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Designed precision method for determining residual stresses in crystals of the KDP on
the relative displacement of the rocking curves (RC), caused by the presence of tensile
stress, compression from the {110} or {101}, with the asymmetric geometry of the shooting
at the reflection. The error in determining the relative displacement of RC in this case is
+1 arcsec. The experimentally determined bias for RD crystals KDP, grown by different
methods on samples cut from the prismatic and pyramidal growth sectors of the crystal.
The relation between the value of the anomalous biaxiality 2V and a total displacement of
RC due to the presence of internal tensile stress, compression in the crystal KDP.
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Paspaboran npenn3noHHLBI MeTO OIIpeAesieHIs BHYTPEHHUX HAIPSAKEHUN B KPHUCTALIAX
tunna KDP 1o oTHocuTesnHOMy cMeleHU0 KPUBHIX gudparnuonuoro orpaxkenus (KIIO),
00YCJIOBJIEHHOMY HAJIWUYWEM HATPAMEHUN PacTIyKeHUus, CKaTus oT miaockocteir {110} mawm
{101}, nmpu acuMMeTPUUHON T'eOMETPUM CHLEMKU Ha OTpasieHnue. IIOTPENTHOCTL OMpeeeHns
otHOCcUTENBHOTO cMemnienua KO mpu atom coctaBiaser 1 arcsec. OKCIepUMeHTANLHO OTIpe-
nenensl cmerenus KOO mns wpucrannoB KDP, BoipanieHHBIX pasiuuHBIMA METOZAMU HA
00pasiax, BRIPE3aHHBIX U3 MPUIMATUYECKOTO W MUPAMHUIAJLHOTO CEKTOPOB POCTA KPUCTAJ-
Ja. YceTaHOBJeHa B3aWMOCBASh BEJIUUYNHBI aHOMAaJbHOH AByocHOCTH 2V 1 cyMMapHOTO CMelle-
Huaa KO, obGycioBieHHas HAJIUUMEM BHYTPEHHUX HANPAKEHUI DPACTAKEHUS U CIKATUSA B
kpucTtaiiae KDP.

PenrrenaudpakroMeTpuuecKdil MeTO BH3HAUYEHHSA 3AJANIKOBHX HANPYKEHb Yy KpHC-
tanax KDP Ta ix 3B’a30k 3 anmomanabHOK AByocHOcTb. B.M.Ilysixos, B.D.Trauernko,
BA.ITypiros.

Pospobieno npenusifinmii MeToL BU3HAUEHHS BHYTPIIIHIX HANPYMKEHb Y KPUCTAJIAX TUIY
KDP mo Bigmocmomy 3cyBy KpuBux pudparmniiinoro sigburta (KIB), obymoBieHomy Ha-
SABHICTIO HAIIPY’EeHb POSTArYBAHHHA, cTHUCHeHHA Big miuomuu {110} abo {101}, upu acumer-
puuHiit reomeTpii sifioMKku Ha BimobpaskeHHd. Iloxubka BusHaueHHS BigHOocHOTO 3cyBy KB
npu oMy craHoBuTh t1 arcsec. ExcrnepumenTasbHo BusHaueHi smimenuna KB xna xpuc-
Tanis KDP, BupolleHux pisHMMH MeTOJaMM HA 3pasKax, BUPISaHUX 3 MNPUSMATHYHOIO Ta
nipaMizaJabHOrO CeKTOpPiB pocTy Kpucraja. BeTaHOBIEHO B3aeMO3B’ A30K BEIUUYMHU AHOMAJb-
Hol aByocHocTi 2V rta cymapmoro smimenms KI[B, obymoBieHas HadaBHiCTIO BHYTpPiurHix
HAIIPYKeHb POSTArYBAHHSA, CTHMCHeHHA y Kpuctanai KDP.

1. Introduction (DKDP) are widely used in modern quantum
electronics, optoelectronics and nonlinear
optics due to its unique properties — high

