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Abstract.  A modified method of optical defectoscopy of ZnGeP2 
single crystal plates using a strontium vapour laser (l = 1.03 and 
1.09 mm) is proposed based on shadow imaging of internal defects 
in plates cut parallel to the (100) plane. It is shown that the use of a 
strontium vapour laser with a wavelength of 6.45 mm makes it pos-
sible to study inhomogeneities in large-size ZnGeP2 samples. The 
possibility of fabricating a projection defectoscope for monitoring 
breakdown development in ZnGeP2 crystals is considered.
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To  date,  compact  high-power  tunable  solid-state  sources 
emitting in the range of 3 – 5 mm are developed and produced 
commercially in Russia, China, and the USA. As is known, 
mid-IR  lasers can be used  in missile defence systems, medi-
cine, gas analysis, and spectroscopy [1 – 4]. As pump sources 
for broadband or broadly tunable optical parametric oscilla-
tors based on ZnGeP2 crystals, one uses pulsed lasers emitting 
at wavelengths near ~2 mm [5, 6]. ZnGeP2 single crystals can 
be  also  widely  used  as  nonlinear  optical  crystals  to  obtain 
terahertz  laser  radiation by difference  frequency generation 
from two mid-IR lasers [7 – 11]. Among a variety of nonlinear 
optical crystals, the ZnGeP2 single crystal is most appropriate 
for solving these problems owing to the unique combination 
of  its  characteristics,  such  as  a  broad  transparency  range 
(1 – 12  mm);  high  nonlinear-optical  quality  factor  М  = 
112 ́  10–24 m2 V–2 [M = d 2/npnins, where d = 2c(2)  is the sec-
ond-order  nonlinear  polarisability  coefficient  and  np, i, s  are 
the refractive  indices  for  the pump,  idler, and signal waves, 
respectively];  and  a  high  breakdown  threshold, which,  at  a 
pulse duration of ~10 ns, reaches about 50 MW cm–2 at l = 
2.09 mm and 150 MW cm–2 at l = 2.96 mm [12].

The main problem with using complex crystals is related 
to the existence of local variations in their composition, i.e., 
inhomogeneities of up to macroscopic sizes (1 – 50 mm), whose 
refractive  index  and  absorption  coefficient  differ  from  the 
corresponding  values  of  the matrix  [13].  It  is  clear  that  the 

possibility  of  developing  practical  devices  with  nonlinear 
optical elements made of ZnGeP2 single crystals depend on 
the reproducibility of their properties and, hence, requires the 
development of not only technological control methods but 
also of the methods of defect detection and identification at 
all  the stages of  the  technological chain. The control of  the 
size and geometry of defects, as well as of their position in the 
crystals, plays an  important role  in cutting  the crystals  into 
working elements and may help to select the methods of post-
growth treatment of crystals needed to modify their proper-
ties. It is clear that control methods should be fast, contact-
less, and nondistractive. Optical defectoscopy is most appro-
priate  for  solving  this  problem.  Since  the  ZnGeP2  crystal 
transparency window lies in the IR spectral region (this crys-
tal  in nontransparent  in  the  visible  region),  internal  defects 
appearing in the process of production of nonlinear elements 
for  different  applications  must  be  detected  and  visualised 
using IR radiation.

In this work, we study defects in ZnGeP2 single crystals by 
recording and analysing IR images obtained in a transmission 
mode. The IR images were formed using a strontium vapour 
laser  and  analysed  using  a  BeamCube  (Ophir)  laser  beam 
analyser.

Strontium  vapour  lasers  emit  in  the  IR  region  at  eight 
transitions with wavelengths of ~1.03,  1.09,  2.6,  3.06,  2.69, 
3.01, 2.92, and 6.45 mm [14]. All the listed laser lines lie in the 
transparency region of the ZnGeP2 single crystal (Fig. 1).

The  transmission  of  ZnGeP2  single-crystal  plates  was 
measured  according  to  the  scheme  shown  in  Fig.  2.  The 
absorption  coefficients  with  allowance  for  multiple  reflec-
tions from the plane-parallel planes of the plates were calcu-
lated by the formulas
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Figure 1. ZnGeP2 plate transmission spectrum measured with an FT-
801 Fourier-transform spectrophotometer (Simex).
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where ae, o  are  the absorption  coefficients  for  extraordinary 
and ordinary waves, respectively; d is the plate thickness; Re, o 
are the reflectivities; ne, o are the refractive indices; T e, o are the 
transmittances  for  the  corresponding  waves;  q  is  the  angle 
between the radiation direction (wave vector) an the optical 
axis of the crystal; I e, o are the intensities of extraordinary and 
ordinary waves;  I and Io are the intensities of radiation passed 
through the crystal and incident on it; T is the sample trans-
mittance; and A = (1 –  Re, o)2/[2T(Re, o)2 ].

