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The structure perfection of large-size KDP single crystals grown from nominally pure
raw material by recirculation and solution temperature lowering techniques has been
studied using the precision three-crystal X-ray diffractometry. The distribution inhomo-
geneity of the crystal lattice parameters Ad/d over the grown crystal volume has been
established. The crystals grown by the solution recirculation technique have shown an

improved structure perfection.

MeTogamMu Iperu3MOHHON TPEXKPHCTAJbHON PEHTIeHOBCKOM AU(MPAKTOMETPUU KCCJIEI0-
BAHO COBEPIIEHCTBO CTPYKTYPHI KPYIHOTabapuUTHBIX MOHOKpucTaaiaoB KDP, BoipameHHBIX u3
HOMUHAJBHO UUCTOTO CHIPbA METOAaMU PEeIUPKYIAIUNYN U CHUKEHUS TeMIIepaTyphl pacTBoOpa.
VeraHoBJIeHa HEOTHOPOAHOCTDL paclpefieleHUs ITapaMeTpPOB KpPUCTAJJINUecKoi perreTku Ad/d
B 00'beMe BBIPAIleHHBIX KPUCTAJJIOB. BoJjiee BLICOKOE COBEPIIEHCTBO CTPYKTYPhl HAOIIOLAETCS
IS KPHUCTAJIJIOB, BHIPAIEHHBIX METOAOM DEelUPKYJISIUKA PacTBOpa.

The interest in water-soluble crystals
(WSC) of the KDP (KH,PO,) group is due to
numerous unique properties thereof. These
properties, being combined with a high and
rather reliable technological effectiveness of
large-size pieces, provide a wide application
field of KDP crystals in the modern laser
engineering, as wide-aperture frequency
multipliers and the Pockels cells [1]. The
use of large-size pieces (40x40 cm? cross-
section) in extra-high-power laser devices
dictates high requirements to the crystals.
Those include a high structure perfection,
optical homogeneity, low absorption on the
working wavelengths, high radiation resis-
tance, and absence of various volume mi-
crodefects causing the front distortion of
the passing wave and its scattering. The
critical parameter for the high-power opti-
cal elements made from the KDP crystals is
the damage threshold. It defines the size of
the element withstanding high-power light
loading without damage. Numerous experi-
mental data on the laser damage of ele-
ments made of water-soluble crystals evi-
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dence that the damage is caused mainly by
various structure defects arising during the
crystal growing [1]. Today, the large-size
KDP crystals capable of withstanding the
light loading up to 80 J/em? are grown by
two techniques: the solution recirculation
using a rectangular plate of the (001) orien-
tation as a seed and the solution tempera-
ture lowering on a "point” seed with (100),
(010), (001) facets [2].

The samples for X-ray studies of
2x2x2 em® and 1x1x1 cm? size were cut out
of KDP crystals grown at a rate of about
10 mm/day. Fig. 1 presents the crystal cut-
out scheme. The cut samples were oriented
in [100], [010], [001] directions to within
10.2°. Then the facets were finished me-
chanically and the distorted near-surface
layer was removed additionally using a cot-
ton swab wetted in distilled water. Before,
we have demonstrated the high efficiency of
the three-crystal X-ray diffractometry
(TXD) in the study of WSC structure per-
fection [1]. The latter is characterized
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Fig. 1. Crystal cutout scheme.

rather comprehensively by certain parame-
ters, namely, the diffraction reflection
curve shape (DRCg), the diffraction rocking
curve (RC) halfwidth P, the integral reflec-
tion power IE and the relative variation of

the crystal lattice parameters Ad/d. The
TXC methods provide the angular resolution
of the (RC) peaks about 1 arcsec, the meas-
urement errors of I and B about 2 % and
the Ad/d determination at an accuracy of
+1.1077 [3]. The sample scanning at a pitch
of 0.2 to 1.5 mm with respect to the inci-
dent X-ray beam provides the structure per-
fection characteristics for the whole surface
under study. A specific feature of the TXD
technique developed by the authors [4] con-
sists in the arrangement scheme of the
monochromators and the sample as well as
the spacing thereof in the Bragg geometry
(n, n, —m). This made it possible to mini-
mize the spectral and angular dispersion
and to obtain essentially "intrinsic” RCs for
perfect crystals with the [ value of about
6 arcsec even at different Bragg reflection
angles for the second monochromator and
the sample being studied.