phosphate (KDP) and its deuterated analog laser strength, high optical homogeneity
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and structural perfection, despite the al-
most brought to perfection technology culti-
vation (a method of reducing the tempera-
ture, method of recycling the solvent) and
processing crystals, laser strength of optical
elements manufactured from them as sig-
nificantly different from crystal to crystal,
and the cross section of a crystal. Typically,
nonuniformity of distribution of the thresh-
old value for the strength of the laser crys-
tal cross section, associated with structural
defects and their distribution over the vol-
ume of the crystal grown, as well as inter-
nal stresses from [4—7]. The presence of in-
ternal stresses in the grown crystals, leads
to the appearance of anomalous biaxiality,
which is determined by the polarization-op-
tical methods value anomalous biaxiality
(angle 2V) and the degree of deformation of
the conoscopic figures vy [5, 8, 9]. The
authors of [6] using transmission electron
microscopy in KDP crystals revealed the
presence of inclusions of up to 4500 A
rhombic phase of KH,PO,. Analysis of dif-
fraction contrast showed that the inclusions
with a size of 1200 A may be coherent or
partially coherent boundary with the crystal
matrix crystal KDP, which leads to internal
stresses. The tetragonal cell KDP crystal un-
dergoes the maximum strain along the [1—
10] and [110]. Similarly oriented in the ma-
trix include the rhombic phase lead to
the macroscopic deformation: uniaxial
tension along the [1-10] and uniaxial com-
pression along [110]. Calculating the change
Ad/d (d-value of the distance between planes)
due to macroscopic internal tensile
stresses along the [1-10] compression [110]
give the value of Ad/d =1.66-10"7 and
Ad/d = —0.214-1077, respectively [6]. This is
a very minor changes that lead to a change
in the angle ® < 1 arcsec. Evaluation order
of the difference of the principal stresses
[56] gives the value of o about 8 kg/cmZ2.
When the value of the shear modulus
G =12.71010 dyn/em? for the crystal KDP
[6] and the estimated value of the stress in
the crystal G ~ 8 kgf/em? [5], the change
Ad/d are 6.4-107%, which lead to change in
the angle of rocking curve (RC) on the
angle A®; =19 sec for the reflection (660)
and AG@, = 23 sec for the reflection (606) in
CuK,; radiation. Appraise estimates change
the angle ©, due to internal stress in the
crystals KDP, made according to [5, 6], and
evidence of their small size. Thus, use of
high-precision measurement of the lattice
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parameter and the value of Ad/d even Bond
method [10] and the heat setting tempera-
ture measurement with an accuracy of
10.1°C do not reliably hold XRD measuring
the absolute determination of the angle ©
(the accuracy of determination of the refer-
ence angle © on the goniometer is £18 sec).
Apparently, because of the above reasons, in
the literature there are no experimental
data on measurements XRD methods, quan-
tities and distribution of internal stresses in
crystals of KDP.

Selection of the optimal values of the
diffraction angles ©, giving the smallest
error in the identification and survey de-
sign follows from differentiating Bragg on
the parameters d and O,

Ad/d = —ctgOA®. (1)

The best conditions for the implementa-
tion of (1) are implemented at the angles
O > 60 deg., and this range of values of the
diffraction angles is called precision area.
From (1) it follows that for

A® = —(Ad/d)tg® 2)

the best option of the measurement method
(for small angles change ©) is the determi-
nation of the relative displacement rocking
curve (RC) due to the presence of tensile
stresses 6~ and compression o'. This shows
that the change Ad/d within the reflective
layer under the influence of the internal
macrostress cause displacement RC. The di-
rection of the shift depends on the sign of
Ad/d, i.e, availability bias RC smaller an-
gles © due to the internal tensile stresses ¢~
and to larger angles ©® with internal com-
pressive stresses o'. Effect of shifting the
RC is greater, when more tg0®.

It should be emphasized that the error in
determining the A® is determined not only
by the accuracy of angular reference go-

niometric devices (GUR), but also experi-
mentally obtained a full width at half maxi-

mum (FWHM) of rocking curve [, correct
for thermal expansion coefficient o, which
for the KDP is ~4.16-1075.

2. Experimental

Experimental measurements of the inter-
nal stresses in the KDP crystals were car-
ried out to determine the displacement
BWW developed by the authors, three-crys-
tal X-ray diffractometer (TXD) [12] in CuK;
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Fig. 1. Schematic position rocking curves showing the position of the test planes: (a) in the absence
of stress; (b, ¢) in the presence of internal stresses in the sample for a prismatic sector.

monochromatic radiation. The experimental
FWHM @, taken at TXD, was 5-10 sec. We
used a method of disposing of the samples
when there is no need to measure the abso-
lute value of ® and uncorrected associated
with the presence of o, since the measure-
ments are conducted at the same tempera-
ture, the geometry and shape of the samples
[13]. On the assumption of a internal tensile
stress (67) in the crystallographic direction
[1-10], and compression (cT) in the [110]
crystals KDP [1, 5—-9], we proposed an origi-
nal method for measuring internal stresses in
crystal largest displacement A® RC at the ap-
propriate orientation and arrangement of the
samples in which the error in A® is ~ 1 sec.
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The samples were cut plumb saw, out of
the prismatic and pyramidal growth of KDP
crystal size 10x10x20 mm3 with the orienta-
tion of the (100), (010) and (001) and the
deviation of the studied samples from the sur-
face crystallographic directions A® < 10 min.
Then, to remove the distorted surface layer
of the investigated samples were polished
finish [1]. The test sample was cut in half
in height. These 2 samples of size
10x10x10 mm3 mounted on GUR such a
manner that the bottom of the sample (1)
can be obtained from the asymmetrical re-
flection reflex (6—60), and from the top (2)
reflection of (660) orientation at the surface
under study sample (100) and turn the sec-
ond sample relative to the first axis Y

