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Second harmonic generation efficiency versus the TiO, nanoparticles concentration
incorporated in the KDP single crystals was studied within picosecond range pump pulses
at 1064 nm. For the first time we have obtained the frequency conversion efficiency
enhancement in the KDP:TiO, in comparison with the KDP crystals due to the internal
self-focusing effect that was observed as the pump beam spatial profile narrowing at
moderate peak intensities.

Wccnemosana 3aBucumMoCcTb d9(pPEKTUBHOCTH IreHepaIuy BTOPOM rapMOHUKH OT KOHIEHTpPA-
nuu HanouacTul, 1i0,, NMHKOPIOPUPOBAHHEIX B MOHOKpPHCTAaLIHYecKylo marpuny KDP, mpu
BO30YK/ICHNY ITHKOCEKYHIHBIMH JIA3€PHLIMI MMIIyJIbCAMMU HA JuuHe BoAHLI 1064 mm. Bnepsnie
moKasaHo ycuseHue d(PPeKTUBHOCTH IPeoOpPasOBAHMS YACTOTHI M3JIYYEHUS B MOHOKPHCTAJI-
nax KDP:TiO, mo cpaBmenmio ¢ KDP 6iarogaps addexTy BHyTpeHHe#l caMoO(OKYyCHDPOBKH,
KOTOPHIN IPOSABJAAETCA B CYKE€HUHU IIPOCTPAHCTBEHHOTO IPOPUJS MyuyKa HAKAUKU IIPU yMe-

PEeHHBIX MHTEHCHUBHOCTAX BOBGy}RHeHI/Iﬂ .

1. Introduction

Single crystals (SCs) of potassium dihy-
drogen phosphate (KDP, KH,PO,) have a
great variety of applications in nonlinear
optics, photonics and optoelectronics fields.
They belong to those few materials widely
used in industrial laser facilities as frequency
multipliers, parametric amplifiers and elec-
trooptical shutters. The unique combination
of properties like wide range of transparency,
relatively high magnitudes of the quadric
nonlinear susceptibility, electrooptical and
piezooptical effects, as well as the possibility
of growing wide aperture crystals, KDP SCs
draw special attention of the researches. It is
also an ideal model system to study the effect
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of intrinsic and extrinsic defects in complex
oxide insulators.

Improving nonlinear optical (NLO) prop-
erties of the KDP crystals, the optical har-
monic generation efficiency in particular, it
is possible to increase significantly the
range of energies/intensities of laser radia-
tion. Use of the modern nanotechnology for
manufacturing of new composite materials
leads to creation of nanocomposite structures
with unique optical and NLO properties.

In several papers [1, 2] the KDP matrix
has been successfully used as a host of
nanoparticles (NPs). NPs are having an in-
creasing importance due to their effect on
the mechanical, electric, optical and mag-
netic properties. It was shown that anatase
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modification of titanium dioxide NPs form
a periodic structure in the KDP SC [2]. The
presence of nanocrystals in the KDP SCs
does not reduce its optical quality [3] but
significantly affects its cubic NLO response
[2]. The paper presents an attempt to con-
trol the quadric response of the KDP:TiO,
SCs within the cubic refractive NLO re-
sponse of the guest-host media.

2. Materials and methods

Nominally pure KDP SCs and crystals
with incorporated TiO, NPs (anatase modifi-
cation) were grown by the temperature re-
duction method [1] onto a 10x10x10 mm3
point seed. The anatase NPs were obtained
by the method of precipitation with sub-
sequent microwave heating and calcination
of the resultant powder. The average dimen-
sion of anatase NPs determined from the
data of transmission electron microscopy
and X-ray analysis was about 15 nm. The
concentration of the NPs in the growth so-
lution varied from 1075 to 1073 wt. %. In-
corporation of TiO, NPs in the crystal ma-
trix does not reduce significantly the
growth rate.

The structure perfection study in Bragg
and Laue geometries of the grown KDP:TiO,
crystal showed the presence of angular
turns up to 3 arcsec on the rocking curves
for the growth layer stacks [2]. In the
growth process of KDP:TiO, crystals the
nanoparticles are pushed aside from the
crystallization front, and then "captured”
by the boundaries between the growth layer
stacks, which causes the angular turns, not
observed in nominally pure SCs. This indi-
cates the appearance of semicoherent bound-
ary between the growth layer stacks and the
formation of two-dimensional ordering of
TiO, nanoparticles in the bulk of the crys-
tal. Besides, scanning electron microscopy
study of the surface relief of KDP:TiO, SC
showed the presence of quasi-equidistant
layers with average spatial period of 15 um.
The anatase NPs incorporation does not re-
duce significantly the laser damage thresh-
old of KDP:TiO, SCs with concentration up
to 107* wt. % of TiO, [4].

