f varied in the range 12 – 40  kHz 
(Fig. 4). 

The amplitude of nanosecond pulses, their width and 
energy, as well as the beam diameter, were stable at constant 
pumping (random variations in the pulse amplitude did not 
exceed 5 %) [27]. Upon increasing the pump, the amplitude of 
the lasing pulses changed in proportion to the increase in the 
average radiation power with an insignificant change in the 
pulse width and beam diameter. The total number of pulses 
was determined by their repetition rate and exposure time. 
For each separate series of measurements at the same pulse 
repetition rate, their number remained unchanged during the 
exposure. To avoid changing the pulse width and the shape of 
the generated Ho3+ : YAG laser beam, the average radiation 

power of the thulium fibre pump laser in all experiments was 
kept the same and equal to ~50 W. The maximum average 
radiation power generated by the Ho3+ : YAG laser was 30 W 
in a linearly polarised high-quality Gaussian beam (parame-
ter M 2 £ 1.2). 

As a radiation source at a wavelength of 1064 nm, we used 
a Nd3+ : YAG laser from LLC ‘LOC’ (  f = 3 kHz, tp = 50 ns). 

The average laser power Pav was measured before each 
experiment with power meters (Coherent PM10 with 
FieldMaxII indicator or Gentec UP25N-40S with a SOLO 
indicator) installed in the plane of the test sample. 

The optical scheme of the experimental setup (Fig. 5) 
included a Ho3+ : YAG or Nd3+ : YAG laser ( 1 ), an optical 
Faraday isolator (FI), a half-wave plate l/2, a polarising mir-
ror (M1) with high transmission for p-polarisation and high 
reflection for s-polarisation at the working wavelength, a 
two-lens Galilean telescope (T), a sample under study, and a 
power meter (PM). The diameter of the laser beam in the test-
ing plane corresponding to the input aperture of the plate 
under test was measured by the Foucault knife method [28]. 
The measured radiation beam diameter d in all experiments 
(except those described in Sections 6 and 7) was 270 ± 10 mm 
at the e–2 level of the maximum intensity (Rayleigh length of 
the focal waist zR = 27.4 ± 2.2 mm). The power level was 
controlled using an attenuator consisting of a half-wave plate 
and a polarising mirror. To prevent the reflected radiation 
from entering the laser, the samples (plates) under study were 
deviated from the position corresponding to normal incidence 
by 3°, which, like the presence of a Faraday isolator in the 
circuit, prevented an uncontrolled change in the parameters 
of the incident radiation. 

The processes occurring in the crystal in the predamage 
period and during the damage were visualised using a digital 
holographic camera (DHC) similarly to Ref. [17]. The DHC 
consisted of a laser diode with a wavelength of 1064 nm 
(ML150-638/1060-040-TTL-FK-m, ‘Laser Engineering and 
Technology’, Minsk), and objective lens (L) forming a 
plane-parallel beam, and a CCD camera (VCXU31M , 
Baumer, Switzerland). To register the damage process in 
samples with polished lateral surfaces (8 and 9), the DHC 
was located at position 1, and to register the process of opti-
cal damage in thin plates 1 – 7, the camera was at position 2. 

The laser beam was monitored using a Pyrocam IV pyro-
camera (Ophir-Spiricon) at a sampling rate of 100 fps (Fig. 6). 
During the exposure time (up to 30 s), the beam image 
remained stable. According to the international standard 
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Figure 3.  (Colour online) Surface profiles of the ZGP samples under 
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ISO11146, the effective area of a Gaussian beam was deter-
mined as pd 2/8 [28], and the energy density of laser radiation 
was

W = 8Pav/( fpd 2).	 (3) 

Studies of the LIDT using Ho3+ : YAG laser radiation 
were carried out in rooms corresponding to 6 ISO and 4 ISO 
ranges of purity (according to [29]). No differences were 
found in the ZGP LIDT in these premises. 

4. Method for determining the laser-induced 
damage threshold of ZnGeP2 

To determine the LIDT of crystals, two standard methods, 
S-on-1 an R-on-1, are used. The S-on-1 technique described 
in the international standard ISO 11254-2 [30] allows taking 
into account the probabilistic nature of optical damage, but 
requires a large surface area of the test sample, which is not 
always possible in practice. 