To  solve  system  (1) – (4), which  has  only  three  indepen-
dent  equations but  four  indeterminates, one needs an addi-
tional relation. This can be the ratio of absorption coefficients 
of the waves with extraordinary and ordinary polarisations. 
The spectral dependence of this ratio,
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was  found by Gaussian  approximation of  the  experimental 
data  obtained  for  oriented  ZnGeP2  crystals  grown  at  the 
Institute of Monitoring of Climatic and Ecological Systems, 
Siberian Branch, Russian Academy of Sciences. The measure-
ments were performed independently at three organisations, 
namely,  IMCES  SB  RAN;  INRAD,  Inc.  (USA);  and 
Cleveland Crystals, Inc. (USA). Even the first measurements 
showed  that  the  ZnGeP2  single-crystal  plates  6  mm  thick 
transmit  radiation  of  strontium  lasers  at  a  wavelength  of 
6.45  mm  (laser  beam  diameter  12.5  mm,  average  power 
485  mW)  almost  without  absorption,  i.e.,  with  Т »  55 %, 
which  corresponds  to  the  absorption  coefficient  a6.45  » 
0.08  cm–1.  The  transmittance  at  wavelengths  of  1.03  and 
1.06 mm was ~1%, which corresponds to absorption coeffi-
cient a1.03 ~ 6.3 cm–1.

Complex  crystals  always  have  local  variations  in  their 
composition, i.e., inhomogeneities of up to macroscopic size 
(1 – 50 mm) with refractive indices and absorption coefficients 

different from the average values of these parameters for the 
crystal itself [13].

Thus, radiation with a wavelength of ~1 mm allows detec-
tion of defects with sizes of ~0.5 mm, but, in thick samples, 
defects  cannot  be  seen  due  to  high  absorption  losses.  The 
minimum sizes of objects detectable by radiation with a wave-
length of 6.45 mm are  restricted  to ~3 mm by  the detecting 
radiation  wavelength.  Nevertheless,  measurements  at  this 
wavelength are of great  interest due to a  low absorption by 
the material and the minimum scattering effect, since the scat-
tering efficiency is proportional to the parameter (а/l)n, whose 
exponent n may change from unity (at inhomogeneity size а » l) 
to  four  (at а << l). Correspondingly,  the  shadow  image of 
defects at wavelength l = 6.45 mm should have higher contrast 
and resolution and, in addition, this wavelength allows defec-
toscopy  in  thick  samples.  Of  course,  we  must  take  into 
account that, to visualise defects at a wavelength of 6.45 mm, 
it  is  necessary  to  use  detectors  sensitive  in  this  wavelength 
region, for example, thermal imagers. Thus, due to the unique 
combination of operation wavelengths, strontium lasers can 
be used for detecting large (exceeding 3 mm) defects in sam-
ples measuring 10 – 15 cm, while detection of defects with sizes 
of ~1 mm requires special preparation of plates with a thick-
ness of ~5 mm.

In  the  present  work,  we  detected  internal  defects  in 
ZnGeP2 single crystals by visualisation of shadow IR images 
obtained due to propagation of strontium laser radiation with 
wavelengths of 1.03 and 1.09 mm through the single crystal as 
was  done  in  [15].  The  choice  of  these  laser  wavelengths  is 
explained by wide availability of detectors operating within a 
wavelength range up to 1.1 m.

Defects in a ZnGeP2 single crystal plate with dimensions 
of  23 ́  17 ́  6  mm  were  visualised  according  to  the  scheme 
shown in Fig. 3. We used a strontium vapour laser with a BeO 
ceramics discharge tube 2.6 cm in diameter and 80 cm long. 
The  unstable  telescopic  cavity  was  formed  by  a  spherical 
highly  reflecting  aluminium  mirror  ( 1 )  with  a  curvature 
radius of 300 mm and an output spherical convex mirror ( 2 ) 
with a curvature radius of 10 mm and a virtual focus, which 
formed a plane-parallel laser beam. The average power of the 
strontium vapour laser (after an IKS-1 filter) was ~500 mW 
at wavelengths of 1.03 and 1.09 mm.