There were two sets of the SC samples
studied: "thin" (10x10x0.8 mm3) and
"thick” (10x10x10 mm3) plates, cut along
the II type of phase matching direction
(oe—e interaction) for the second harmonic
generation (SHG) at 1064 nm, the funda-
mental wavelength of Nd:YAG laser. All
boundaries of the samples were finished
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Table. Characterization data of KDP and
KDP:TiO, SCs: TiO, concentration in growth
solution, NPs concentration in SC, absorp-
tion coefficients o, and a,, at 1064 nm
and 532 nm wavelengths correspondingly,
the slope magnitude p of &, versus &,
dependency in log-log scale that charac-
terizes the order of the NLO response, the
quadric NLO coefficient dgq

KDP KDP:TiO,

SCs notation Pr Pr5 Pr4
TiO,, wt.% - 1075 1074
NPs conc., cm™ - 1.6-1019 | 1.6-1011
oy m™1 4.5 5.3 6.8
Qoy» m! 6.3 7.2 8.4

p 2.0 2.0 2.1
dgg, pPm/V 0.40 0.38 0.35

with optical polishing, with faces oriented
along phase-matching direction and polari-
zation of o- and e-waves.

A scheme of experimental setup used for
the SHG efficiency and the quadric non-
linear coefficient dgg measurement with
phase-matched method [5] is presented in
Fig. 1. The beam with Gaussian spatial pro-
file of mode-locked Nd:YAG laser (pul-
sewidth 42 ps (FWHM) at 1064 nm, 5 Hz
repetition rate) passed through focusing
lens L (f =11 cm). The SCs were positioned
at 2 em after the waist, with faces adjusted
diagonally to the polarization of the pump
beam in order to provide the equal energy
splitting between o- and e-waves. The photo-
diodes PD1 and PD2 were used to measure

the input/transmitted (&,/&T)pulse ener-

gies, and PD3 — the SH (&,,) one. The

transmitted fundamental and SH pulses
were distributed with interference dichroic
mirror (DM) and appropriate bandpass fil-
ters BF1/BF2. The simultaneous measure-
ment of transmitted fundamental and SH
energies makes it possible to distinguish the
contributions of frequency conversion and
non-radiative losses in extinction of the in-
cident beam. All registration channels were
absolutely calibrated with power/energy
meter VEP-1L.

The KDP and KDP:TiO, crystals cut from
prismatic grows sector were used for inves-
tigation. The samples notation, TiO, and
NPs concentrations, as well as linear ab-

sorption coefficients at fundamental (o)
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Fig. 1. The experimental setup scheme: A — neutral attenuator; Sp — beam splitter; L. — focusing lens;
SC — single crystal; DM — dichroic mirror; PD1, PD2 and PD3 — photodiodes; BF1 and BF2 —

bandpass filters; & , 8wT and &, — the energies of incident, transmitted and SH pulses, respectively.

and SH (ay,) wavelengths data are presented
in Table.

The energy conversion efficiency n = &,,/&,

into the SH in the given pump field ap-
proximation was obtained from the power
conversion efficiency [56] with account of
the reflection losses at the SC/air interfaces
and temporal averaging across the incident
Gaussian pulse profile:

8V2n L2ld,,2exp[-L(at,, + 0g,/ 2)]E,
 etgglhgga(l + nd)1 + ne)(A + ng )12’

where n2%  — refractive indices of the ordi-
)

nary and extraordinary beams at proper
wavelengths, d ¢ = d3gsin(20) — the effec-
tive quadric NLO coefficient, 0 = 59°
angle between the optical axis and II type
phase matching direction in the KDP [6], ¢ —
the speed of light, g; — the dielectric con-
stant, 1 and a are the incident pulsewidth
and beam radius (HW1/eM), L — SC thick-
ness.

For the SHG process &, ~ &P with p = 2

without account of other NLO process mani-
festation. The slope p reflects the order of

the optical nonlinearity for the & (&) de-
pendency in the log-log scale. Meanwhile

the SH conversion efficiency is n ~ &, with

a coefficient that contains |d36|-

In order to study the impact of cubic
refractive nonlinearity on SH generation
process of KDP:TiO, SCs, the analysis of
beam spatial profile transformation after
the sample @1064 nm was performed. With
this purpose, the SHG registration system
(showed as dashed rectangle in Fig. 1) was
replaced by CCD-based beam profiler Ophir
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Spiricon SP-620U (1600x1200 px, 4.4 um
pixel spacing). The spatial profile of freely
propagating and transformed beam was reg-
istered in 6 cm after the output face of the
sample. We adjusted the polarization of the
incident beam along one of the sample faces
(polarization of o- or e-waves) in order to
suppress oe—e parametric interaction.