The essence of the R-on-1 technique is that each individ-
ual region of the crystal is irradiated with a laser beam with a 
gradual increase in power until an optical damage or a prede-
termined value of the energy density is reached. The method 
for determining the R-on-1 LIDT, which is more acceptable 
from the point of view of practical application, requires less 
space on the sample surface and therefore can be used for 
samples with a limited aperture [31]. It was earlier shown [16] 
that both methods give comparable results in relation to the 
determination of ZGP LIDT at wavelengths of ~2100 and 
1064 nm at their repetition rates 1 – 10 kHz and pulse widths 
of 20 ns. 

In our work, LIDT studies were carried out according to 
the R-on-1 technique with an exposure time tex = 1 s and 
pulse repetition rates of 12, 20, 25, 30, and 35 kHz. First, the 
samples under study were exposed to laser pulse packets with 
a fixed energy density in each pulse of 0.1 J cm–2 (for 
Ho3+ : YAG laser radiation) and 0.01 J cm–2 (for Nd3+ : YAG 
laser radiation), which did not cause damage to the crystal 
surface. Then the energy density was increased with a step of 
~0.2 J cm–2 for the Ho3+ : YAG laser and with a step of 
0.001  J  cm–2 for the Nd3+ : YAG laser. The fact of optical 
damage was established by the appearance of a glow in the 
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Figure 5.  Optical layout of the experimental setup.

Figure 6.  (Colour online) Intensity distribution of the laser beam be-
hind the focus of the lens, obtained using a Pyrocam IV laser beam 
profile meter. 
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region of action and a decrease in the radiation transmittance. 
Then the plate was moved 0.8 mm in height or width using a 
three-coordinate slide; the experiment was repeated five times 
with subsequent statistical data processing. The interval 
between the series of irradiation in all experiments on testing 
the LIDT was fixed and amounted to ~2 min. This time inter-
val seems to be sufficient for relaxation of reversible changes 
in parameters in the region of the crystal exposed to laser 
radiation. In particular, during this time a relaxation of the 
temperature and concentration of free charge carriers to the 
initial state occurs. 

The optical damage probability was obtained by plotting 
the cumulative probability at different optical damage energy 
densities. The LIDT value (W0d) was taken to be the energy 
density corresponding to the approximation of the optical 
damage probability to zero, Pd = 0. 

For each series of measurements, after which an optical 
damage was observed, the average value of the threshold 
energy density Wav and the rms error of its determination 
áDW 2avñ were calculated according to the formulae:

W N
Wn

av
i i

=
/

,	 (4)

WD ( )N N
W W n

1av
av i i2

2

G H
G H

= -

-_ i/
,	 (5) 

where N is the total number of damaged areas; Wi is the 
threshold energy density in one of the irradiated regions; and 
ni is the number of regions with the damage threshold Wi. 

To find the LIDT confidence interval

WDW W k /
d av av

2 1 2! G H= ,	 (6)

where k is the Student’s coefficient, the Student’s t-distribu-
tion was used for the confidence probability [32, 33]

( , )
( 1) ( ) /

( / )
dF k N

N N
N

V
z z

1 2
2

1 1

/

k

k
N2 2

p G
G

=
- -

+ --

-

d ny ,	 (7) 

where G is the gamma function. 
Tables 3 – 5 show the results of statistical processing of the 

experimentally measured data using the parameters deter-
mined by expressions (4) – (7). 

Figures 6 – 9 and 13 show the results of LIDT measure-
ments using the R-on-1 method. 

5. Influence of postgrowth treatments  
and crystal defects on LIDT 

The LIDT values of samples with different technological his-
tory were determined (see Tables 3 and 5). As an example of 
the results obtained, Fig. 7a shows the dependences of the 
optical damage probability on the energy density of the test-
ing laser radiation for sample 6, and Fig. 7b shows the depen-
dences of the threshold energy density W0d on the pulse repe-
tition rate for samples 1 – 6. 

Table  3.  Damage threshold parameters at a wavelength of 2091 nm at f = 12 kHz and tex = 1 s, as well as sample polishing parameters.