Functional materials, 22, 3, 2015
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Table
reflex 0, deg By, deg By, deg (AG%: + AOC), sec
Method of recycling Method of reducing
temperature
pyramid prism pyramid prism
660 61.3 16.3 106.3 18 30 30 70
606 65.2 18.3 112.1 34 2 62 4

through an angle 180° with the steer angle
¢ about the axis Z by several tens arc-sec-
onds. The primary X-ray beam at the same
time hitting the 1 and 2 sample. When
shooting moving geometry, when the pri-
mary beam with the surfaces of the crystal
was small angle PB; for reflections (660)
were recorded RC from these samples. RC
position is as follows (Fig. 1).

As can be seen from Fig. 1, at the fall of
the X-ray beam geometry and the presence
of rotation € between the first and second
samples (Fig. la.) For voltages o; in the
first crystal RC is shifted to lower angles
and for the stresses 65" in the second sam-
ple RC shift toward larger angles (Fig. 1b).
The total offset voltages caused by RC o~
and ot from the two samples was

A@; = ¢ + AB%1 + AB%:. (3)

To obtain the dependence of AG;(tg0};)
the value € determined by the reflections of
(100) [13]. The nature of this relationship
can be calculated due to the presence of
internal stresses 20 ~, 6" and the first and
second sample [13]

When recording RC in geometry of inci-
dence and reflection of the asymmetric type
of plane (hk0) and (h—£0) (shown in Fig. 1c)
total displacement of RC

AB, = & — AGT — AQ%, (5)
The difference values
A®; — AO, = 2(AB%1 + AB%% ) (6)

can not determine with some accuracy the
value of ¢, and the right to receive the total
displacement of RC due to the presence of o~
and o' in the samples. The error in deter-
mining the total angular displacement of
the RC in this case is, with simultaneous
registration of RC for the two samples on
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the TXD. When the crystal orientation of
the surfaces of the samples (100) (010)
(001) is easy to implement displacement
measuring RC due to the presence and o~ o™
to [101] or [011] (prismatic crystal growth
portion) to the sample plane ZX or ZY, ro-
tated by 180 deg. around the second sample
axis X or Y. Record RC measurement and
calculation are carried out similar to that
described above for the asymmetric regis-
tration RC for reflections (606) and (066).
The proposed layout, and geometry of the
samples can be taken, in principle, to imple-
ment any crystallographic orientation, pre-
paring test samples with a corresponding
crystallographic orientation of the sample.
For quantification, the separate determina-
tion of the sign changes Ad/d and due to
tensile stress o~ and compression ot of the
proposed method, measurements should be
made by Bond [10]. The error of this in-
crease several times, as determined by the
absolute value of the angle of reflection, on
goniometer, which has an error
(£0.005 deg.).

3. Results and discussion

On the TXD [12] in the CuK,; radiation
studied sized single crystals KDP
260x130x520 mm3 grown by recycling sol-
vent rectangular orientation primer (001) at
a rate of 1 mm/day in the optical axis di-
rection (Z), after storage at room tempera-
ture, the crystal within 30 years who had a
slight internal stress in order to determine
the error of the method and single crystals
grown on the seed point section of
5x5x5 mm3 oriented edges (100) (010) (001)
with a growth rate of about 10 mm/day in
the optical axis, 70x70x80 mm3, by lower-
ing the temperature. From the grown crys-
tals pyramidal and prismatic sector growth,
the samples were cut 10x10x20 mm3 ori-
ented edges (100) (010) (001). To determine
the displacement RC due to the presence in
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the crystal stresses 6~ and ot (tensile [110]
and compress [110]), the lower sample was
placed on the device having two mutually
perpendicular linear displacement and two
angular inclination of the sample, (001)
plane, and mounted on the top with a lower
rotatable around the axis y. This setup al-
lowed the sample to implement the measure-
ment procedure described in the previous
section, with simultaneous recording of RC of
asymmetric reflexes (660) and (660). To de-
termine the total offset RC due to internal
tensile stress, compression directions [101],
[101] or [011], [011] is mounted on the
lower plane of the sample (100) or (010) and
the upper turns around the x or y axis 180,
which allows simultaneous recording RC for
asymmetric reflexes (606), (606) or (066) (066)
from the two samples to measure the dis-
placement caused by the RC to internal
stresses in the samples. Table shows calcu-
lated values of the angle of Bragg reflec-
tions (660), (606) crystals KDP, for CuK.;
radiation. The values of angle 3; with asym-
metric shooting at small angle of incidence
to the plane of X-ray beam (100), (010) or
(001), and the value of the angle By with a
large angle of incidence to these planes,
when implemented asymmetric RC record-
ing scheme shown in Fig. 1b, c.