The high-frequency noise of the spatial
profile was removed by Fourier low-pass fil-
ter. Then, averaging over concentric shells
with 5 px width, centered on a beam energy
center, was held in order to obtain averaged
radial distribution. This made it possible to
analyze the profile trasformation after the
sample depending on the intensity of inci-
dent radiation.

3. Results and discussion

The experimental data on the SHG in the
KDP and KDP:TiO, SCs cut from the pris-
matic growth sector are shown in Fig. 2.

The SH pulse energy &, versus the funda-

mental one &, is presented in double loga-

rithmic scale for the "thin" (a) and "thick”
(b) SC sets with different concentrations of
anantase NPs. All the dependencies have an
average slope (nonlinearity order) p = 2.0+0.15
up to &, ~40 pd (peak pump intensity
2 GW/cm?). Estimated p for the "thin" SCs
set are presented in Table 1. We should
point out a reduction of the effective NLO
response order p = 1.840.1 for the KDP:TiO,
at & > 50 uJ for both sets. For the "thick”
KDP:TiO, SC we have observed the rise of
the effective NLO response order p = 2.3+0.05

at the initial range (&, < 15 pd).
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Fig. 2. The second harmonic pulse energy versus the fundamental one for the "thin" (a, 0.8 mm)
and the "thick” (b, 10 mm) KDP (Q, Pr) and 107° (M, Pr5) and 107* (A, Pr4) TiO, wt.% KDP:TiO,

single crystals.

Fig. 8. The comparison of laser beam profiles transformation after the sample @1064 nm: (a, Pr4) —

KDP:TiO,, 107* wt. %; (b, Pr) — KDP.

The obtained data give possibility to de-

rive n(&,) dependencies and to estimate the

magnitudes of the quadric NLO coefficients
|d36| in the given pump field approximation
without impact of the higher order NLO
effects. The |dgg| values for the "thin" KDP
and KDP:TiO, SCs are presented in Table.

The estimations were performed for & < 40 pd

pump pulse energy range. For the nominally
pure KDP we have obtained dgg=
0.40+£0.01 pm/V that corresponds to the
reference data [6, 7]. The NPs incorporation
causes the effective dgg magnitude reduc-
tion up to 10 % for the KDP:TiO, (Pr4).
The hydrogen bonds in KDP crystals have
small contribution to SHG efficiency, while
[PO4]3‘ tetrahedral units contribute about
99 % to SHG coefficients [8]. In compari-
son with them, the volume fraction of
anatase nanoparticles in KDP:TiO, SCs is
low. Therefore we suggest that there is no
significant change of the quadric nonlinear
coefficient and it does not depend on
anatase NPs concentration. And the ob-
served decreasing of SHG efficiency in the
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"thin" KDP:TiO, SCs is caused by manifesta-
tion of photoinduced absorption processes in
KDP with embedded TiO, NPs. In nominally
pure KDP SCs we have observed the pho-
toinduced bleaching effect at the wave-
length of SHG (532 nm) [9], while TiO,
nanocrystals lead to the enhancement of
photoinduced absorption. These processes
rapidly saturate with the SH energy growth
at 532 nm. As a result, they significantly
contribute to SHG efficiency in the "thin"
single crystals, whereas in the "thick”™ one
the opposite situation is observed.

We have obtained an enhancement of the
SHG process efficiency in "thick” KDP:TiO,
crystal relatively to the KDP one (Fig. 2b).
We propose that the possible mechanism of
the efficiency rise in KDP:TiO, is the inter-
action between the quadric NLO response of
the matrix and the cubic one of anatase
NPs. The study of the spatial profile distor-
tion in SCs with/without TiO, NPs at dif-
ferent intensities of incident pump radia-
tion proofs this suggestion.

The 3D images of transmitted laser beam
profiles captured with CCD beam analyzer
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Fig. 4. Spatial laser beam profiles transformation (at 1064 nm) after KDP:TiO, (a, Pr4) and KDP (b, Pr)
single crystals at the peak pump intensities 40 MW/cm? (A) and 4.4 GW/cm? (). Dashed line —
freely propagating laser beam. All the data are normalized on unity.

behind the "thick” SCs are presented in Fig. 3
at moderate peak pump intensity
40 MW /cm?. In KDP:TiO, (Pr4) SC (a), the
effective transformation of the beam is ob-
served, while almost negligible distortion of
the beam profile takes place in Pr one (b).