Sample N áDW    2avñ1/2/J cm–2 k Wav/J cm–2 Wd/J cm–2 W0d/J cm–2
Polishing parameters

PV/nm RMS/nm Ra/nm

1 5 0.01 2.8 1.6 1.6 ± 0.3 1.2 ± 0.1 33.7 1.23 0.83

2 5 0.02 2.8 2.0 2.0 ± 0.1 1.2 ± 0.1 40.6 1.38 1.08

3 4 0.2 3.2 1.9 1.9 ± 0.4 1.2 ± 0.1 48.6 0.36 0.15

4 5 0.2 2.8 1.9 1.9 ± 0.5 1.2 ± 0.1 31.4 0.44 0.27

5 4 0.09 3.2 1.6 1.6 ± 0.3 1.2 ± 0.1 37.1 0.49 0.17

6 5 0.08 2.8 1.6 1.6 ± 0.2 1.2 ± 0.1 31.4 0.44 0.27

Note: N is the number of measurements; áDW    2avñ1/2 is the standard deviation; k is the Student’s coefficient at a confidence level of 0.95; and Wav is 
the average value of the energy density taking into account the measurement error Wd and the energy density W0d at a zero probability of optical 
damage.
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Figure 7.  (Colour online) Probability of optical damage of sample 6  s. 
the energy density of laser radiation at an exposure time tex = 1 s for f = 
( 1 ) 12, ( 2 ) 20, ( 3 ) 25, ( 4 ) 30, and ( 5 ) 35 kHz (a); threshold energy 
density W0d vs. f for samples 1 – 6 (lines 1 – 6, respectively) (b). 
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The calculated damage parameters for samples 1 – 6 are 
given in Table 3; for convenience of comparison, the param-
eters of the polishing of the samples are also presented.

Based on the results presented in Tables 2, 3 and in Figs 2 
and 7, it can be concluded that low-temperature annealing (at a 
temperature of ~600 °C) leads to a decrease in linear absorp-
tion in the entire transparency region of crystals [see Fig. 2, 
curves ( 2 ) and ( 4 )], which is also confirmed by the results of 
[34]. Irradiation with fast electrons of single crystal I also causes 
a decrease in linear absorption in the spectral region l > mm 
(due to a change in the energy spectrum of deep levels of initial 
point defects [34]), but leads to an increase in absorption in the 
wavelength region l < 1.2 mm. When analysing the data pre-
sented in Fig. 7 and in Table 3, it can be seen that, despite the 
indicated changes in the absorption spectrum of samples cut 
from single crystal I, the LIDT in ZGP at l = 2091 nm remains 
independent of the performed postgrowth operations. 

Using ZGP samples 7 and 8, the LIDT of single crystals I 
and II was compared at tex = 1 s and f = 12 kHz at l = 
2091 nm (Fig. 8 and Table 4). 

Comparison of the results presented in Figs 2 and 8, as 
well as in Tables 3 and 4, shows that the LIDT of single crys-
tal ZGP II with lower absorption at wavelengths 0.7 – 2.5 mm 
is more than twice the LIDT of single crystal I with higher 
absorption in this spectral range. Since these single crystals 
have the same impurity composition and no bulk defects and 
foreign phases were found in them, the data obtained could 
be explained by the difference in the concentration of crystal 
lattice dislocations in single crystals I and II. It can be assumed 
that lattice dislocations, which manifest themselves in an 
increase in scattering losses during propagation of radiation 
through the crystal, affect the LIDT. This influence can be 
associated with a decrease in the surface strength of elements 
in the presence of dislocations, as well as with the appearance 
of additional impurity levels in the band gap, which affect 
absorption. Thus, an increase in the concentration of lattice 
dislocations decreases the LIDT. Based on the results of mea-
suring the spectral dependence of the transmission of the 
samples [Fig. 2, curves ( 2 ) and ( 4 )], it can be asserted that the 
concentration of dislocations in single crystal II is much lower 
than in single crystal I. Exposing crystals to a flux of fast elec-
trons and annealing allows changing the concentration of 
point defects and the position of their energy levels in the 
band gap of the crystal, but cannot change the concentration 
of dislocations, which is determined by the synthesis parame-
ters of the ternary compound and the growth of the ZGP 
single crystal. Thus, the assumption about the dominant 
effect of dislocations on the LIDT in the spectral region of 
~2 mm allows us to explain the experimental data obtained, 
namely, the independence of the damage threshold from post-
growth treatments, but a strong correlation of this threshold 
with the optical transmission of the initial ZGP samples that 
were not subjected to postgrowth treatments. 