Examples of shadow images of internal defects obtained 
using a BeamCube laser beam analyser are shown in Figs 4 
and 5. Figure 4 presents the shadow image of a part of a crack 
inside a ZnGeP2 single crystal plate, which is unseen visually. 
Figure 5 presents the total image of the internal crack. This 
image is formed by gluing the images obtained by shifting the 
detector matrix for a distance equal to its length. As a result, 
we have  the  image of  the entire  studied area with complete 
information on the internal defects of the crystal.
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Figure 2. Experimental scheme for measuring transmission of ZnGeP2 
single crystal at wavelengths of 6.45, 1.03, and 1.09 mm: 
( 1, 2 ) cavity mirrors with gas-discharge tube (GDT) of a strontium va-
pour laser between them; ( 3 ) deflecting aluminium mirror; ( 4 ) diffrac-
tion  grating;  ( 5 )  aperture;  ( 6 )  studied  ZnGeP2  single  crystal  plate; 
( 7 ) power meter (Ophir). 
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Figure 3. Experimental scheme for defectoscopy of ZnGeP2 single crys-
tals: ( 1, 2 ) cavity mirrors; ( 3 ) IKS-1 optical filter; ( 4 ) ZnGeP2 single 
crystal plate; ( 5 ) BeamCube beam analyser (Ophir).
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A drawback of  the proposed method  is  that  the dimen-
sions of detected defects are limited by the detector pixel size. 
To increase the method sensitivity and have the possibility of 
using low-cost detector matrices, we propose to upgrade this 
method and create a laser projection defectoscope based on a 
master-oscillator – amplifier system shown in Fig. 6.

The principle of operation of this projection defectoscope 
is  as  follows:  a master-oscillator  (GDT1)  beam  propagates 
through a narrowband optical filter ( 3 ), which separates radi-
ation  with  a  required  wavelength,  and  then  is  focused  by 
lens  5 into the studied region of the single crystal. Since the 
refractive index of the ZnGeP2 single crystal in the near- and 
mid-IR regions is ~3 [16], the laser beam in the single crystal 
almost  does  not  diverge.  The  radiation  passed  through  the 
crystal falls on lens 7, which forms a plane-parallel beam car-
rying information on the internal defects of the single crystal. 
This beam passes  through GDT2,  is amplified, and falls on 
lens 8, which magnifies the image and projects it on the screen 
( 9 ).  To  visualise  defects  in  single  crystals  at  wavelength  l 
=6.45 mm according to the scheme shown in Fig. 6, we suggest 
to use a thermal imager ( 10 ), which records the temperature 
distribution pattern from the screen. This projection defecto-
scope may also serve to visualise defects using radiation with 
wavelengths of 1 and 3 mm, for which  the screen should be 
replaced by a detector operating  in this spectral range. One 

can scan the image plane with a photodetector and then glue 
the  obtained  images.  The  minimum  linear  dimensions  of 
detected defects  are  limited by  the  recording wavelength  to 
0.5 – 3 mm (depending on the wavelength). This visualisation 
method  can  find  application  for  recording  fast  processes 
occurring inside single crystals, for example, at the instant of 
optical breakdown or during a pre-breakdown state, owing to 
the  ability  of  strontium  vapour  lasers  to  operate with  high 
pulse  repetition  rates  (~1 MHz)  [17].  To  record  such  pro-
cesses,  it  is  necessary  to  synchronise  the pulsed pump  laser 
with the detector (as was done in [18]).

Thus,  our  investigations  confirm  that  IR  strontium 
vapour  lasers  are  promising  for  defectoscopy  of  ZnGeP2 
single crystals by a shadow method. It is noted that it is pos-
sible  to  create  a  projection  defectoscope  with  a  minimum 
resolution of ~0.5 mm and a frame repetition rate of ~1 MHz 
for  monitoring  breakdown  development  in  ZnGeP2  single 
crystals.
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Figure 4. Shadow  image of  a  part  of  an  internal  defect  in  a ZnGeP2 
plate obtained using a strontium vapour laser emitting at wavelengths 
of 1.03 and 1.09 mm.

Figure 5. Glued image of a defect with linear dimensions exceeding the 
dimensions of the analyser matrix.
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Figure 6. Laser projection defectoscope scheme: ( 1, 2 ) cavity mirrors; (GDT1, GDT2) gas discharge tubes of strontium vapour lasers (master oscil-
lator and amplifier, respectively); ( 3 ) narrowband optical filter; ( 4 ) aperture; ( 5, 7, 8 ) lenses; ( 6 ) studied ZnGeP2 single crystal; ( 9 ) screen; ( 10 ) 
camera (thermal imager).
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