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Abstract: We report the experimental investigation of nonlin-
ear cascaded lasing X(3) — X(2) effects in UV and visible
ranges and high-order Stokes and anti-Stokes generation cover-
ing spectral space of about 18000 cm~" by stimulated Raman
scattering and multi-wave mixing processes under one-micron
picosecond pumping in the paraelectric state of NH4H2PO. and
ND4D2PO;4 single crystals. All recorded Raman induced laser
wavelengths are identified and attributed to their SRS-promoting
vibration modes. Brief review of nonlinear-laser processes in
non-centrosymmetric phosphates of KH2PO,-family and some
physical properties of NH4H2PO4 and ND4D2PO,4 are given as
well.
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Nonlinear-laser effects in NH;H,PO, (ADP) and
ND,D,PO, (DADP) single crystals: almost two-octave
multi-wavelength Stokes and anti-Stokes combs,
cascaded lasing in UV and visible ranges with the
involving of the second and third harmonic generation
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1. Introduction

Among practical electrooptic crystals and crystals for op-
tical harmonic generation in the visible and UV spec-
tral regions, as well as for optical parametric amplifiers

in pettawatt-level solid-state laser systems the potassium
dihydrogen phosphate KH;PO, (KDP) and its deuter-
ated analoque KDsPOy4 hold a special place (see, e.g.
[1]). These tetragonal phosphates and their numerous iso-
morphs comprise an important class of hydrogen-bonded
crystals whose physical properties have been subjects of
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Crystal SRS SHG THG Self-TSRS ¢ Self-SFM (SRS) *) OPO® OR®
NH4H>PO4 (ADP) + + + + + +
ND4D2PO4 (DADP) ©) + + + +
KH2PO4 (KDP) + + + +
KD2PO4(DKDP) + +
RbH2>PO4 + +
a) Self-TSRS, i.e. the self-transverse SRS from THG (see e.g. [8]).
®) Self-SFM (SRS), i.e. self-sum-frequency mixing from the arising SRS lasing components and pumping radiation.
©) OPO is the optical parametric oscillation (amplification).
%) OR is the optical rectification.
) Deuterium concentration Cp =(95-97) at.%.
Table 1 Some effects of X(3)' and X(z)-nonlinear-laser generation in tetragonal crystals of KDP family
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Figure 1 (online color at www.lphys.org) Plot of the crystal
structure of NH4H2PO4 [PO4] and [NH4] groups are marked
with yellow and red tetrahedra, correspondingly

extensive investigations (see, e.g. [2]). The NH4H>PO4
(ADP) and ND,D5PO, (DAPD) are a well-known rep-
resentatives of this phosphate family offering satisfactory
linear and y(®)-nonlinear optical properties in the UV
spectral region [3,4]. Therefore, beside their nonlinear-
laser potential which is indicated in Table 1, they were
used also to get laser radiation with wavelengths shorted
than 0.3 um by second harmonic generation (SHG) and by
sum-frequency mixing (see, e.g. [5], as well as Table 4.21
from [3]). It should be particularly emphasized here that
KDP and ADP were the first crystals in which was re-
alized the phase-matchable SHG [6]. These crystals are
known as piezoelectric materials for ultrasonic technique
as well (see e.g. [7]). The research reported in this work
was performed within the context of an investigation of
another nonlinear-laser properties of the NH,H>PO4 (am-

Wavelength, pm

Figure 2 Room-temperature optical transmission spectra in the
range from vacuum UV to near-IR of tetragonal NH4H2PO,4 and
ND4D2POy single crystals recorded with ~ 1.5-mm plates with-
out antireflection coating, and wavelength dispersion of refrac-
tive indices (see Table 2) of ND4D2PO4 single crystal

monium dihydrogen phosphate) and ND,D>PO,4 (deuter-
ated ammonium dihydrogen phosphate) single crystals,
namely stimulated Raman scattering (SRS), Stokes and
anti-Stokes comb generation, third harmonic generation
(THG) related to their X(3)—nonlinearity, as well as cas-
caded x® < x(?) lasing in the visible and UV spectral
ranges.

2. Crystals for experiments

Relatively large NH4H5PO,4 and ND4D>POy single crys-
tals of sufficient good optical quality have been grown
from aqueous solutions using controlled lowering temper-
ature at a growth velocity of about 1 mm/day (see e.g.
[2]). The aqueous solution of ND4DoPO, was prepared
recrystallizations in DoO (heavy water). The deuteration
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Characteristic NH,H>PO, | ND,D2PO,4

Space group D32 — 142d® (No. 122)

Unit cell parameters, A 9] a=0b="74991(4), a=b="7.519309),
¢ =7.5493(12) (see Fig. 1) ¢ =7.5400(19)

Formula units per primitive cell ZBr =2

Temperature of phase transition To =148 T =242

(Curie temperature), K [10]

Density, gcm ™3 ~1.8 ~1.88

Method of crystal growth Slow evaporation from an aqueous solution (see e.g. [2,11]),
crystals commercially available [4]

Hardness (Mhos scale) 1-2[3,12] [

Optical character Negative uniaxial ( n, > ne)

Optical transparency range, um 2 ~0.18 — ~1.8 ~19—-~23

Thermal conductivity, Wm™! K~* 0.7(| c—axis); 1.25 (Lc—axis)

Thermal expansion coefficients, 107K ~* 2 4.2 (||c—axis); 32 (Lc—axis)