As is known, the quality of surface polishing significantly 
affects the radiation resistance of the material; therefore, 
RMS and PV are considered the most informative parameters 
of the effect of polishing on the LIDT [15]. For ZGP crystals, 
it was shown [15] that when the RMS parameter changes by a 
factor of two, and the PV parameter by more than five times, 
the LIDT in energy density changes in the same way, by two 
times. At the same time, the results presented in Table 3 show 
that with an almost unchanged polishing parameter PV, but 
with the RMS parameter varied by more than four times and 
the Ra parameter by more than five times, the LIDT did not 
change. Based on this, we can conclude that PV is the most 
informative parameter characterising the influence of the pol-
ishing quality of the ZGP working surface on the LIDT. It 
can be assumed that it is the irregularities of the polished sur-
face (peaks and valleys) described by the PV parameter that 
contribute to the optical damage mechanism and can be seed 
inhomogeneities for the initiation of optical damage due to 
field effects at a wavelength of 2091 nm. 

6. Influence of exposure time, laser beam  
diameter, and crystal temperature  
on the laser-induced damage threshold 

The influence of the exposure time and laser beam diameter 
on the LIDT of a ZGP crystal at room temperature was stud-
ied, as well as the effect of the crystal temperature on the 
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Figure 8.  Damage probabilities of sample 7 cut from single crystal I (a) 
and sample 8 cut from single crystal II (b) measured by the R-on-1 
method.

Table  4.  Comparison of the LIDT of single crystals I (sample 7) and II 
(sample 8) for tex = 1 s и f = 12 kHz at l = 2091 nm.

Sample N áDW    2avñ1/2/ 
J cm–2

k Wav/
J cm–2

Wd/
J cm–2

W0d/
J cm–2

7 5 0.042 2.8 1.6 1.6 ± 0.1 1.2 ± 0.1

8 5 0.24 2.8 3.4 3.4 ± 0.7
2.26 ± 
0.08

Note: The parameters are the same as in Table 3.
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LIDT when exposed to Ho3+ : YAG laser radiation (at l = 
2091 nm). The measurements were carried out according to 
the R-on-1 technique at f = 12 kHz and tp = 18 ns. The effect 
of the laser beam diameter and crystal temperature on the 
LIDT was measured at tex = 1 s. 

To study the effect of exposure time and laser beam diam-
eter on the LIDT, sample 9 was used, which was similar to 
sample 8 in optical parameters and processing. It was shown 
that with an increase in the exposure time from 2 to 30 s, the 
LIDT decreases by a factor of 1.2, from 1.57 to 1.28 J cm–2 
(Fig. 9). 

Measurements at room temperature showed that with a 
decrease in the laser beam diameter by a factor of 2.9, the 
LIDT increased from 580 to 200 mm (at the e–2 level), and W0d 
increased by a factor of 1.4, from 1.32 to 1.91 J cm–2 (Fig. 10) 

An increase in the LIDT with a decrease in the laser beam 
diameter and a decrease in the LIDT with an increase in the 
exposure time can be explained by the influence of accumulat-
ing thermal effects when the crystal is exposed to radiation 
with a wavelength of 2091 nm. 

To study the temperature dependence of the LIDT, sam-
ples 8 and 9 were placed in a sealed cuvette filled with dry 
nitrogen at normal pressure. Using a calorimeter beaker filled 
with liquid nitrogen and having a thermal contact with the 
cuvette, the samples were cooled to –106 °C (the sample tem-
perature was monitored with an electronic thermometer). The 
cuvette windows were made of crystalline sapphire without 
antireflection coatings with a transmittance (at l = 2091 nm) 
of ~85 %. The incident laser beam was focused on the front 
face of sample 8 into a spot with a diameter of d » 100 mm, 
and on the front face of sample 9 into a spot with a diameter 
of d » 270 mm.

At room temperature and a laser beam diameter of 
270 mm, the threshold values of damage for sample 8 were: 
W0d = 2.3 J cm–2 and Wd = 3.4 ± 0.4 J cm–2. The measurement 
results demonstrated a significant increase in the LIDT (W0d 
values), which is especially noticeable when the temperature 
decreases from +20 to – 60 °C (Fig. 11a). At temperatures 
from +24 to –86 °С and a laser beam diameter of 100 mm, W0d 
increased more than threefold (from 3.2 to 10.2 J cm–2); how-
ever, at temperatures below – 60 °С, the increase in the LIDT 
stopped. 