Table shows the experimental values of

the total displacement RC (AOC1 + AOC:) due
to the presence of internal tensile and com-
pression stresses in the crystal.

For reflection (606), for which the Bragg
angle of reflection is ® = 65°10°20”, the error
in determining the angular displacement of
the RC due to the presence of 6~ and ' to
+1 sec gives an error in the definition of
Ad/d = £2.1077. The presence of bias in the
samples RC at 2 — 627 (Table) leads to changes
in Ad/d = (4.72.1077 — 11.43-107°)+2.107 or
6 = 59.94.10% — 145.16-10° dynes/cm?, respec-
tively. Thus, the proposed method of deter-
mining the relative displacement of the RC,
due to the presence of stresses in the crystal
with an accuracy of 1 sec, gives the error in
6 =125.4 Dyn/ecm2 or 25.91.1073 kgf/cm?
(at the value of the shear modulus G =
12.7-1019 Dyn/em? [6]). The evaluation of
the internal stress in the crystals signifi-
cantly greater than the values given in [6],
and is consistent with the estimates of in-
ternal stresses given in [5]. One of the
causes of internal stress in the crystals
KDP, may be coherent and semi-coherent
boundary interface between the packet layer
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Fig. 2. The dependence of the anomalous
biaxiality 2V of the total displacement RC
due to the presence of internal stresses.

growth [14]. From the analysis of the ex-
perimental data presented in the table it can
be concluded that samples cut from the
prismatic sector growth dominated o tensile
stress and compression ot in the [110] and
[110]. The component of the value of the
internal stress in the [101] and [101] has a
value of about 6—7 %, that is in the growth
sectors of the prismatic crystals KDP,
grown by different methods are predomi-
nant tensile stress along the [110], [110].
Results of the polarization-optical investi-
gations abnormal biaxiality (2V) and the po-
sition optical axis of the plane (OAP—y) in
the crystals KDP [1-5, 8, 9, 16] indicate
that samples cut from the growth sectors of
the {100} there is one predominant direction
of y. This confirms the results of our meas-
urements of the crystallographic direction
of the prevailing distribution of internal
stresses. The situation is different OAP(y) is
observed for samples cut from the pyrami-
dal growth sectors of the crystal {101} when
vy has several directions [6]. As seen from
the table of data sector growth of {101} are
observed internal tensile stress in the [110]
direction and [101]. Despite the fact that
the growth sectors Krystal {101} prevail o
stresses and o' in the [101] or [011], and
the value component [110] is sufficiently
large and only 2-fold lower than in the
[101] or [011] (Table).

A number of studies [1-6, 8, 9, 14-16]
manifestation of anomalous biaxiality in the
crystals of the KDP group associated with the
presence of these structural defects leading to
the appearance of internal stresses, which is a
measure of the value of 2V. To test this

Functional materials, 22, 3, 2015
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hypothesis, KDP crystals were grown by
lowering the temperature at the point seed.
It is known that the growing face of the
prism (100) crystals KDP, grown on a point
seed, captures impurities much more than
face of the pyramid (101) and, therefore, has
a lower structural quality [17].

The samples were cut from the prismatic
sector growth. Measurement of the total
displacement RC due to the presence of in-
ternal tensile stresses ¢ and 6" compression
along the [110], [1-10] for reflections (660),
(6—60) was measured by TXD. For a com-
parative analysis of the values 2V (averag-
ing 5 points) measured the polarization-op-
tical method, were taken from [5, 8, 9]. As
a result, we obtained a linear relationship
2V(|A©° ") shown in Fig. 2. Which clearly
shows the relationship of anomalous biaxial-
ity 2V in KDP crystals with the magnitude
of the internal stresses.

4. Conclusions

Designed precision method for determin-
ing internal stresses in crystals of the KDP.
The method is based on measurements of
the relative displacement of the RC under
asymmetric shooting of reflections (660),
(606), taken by TXD for the orientation of
the faces of the sample (100) (010) (001).
The error in determining the total relative
displacement RC due to internal tensile
stresses, compression crystal is =1 sec,
which gives the error in the determination
of 6=0.26 gs/mm2. In the samples cut
from the prismatic sector growth dominated
only tensile and compressive stresses in the
[110], [1-10] while for samples cut from the
pyramidal growth sector and the voltage
present in the [101] and [110]. A linear
dependence of the internal stress in the
crystal, resulting in the displacement of the
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RC for asymmetric reflexes shot at the TXD
with the magnitude of the anomalous
biaxiality 2V(|]A©° °)).
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