Referring to the crystal cutout scheme of
Fig. 1, studied were the samples cut out of
two sectors of pyramid No.l, one sector of
pyramid No.2 from the crystal upper part
as well as Samples Nos. 3 and 4 from the
lower part of the crystal grown by the recir-
culation technique. As to a crystal grown by
the solution temperature lowering, the Sam-
ples Nos. 1 and 2 were cut out from two
and one sectors of the pyramidal growth
and the Samples Nos. 3 and 2, from two and
one sectors of the prismatic growth, respec-
tively. The scheme of the X-ray beam inci-
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Fig. 2. X-ray beam incidence geometry.

dence on the surface being studied is shown
in Fig. 2a, 2b, 2c¢. The samples were
scanned at a pitch of 0.75 mm with respect
to the incident X-ray beam and the parame-
ters DRCS, B, I®, (ratio of the experimen-
tal reflection power value to that calculated
in the dynamic approximation) were meas-
ured in ten points of the sample. The values
obtained were averaged; the results ob-
tained are presented in Table 1.

The measurements were done using a
TXD instrument in CuK,; radiation for
(800), (080), (008) reflections at various po-
sitions of the growth layer stacks in the
crystal with respect to the incident X-ray
beam see Fig. 2). It is to note that at the
crystal growth speeds of about 10 mm/day,
the growth occurred in the kinetic mode
according to the dislocation-layer growth
mechanism [5]. The experimental data pre-
sented in Table 1 evidence a high structure
perfection of the grown crystals at an insig-
nificant perfection deterioration in the crys-
tals grown by the temperature lowering
technique. The experimental p and I® values
are comparable to the theoretical ones calcu-
lated under dynamic approximation and as-
sumption of an ideal perfect crystal [6]. As
a rule, the RC do not show any splitting
that could be due to presence of angular
misalignments of the growth layer stacks
exceeding 1. The angular misalignments
seem to be so small (lower than the TXD
method resolution threshold) that those do
not result in any splitting and widening of
the rocking curve at various sample posi-
tions with respect to the incident X-ray
beam. The average values B, IE for (800),
(080) reflections for the crystal grown by
recirculation were 5.2 and 3.57x1076; for
the crystal grown by temperature lowering,
6.1" and 8.80-107%; for the (008) reflection,
B=15.8" IR=7.07106 and p="7", IE=
7.29.1076, respectively. It is to note that
the concentration of structure defects is
higher for the crystallographic plane (008)
than that observed for the (800), (080) re-
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Table 1. Structure characteristics of grown crystals.

Solution recirculation

parameters

Sample 1 2 3 4
Reflex |, sec|I%x10° I/ 1% B, sec | I%.10° IFex/ % B, sec | I%-10° IR/ TP B, sec | I%.10° IR /1%
parameters
(008) 7 7.18 2.36 6 7.15 2.42 6 7.02 2.36 6 7.18 2.37
(008), 6 7.02 2.41 5 7.02 2.38 5 7.02 2.36 5 7.04 2.36
(800) 5 3.38 1.15 5 3.97 1.35 5 3.43 1.16 5 3.80 1.33
(800), 5 3.41 1.16 5 3.7 1.25 5 3.38 1.15 5 3.70 1.30
(080) 6 3.64 1.23 5 3.64 1.23 6 3.67 1.24 6 3.69 1.25
(080), 6 3.61 1.22 5 3.12 1.06 5 3.80 1.29 5 3.22 1.20
Solution temperature lowering
Sample 1 2 3 4
Reflex |B, sec|I%ex10%| IPex/I%d | B, sec | IPex10% | I%ex/T%a | B, sec | IRex10® | I%ex/T%a| B, sec | IPex10® | Iex/IPa

(008) | 7.1 | 7.37 | 2.47 | 6.6 | 7.11
(008), | 6.9 | 7.27 | 2.44 | 6.8 | 7.31
(800) | 5.8 | 3.70 | 1.25 | 6.4 | 3.74
(800), | 5.8 | 8.76 | 1.27 | 5.9 | 3.78
(080) | 6.4 | 3.88 | 1.32 | 5.6 | 3.79
(080), | 6.4 | 8.76 | 1.27 | 6.3 | 8.71

2.39 7.2 7.35 2.47 7 7.41 2.49
2.45 7.1 7.17 2.41 7 7.31 2.45
1.27 5.9 3.74 1.27 6.1 3.73 1.26
1.28 6.1 3.73 1.26 6.3 3.73 1.26
1.28 6.8 4.41 1.49 6 3.76 1.27
1.26 6 3.70 1.25 6.3 3.76 1.27

flections in all the samples studied. This is
associated with the presence of growth lay-
ers that are more pronounced both at py-
ramidal and prismatic crystal growth.