Measurements of the dependence of the LIDT on the 
crystal temperature were also carried out for sample 9 with a 
laser beam diameter of 270 mm (Fig. 11b). At positive tem-
peratures, the change in the LIDT was weak, at temperatures 
from zero to – 60 °С, an increase in W0d by more than 1.5 

Energy density/J cm–2

B
re

ak
d

o
w

n
 p

ro
b

ab
ili

ty
 (

ar
b

. u
n

it
s)

0

0.4

0.2

0.6

0.8

1.0

1.0 1.41.2 1.6 1.8 2.22.0 2.4

1

2

3

4

Figure 9.  (Colour online) Probability of optical damage vs. the energy 
density of laser radiation at l = 2091 nm, tex = ( 1 ) 30, ( 2 ) 10, ( 3 ) 5 and 
( 4 ) 2 s. 
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Figure 10.  Optical damage probability vs. the energy density of laser 
radiation at l = 2091 nm at tex = 1 s and beam diameters of ( 1 ) 580, ( 2 ) 
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Figure 11.  Optical damage energy density W0d vs. the temperature of 
the ZGP crystal exposed to Ho3+ : YAG laser radiation at l = 2091 nm, 
the laser beam diameter being (a) 100 and (b) 270 mm.
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times was observed (from 1.6 to 2.6 J cm–2), at temperatures 
below – 60 °С, the increase in the LIDT also stopped. 

It is known that ZGP is a high-resistance semiconductor 
with stable hole conductivity, the value of which is difficult to 
change [35]. A typical temperature dependence of the concen-
tration of free charge carriers in ZGP is described by an expo-
nential curve with an activation energy of deep impurity cen-
tres of 0.3 – 0.6 eV [36]. However, the obtained temperature 
dependence of the LIDT has a sigmoidal character and there-
fore cannot be explained by absorption on free carriers (holes) 
arising from the ionisation of individual point defects. 

The obtained temperature dependence of the LIDT can be 
explained by the temperature dependence of the occupation 
numbers of phonons, which, together with optical quanta, 
participate in indirect transitions of nonlinear absorption 
from the valence band to the impurity level [37]. In support of 
this assumption, it can be noted that, with decreasing tem-
perature, the occupation numbers of phonons in the crystal 
lattice increase, leading to a decrease in the probability of 
their participation in indirect transitions of electrons from the 
valence band to impurity levels. 

7. Registration of processes  
in the predamage period by digital holography 

The processes occurring in the crystal in the predamage region 
of parameters and during the damage were visualised by 
DHC using the scheme presented in Fig. 4 (with the power 
action of radiation at a wavelength of 2091 nm and visualisa-
tion by a beam of laser radiation at a wavelength of 1064 nm). 

In most experiments (~85 % of the total number of mea-
surements), optical damage began at the exit surface of the 
sample, forming a breakdown track ending at the entrance 
surface. Under the action of laser pulses, a luminous spherical 
region with a transverse size of 0.7 – 1 mm appeared on the 
output surface of the ZGP crystal, which then moved in the 
crystal inside the laser beam channel towards the input sur-
face, forming a breakdown track. Visualisation of the optical 
damage process was carried out using DHC according to the 
previously described method [17]. The formation of an optical 
damage track in ZGP crystals and the mechanism of its for-
mation are presented in more detail in [17]. 

Since both working surfaces of the tested samples were 
located behind the focal plane, and their thickness was less (or 
much less in the case of plates 1 – 7) than the length of the 
focal waist of the beams zR, the predominant onset of damage 
on the output surface can be explained by the influence of 
predamage nonlinear effects. Direct measurements of the spa-
tial structure of the beam (at a wavelength of 2091 nm) after 
passing through the samples at low power did not reveal its 
significant distortions in comparison with the initial Gaussian 
profile in any of the elements used. In this regard, the pre-
dominant development of damage from the output surface of 
the samples can be associated with the influence of nonlinear 
self-focusing, which under experimental conditions can be 
caused by thermal, striction, or electronic nonlinearity of 
ZGP [12, 15, 38]. Numerical calculations of the thermal lens, 
carried out earlier for ZGP samples under similar exposure 
conditions, showed its noticeable effect on the beam structure 
[39, 40]. 