The beam kern and aberration pattern
formation is determined by the developed
internal self-focusing of the pump beam in
the KDP:TiO,. For the "thin" samples a
slight distortion of transmitted laser beam
was observed earlier [2], and registered in
the far field after the sample (so-called, ex-
ternal self-focusing). The distinction be-
tween KDP and KDP:TiO, SCs behavior is
explained by the giant cubic nonlinear re-
sponse of anatase NPs [10].

Applying the described spatial averaging
procedure we have obtained the transverse
spatial profiles that are presented in Fig. 4:
cross-sections at 6 cm behind (a) KDP:TiO,
(Pr4) and (b) KDP(Pr) SCs. Dashed lines cor-
responds to the freely propagating laser
beam without crystals. Profiles are pre-
sented at moderate (40 MW /cm2, A) and
high (4.4 GW/em?2, O) incident intensities.
At the moderate intensity Pr4 SC (a) dem-
onstrates effective narrowing of the beam
kern and the appearance of the plateau that
corresponds to the averaged aberration pat-
tern (see Fig. 3a), while for Pr SC we have
observed slight beam compression (b). One
hundred times the peak pump intensity rise
(O, 4.4 GW/cm?) causes the saturation of
anatase NPs NLO response. We have ob-
served similar narrowing of the beam in both
Pr and Pr4 SCs, which is determined by self-
focusing effect of the matrix at GW/ecm?2
peak pump intensity range [11].
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As a result we can conclude that at the
moderate pump intensity range the efficient
internal self-focusing in KDP:TiO, SC
caused by the giant anatase NPs NLO re-
sponse provides the effective pump energy
concentration and enhancement of the fre-
quency conversion efficiency in comparison
with the nominally pure KDP single crystal.

4. Conclusions

Thus, nominally pure KDP and doped
KDP:TiO, crystals were grown from aqueous
solution by the temperature lowering tech-
nique. Second harmonic generation effi-
ciency versus the incorporated TiO,
nanoparticles concentration was studied
within picosecond range pump pulses at
1064 nm for the "thin" (0.8 mm) and
"thick™ (10 mm) SCs sets. About 10 % of
quadric NLO coefficients dgg magnitude re-
duction was observed for the "thin”
KDP:TiO, SCs. We suggest that the photoin-
duced absorption by anatase NPs at SH
wavelength can give the main contribution
into the observed reduction effect.

For the first time we have obtained the
frequency conversion efficiency enhance-
ment in the "thick” (10 mm) KDP:TiO, in
comparison with KDP crystals due to the
internal self-focusing effect that was ob-
served as the pump beam spatial profile
narrowing at moderate peak intensities up
to 100 MW /cm2. Thus for the composite
system (water-soluble matrix with metal
oxide nanoparticles) the possibility of
quadric nonlinear optical response control
with the cubic one is shown.
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Bnaue camodokycyBaHHA Ha e(eKTHBHICTH reHepairii
apyroi rapmMoHiku y moHokpucraidax KDP
3 iHKOPIMOPOBAHMMH HAHOYACTHHKAMM aHATa3y

B.A.l'aiiéoponcovkuit, M.A.Konunoecovrxuii, B.O.Ayuna,
O.C.Ilonos, A.B.Rocinoea, I.M.Ilpumyna

Hocaimxeno sanekHicTb e(eKTUBHOCTL reHepalii Apyroi rapMoHiKM BiJ KOHIleHTpalii
HanouacTuHoK TiO,, iHKopmopoBaHuX y MoHOKpucramiuny marpuiio KDP, npu s6ymxenHi
HiKOCEKYHAHNMU JA3ePHUMH iMIyabcamMu Ha noB:xKuHI xBuai 1064 mm. Buepure moxasano
migcuaeHHs e(EeKTHBHOCTI IIePEeTBOPEHHS YAaCTOTH BHUIIPOMIHIOBAHHS y MOHOKPHCTAJIAX
KDP:TiO, y nopisuanui 3 KDP saBaaku edexry BHYTPINIHEOrO caMO(MOKyCYBaHHHA, IO IIPO-
SABJSETHCS Y 3BYKEHHI IIPOCTOPOBOro mpodinio mydyka HaKayKM IIPU MOMipHUX iHTEHCHBHO-

CcTAX 30y KEeHHs.
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