The crystals under study were grown
from high-purity raw material (according to
production technology from the Institute
for Single crystals) that guarantees the lim-
iting impurity concentration at a level of
1075 to 1078 wt. % . However, even when
that raw material is used, the solution con-
tains substantial amounts (about 1073 to
107% wt. %) of individual impurities (Na,
Si, As, Rb) as well as structure units of
organic compounds different from those in-
cluded in the KDP crystal lattice; those im-
purities could cause inhomogeneities in the
grown crystal volume and changes in the
crystal lattice parameters [1, 7]. We have
measured the crystal lattice parameters d
and Ad/d variations over the crystal volume
at high accuracy using the method [3]. As a
reference, the Sample No.2 was taken from
the crystal grown by the solution recircula-
tion, the geometry was according to Fig. 2a.
Onto that reference, the samples being stud-
ied were placed in positions a, b, and ¢ with
respect to the X-ray beam hitting simulta-
neously the sample and the reference. The
sample under study was turned with respect
to the reference at an angle ¢ exceeding the
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rocking curve halfwidth. The rocking
curves were recorded simultaneously for
(200), (400), (600), (800) reflections as well
as for (020), (040), (060), (080) ones, thus
making it possible to determine the
A®yp(tg®;,) dependence, to determine the
turn angle € of the sample reflecting plane,
and to calculate Ad/d = —tg(0y,;,; — €)ctg@y,,
as well as dg,,, = d,£Ad/d.

The Ad/d determination procedure made
it possible to minimize the effect of correc-
tions associated with the X-ray refractive
index, thermal expansion coefficient o; and
other dispersion corrections [3]. For example,
o; for KDP crystals is about 3.43.1075 deg1.
This technique provides additional informa-
tion on the lattice period gradient over the
depth of the near-surface crystal layer.
Fig. 3 shows a typical A®;;/(tg®;,;,) depend-
ence for a sample (No.1 in Fig. 2a geome-
try) grown by recirculation. The linear de-
pendence evidences the absence of the lat-
tice period gradient over the X-ray beam
penetration depth into the crystal. The
straight line slope with respect to the ab-
scissa axis defines the difference between
the lattice periods of the sample and refer-
ence. For the (800) reflection having © ~
55.8°, the Ad/d error is +2.5:107% at the
A® = 2£0.5°. The measurement results of
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Fig. 3. A®,,;(tg®,,,) dependence character for
(200), (400), (600), (800) reflections.

Ad/d, lattice parameters a and b and A =56 —a
are summarized in Table 2. An inhomo-
geneity in parameters Ad/d, a, b, and A over
the crystal volume has been revealed, espe-
cially in the crystal areas grown at one
pyramid facet (Samples 2, 4) and at two
pyramid facets (Samples 1, 3) by recirculation
and at prismatic facet growth (Samples 3, 4)
by the solution temperature lowering.

Such an essential inhomogeneity in Ad/d
and lattice parameters is connected first of
all with the specific feature of the WSC
growth mechanisms. Those include the su-
persaturation fluctuations at the crystal-
lization front during the growth resulting
in an inhomogeneous distribution of some
impurities and the inclusion thereof into
the crystal lattice, as well as the structure
defects in the crystal volume. The crystal
grown by the temperature lowering tech-
nique exhibits increased differences in Ad/d
and the lattice parameters. The previous
studies using optical polarization [8, 9] evi-
denced inhomogeneities in anomalous
biaxiality 2V and y (the slope angle of opti-
cal axes) over the crystal volume. It is to
note that the anomalous biaxiality of KDP
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Fig. 4. Ad/d(l) variation character for Sample
No.3 grown by temperature lowering, the
sample in position & (1) and ¢ (2).