Comparative studies of the crystal before, during, and 
after the damage established the fact that the radiation propa-
gation channel in sample 8 darkened at a laser energy density 
of more than 1.8 J cm–2 at a wavelength of 2091 nm. Visually, 

this effect manifested itself in the reconstructed images of the 
plane of the best setting in the form of a darkening of the 
crystal region in which this radiation propagated (Fig. 12). 
This process is clearly demonstrated in Fig. 12b: a dark track 
is formed in the propagation channel of a beam of intense 
laser radiation at a wavelength of 2091 nm (with testing radia-
tion at l = 1064 nm). The darkening is reversible: with a 
decrease in the energy density of the incident radiation to 
1.8  J cm–2 or less, or upon the complete cessation of laser 
action on the crystal, the darkening region disappears 
(Fig. 12c). The relaxation time of the darkening region of the 
laser channel was found to be less than 5 ms; further refine-
ment of this time was limited by the response speed of the 
CCD matrix. 

The darkening of the channel of propagation of high-
power laser radiation in the predamage region can be 
explained by a local decrease in the ZGP band gap upon 
heating. Indeed, it is known that the band gap of semicon-
ductors decreases with increasing temperature [41]. This 
leads to an increase in the absorption of the test beam at l = 
1064 nm. 

8. Threshold of optical damage  
of ZGP at a wavelength of 1064 nm 

LIDT studies of samples 3 and 6 were carried out by the 
R-on-1 method using Nd3+ : YAG laser radiation at a wave-
length of 1064 nm. In all the experiments performed, the dam-
age began on the front surface of the sample. The difference 
between the samples under study was that plate 6 was exposed 
to a flow of fast electrons and had an absorption of ~4 cm–1 
at a wavelength of 1064 nm, while plate 3 was not exposed 

Direction 
of laser light 
incidence

a

b

c

Figure 12.  Reconstructed image of the volume hologram of a ZGP 
single crystal (sample 8) before the test (a), when exposed to pulsed ra-
diation of a Ho3+ : YAG laser with an energy density of 1.8 J cm–2 (b), 
and 10 ms after termination of radiation exposure (c).

Table  5.  Damage threshold at l = 1064 nm with f = 3 kHz.

Sample N áDW    2avñ1/2/
J cm–2

k Wav/
J cm–2

Wd/
J cm–2

W0d/
J cm–2

3 5 0.01 2.8 0.31 0.31 ± 0.01 0.02 ± 0.05

6 5 0.02 2.8 0.72 0.72 ± 0.03 0.17 ± 0.005

Note: The parameters are the same as in Table 3.
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and its absorption was ~7.5 cm–1. As can be seen from Fig. 13 
and Table 5, upon exposure of the ZGP plate to a flow of fast 
electrons, the LIDT increased threefold with a twofold 
decrease in the linear absorption. This indicates that when 
exposed to radiation at l = 1064 nm, the optical damage of 
ZGP occurs due to single-photon absorption, which can be 
explained by the presence of point defects in the single crystal. 
This conclusion is in good agreement with the previously 
obtained results [16].

9. Conclusions

The studies have revealed a number of parameters of ZGP 
single crystals, their postgrowth processing, as well as expo-
sure to radiation, which have the strongest effect on the 
LIDT. It was shown that ZGP single crystal II, whose absorp-
tion in the wavelength range 0.7 – 2.5 mm after annealing is 
less than the absorption of single crystal I by ~0.25 cm–1, has 
almost twice the LIDT at a wavelength of 2091 nm (2.26  J  cm–2 
at f = 12 kHz and tex = 1 s) than single crystal I (1.2 J cm–2 at 
the same parameters) with higher absorption in this range. 
The difference in the transmission spectra of these samples in 
the wavelength range 0.7 – 2.5 mm became an indicator of the 
difference in the LIDT of the samples. At the same time, it 
was found that thermal annealing of ZGP and its irradiation 
with a flow of fast electrons do not lead to an increase in the 
LIDT at a wavelength of 2091 nm, although they can reduce 
the absorption by an order of magnitude in a wide spectral 
range ( l » 1.2 – 2.5 mm) due to a change in the energy spec-
trum of deep levels of initial point defects. The obtained 
results on the LIDT can be explained by the difference in the 
concentration of dislocations of the crystal lattice of ZGP ele-
ments, which affect the surface strength of the elements and 
optical absorption (due to the appearance of impurity levels 
in the band gap). The difference in the concentration of dislo-
cations in the samples is manifested in their transmission 
spectrum, primarily because of scattering of radiation by 
mechanically stressed regions around the dislocations. 
Thermal annealing at the indicated temperatures and expo-
sure to a flow of fast electrons do not affect the concentration 
of dislocations in the crystal lattice and, therefore, the LIDT 
at a wavelength of 2091 nm. 