crystals is the main factor defining the
transmission contrast of electrooptical
modulators made therefrom [10]. Numerous
researchers [1, 8, 9] ascribe the anomalous
biaxiality to the residual internal stresses
in the crystal. Those assumptions are con-
firmed by X-ray measurements of Ad/d over
the crystal volume (Table 2). The scanning
(at 0.375 mm pitch) of Sample No.3 (grown
by temperature lowering) in the position of
Fig. 2b have demonstrated the Ad/d vari-
ation character (Ad/d = Ad/d — Ad/d;) over
the sample cross-section (Fig. 4, curve 1)
and the Ad/d variation character in Sample
No.8 in in the position of Fig. 2¢ (Fig. 4,
curve 2). The Ad/d(L) variation character
(Fig. 4, curve 1) evidences an inhomogene-
ous impurity distribution over the growing
crystal volume and is connected, first of all,
with the dislocation-layered mechanism of
the crystal growth. As the sample is turned
at 90° (see Fig. 2¢) where the averaged val-
ues are measured over the growth layer
stacks, a monotonous decrease of Ad/d is
observed from the crystal central part to its
periphery (see Fig. 4, curve 2). The integral
reflection values I® of the X-ray beam were

Table 2
Growth method Solution recirculation Solution temperature lowering
Ad/d-10° Ad/d-10°
Sample 1 2 3 4 1 2 3 4
(080) +2.47 +3.7 +5.82 +2.91 +5.09 +1.25 +7.19 +4.36
(800) -3,43 =7 -12.3 =7.27 -11.39 | -13.23 | -11.22 | -18.42
a, A 7,45083 | 7,45099 | 7,45004 | 7,45053 | 7,45019 | 7,45004 | 7,45070 | 7,44963
b, A 7.45122 | 7.45110 | 7.45149 | 7.45126 | 7.45122 | 7.45112 | 7.45160 | 7.45137
A=(-a)l0*, A| 8.9 1.1 14.5 7.3 10.3 10.8 9 17.4
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measured for the same sample positions and
in the same points (Fig. 5). The If(l) vari-
ation character shows the concentration dis-
tribution of the structure defects (disloca-
tions, conjugation boundaries of the growth
layers, etc.) over the sample cross-section
(Fig. 5, curve 1). In the sample position of
Fig. 2¢, a monotonous decrease of If(l) is ob-
served (Fig. 5, curve 2) that characterizes the
structure perfection and its variation over the
sample cross-section. The presence of growth
layer stacks, even at insignificant set of tAd/d
values, results in an additional RC widening
and increased integral reflection power.

Although the studied KDP crystals show
a rather high radiation resistance (20 to
30 J/cm?2 at A = 1.064 pm at 1 = 10 ns), the
precision three-crystal X-ray diffractometry
evidences the variation of Ad/d over the
crystal volume. The largest variations are
at the conjugation areas of the prismatic
and pyramidal growth facets. The anoma-
lous biaxiality measured previously as 2V
by optical polarization techniques as well as
the direct X-ray techniques have confirmed
the biaxiality cause as that connected with
the residual stresses in the crystal. The val-
ues and distribution character of Ad/d and
2V over the crystal volume are in a good
correlation. The rocking curve half-width B
and integral X-ray beam reflection power I
evidence a rather high structure perfection
and distribution homogeneity over the crys-
tal volume.
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Fig. 5. Variation character of integral reflec-
tion power for Sample No.3 grown by tem-
perature lowering, the sample in position b

(1) and ¢ (2).
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Gorki

Kristallo-

JIOCKOHANICTh CTPYKTYPH BEJIHNKOTa0APMTHHUX KPHCTAJIB
KDP, BupoleHuX pi3HUMH METOZaAMH

B.M.Ily3ixo6, B.®.Txavwenrxo, B.A.IJypikos

MeTogamu mpenusiiiHol TPHOXKPHUCTAIBLHOI PEHTreHiBCbKOI mudparrTomerpil mocaimskeHo
JOCKOHAJICTh CTPYKTYPHU BeJHuKorabapuTHux mMoHokpuctanais KDP, Bupoinenux i3 moMiHaIb-
HO YMCTOI CUPOBMHHU METOJaMHU PEIUPKYJIAIil Ta 3HMKEHHS TeMIepaTypu po3unHy. Bera-
HOBJIEHO HEOTHODiAHICTH pOBMOJileHHA MmapaMeTpiB Kpucrtangiunoi rpatku Ad/d B 006’emi
BHUPOIIEHNX KPHUCTAJiB. BiJbII BHCOKA MOCKOHAIICTH CTPYKTYPHU CIIOCTEPiraeThbCs AJsS KPUC-
TaJiB, BUPOIINEHNX METOJOM PeIUPKYJIAIil PO3UUHY.
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