It is shown that the influence of the quality of polishing of 
the ZGP surface on the LIDT is determined to the greatest 

extent by the PV parameter. The irregularities of the polished 
surface (peaks and valleys) characterised by this parameter 
are, apparently, seed inhomogeneities for the initiation of 
optical damage due to field effects. 

It was revealed that the LIDT increased by a factor of 1.4 
(from 1.32 to 1.91 J cm–2) with a decrease in the laser beam 
diameter by 2.9 times (from 580 to 200 mm) and an increase in 
the LIDT by a factor of 1.2 (from 1.28 to 1.57 J cm–2) with a 
decrease in the exposure time from 30 to 2 s, as well as an 
increase in the LIDT with a decrease in the repetition rate of 
nanosecond radiation pulses at l = 2091 nm. 

A strong dependence of the LIDT at l =  2091 nm and f = 
12 kHz on the crystal temperature varying from +24 to 
–106 °C was found. As the temperature decreases from zero to 
–60 °C, a sharp increase in the threshold energy density is 
observed: from 1.6 to 2.6 J cm–2 at a laser beam diameter of 
270 mm and from 3.2 to 10.2 J cm–2 at a diameter of 100 mm 
(by 1.5 and 3 times, respectively). The increase in the LIDT 
with decreasing ZGP temperature can be explained by the 
temperature dependence of the occupation numbers of pho-
nons, which, together with optical quanta, participate in indi-
rect transitions from the valence band to the impurity level. 
An increase in the occupation number of phonons with a 
decrease in the crystal temperature leads to a decrease in the 
probability of their participation in indirect transitions of 
electrons from the valence band to impurity levels and, conse-
quently, to a decrease in the nonlinear absorption of the crys-
tal in the predamage region of parameters. 

Reversible photodarkening of the propagation channel 
of high-power laser radiation at l = 2091 nm in the ZGP in 
the predamage region of parameters has been established. 
This photodarkening can be explained by a local decrease in 
the band gap of ZGP upon heating. It is shown that, when 
the ZGP is exposed to radiation at l = 1064 nm, the linear 
single-photon absorption of the material, which can be 
explained by the presence of point defects in the crystals 
under study, makes a significant contribution to the optical 
damage mechanism and determines the value of its thresh-
old. 

The results presented show the main dependences of the 
LIDT in Russian-made ZGP crystals with a certain concen-
tration of impurities, dislocations, and point defects, as well 
as postgrowth processing, on the experimental conditions. 
The maximum LIDT measured at room temperature in our 
study was 3.2 J cm–2 at l = 2091 nm at a pulse repetition rate 
of 12 kHz, a pulse width of 18 ns, and a beam diameter of 
100 mm on the surface of the test sample. With comparable 
parameters of the testing laser radiation (wavelength 2050 nm, 
pulse repetition rate 10 kHz, pulse width 15 ns, beam diame-
ter on the surface of the tested sample 130 mm) in measure-
ments by other authors of the LIDT of ZGP crystals (manu-
factured by BAE Systems, USA) in 2006 was ~2 J cm–2 [15]. 
In the paper of 2018 [42], a significant increase in the LIDT, 
up to more than 4 J cm–2 at a wavelength of 2091 nm at a 
pulse repetition rate of 10 kHz and a pulse width of 20 ns, was 
indicated in improved ZGP crystals (also produced by Bae 
Systems). The existence of the world’s best ZGP samples with 
a LIDT exceeding 4 J cm–2 [42] can be considered as confir-
mation of the possibility of achieving a better quality of non-
linear optical elements by improving their crystal structure 
and postgrowth processing conditions.
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