Piezoelectric coefficients, 10*2 CN ™! [4] di4=1.3; d3s =48 di4=10; d3g =75

Piezooptic constants d) [4,13] p11=0.319; p12=0.277,

p13=0.169; p31 =0.197;
P33 =0.167; Paa =—0.058;

pes =—0.091

Elastic constants, 10" Nm~2 [4,13] c11=7.57; c12=-2.43; c11=6.28; c12=0.395;
C13=l.30; C33 =2.96; C13=l.74; 03323.18;
Cqq = 0.87; Ce6 = 0.61 Cqq = 0.909; Ce6 = 0.61

Electromechanical coupling factor k14 =0.006; ksg =0.33[4]

Linear electrooptic coefficients, rédy=-85;r5 =245 r5y=55 | r&=11.9

10712 m V=" for A=0.633 pm [1,14]

Nonlinearity x(2> and X<3>

Nonlinear coefficient for SHG, 1072 m vV—! dss ~0.59°) dzs ~0.56 7 dss ~0.52°)

Refractive index Sellmeier equations ¢ ) see Fig. 2 h)

SHG phase-matching angles for A=1.06 ym Opma © R=42°%; 007, © = 62°

Two-photon absorption coefficient, 1076 cm MW ! 5=6.89

Third-order nonlinear optical coefficients, 1020 m2v—29) C11=0.0104; C15=0.0098

Laser-induced bulk-damage threshold, 102 Wm™2 Lin- =5 k)

Verdet constant, rad T~ m~* V2510

Phonon spectrum extension, cm ™~ ! ™) ~ 3240 ~ 2450

1 WSRS1 %924; WSRS2 ~ 3160 WSRS1 %883; WSRS2 %2150;

WSRS3 ~ 2265, WSRS4 ~ 2240
Linewidth of peak in spontaneous Raman scattering spectra | Avgy ~27; Avrs ~ 150 Avgir =27, Avgs ~60;
related to the SRS-promoting vibration transition, cm ™" Avgs =~ 100; Avgs =70

Energy of the SRS-promoting vibration modes, cm™

@) Paraelectric state, under Curie temperature these crystals undergo phase transition to antiferroelectric state with space group D.‘z1 — P21212;7 (No. 19).
) For ~~ I-mm thick plates (see Fig. 2).

©) Within temperature interval (—50°C to +50°C) [9], see also [7.15].

4 For A=0.589 pum.

) For A=0.6943 pm [16].

5 For A=1.0582 um [17].

9) Sellmeier equations (A in m) [18] (see also [19]: n2 = 2.302484 + /\22'8101173018&86 — 13(')35_15026&22 ,n? = 2.163077 + /\20_'%03?52247 — 11(')‘55_15420&22 .
") For crystal with Cp A 95 at.% [4]. ’ ’ ’ ’

Wavelength, pm
0.266 0.3547 | 0.532 0.5893 0.6328 0.6443 1.064
No 1.5701 1.5403 1.5211 1.51815 1.5163 1.5142 | .5052
Ne 1.5191 1.4942 1.4776 1.4751 1.47365 1.4719 1.4658
"") For 2-cm long sample using THG of picosecond Nd3t:Y3Al5015 laser at A & 0.355 pm, accuracy of measurements was =+ 35% [20].
7) For (- 3w;w,w,w) nonlinear optical process at A =1.06 pm [21].
k) For 60-ns pulse radiation at A /& 1.06 pm [22], for other experimental conditions see also [3].
D At A=0.6328 pm [23].
™) From spontaneous Raman scattering spectra, see Fig. 8 and [24].

n

Table 2 Crystallographic and some physical properties of tetragonal NH4H2PO4 and ND4D2PO. single crystals at room temperature
(limit of probable error in parentheses). Most of given data from [3,4]
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Pumping condition

x®- and X<2>—1asing component

SRS-promoting modes, cm™

1

Af, pm ‘ Excitation geometry ) | Wavelength, pm® | Line Lasing attribution | wsrs1 | Wsrs2 | WsRsS3 ‘ WSRS4
NH,H2PO4
1.06415 | z(xx)z 0.3547 ArHG 3wy
(see Fig. 4) 0.3667 ASFM 2w + Wst—1 ~924
0.4135 AStig—1 | wy1 + 16wskrst ~ 924
0.4300 AStis—1 | wy1 + 15wsrst ~ 924
0.4477 ASt14-1 wg1 + l4wsrsi ~ 924
0.4671 AStiz_1 | wy1 + 13wsrs1 ~ 924
0.4882 ASti12_1 | wy1 +12wsrs1 ~ 924
0.5112 ASt11-1 wr1 + 1lwsrs1 ~ 924
0.53207 AsHG 2wyl - - - -
0.5366 AStio—1 | wy1 +10wskrs1 ~ 924
0.5596 ASFM Wf1 + wst1—1 ~924
0.5645 AStg_1 Wyl + Qwsrs1 ~ 924
0.5956 ASts_1 wr1 + 8wsrs1 ~924
0.6303 ASt7_; Wyl + Twsrs1 ~ 924
0.6693 ASte_1 w1 +6wsrs1 ~ 924
0.7134 ASts_1 w1 + SwWsRs1 ~924
0.7638 ASts_1 w1 +4wsrs1 ~924
0.8217 ASts_1 w1 + 3wsRrs1 ~924
0.8893 ASta_; wys1 +2WsRrS1 ~ 924
0.9689 ASti_1 | w1 + wsrs1 ~924
1.06415 Af1 Wiri1 - - - -
1.1802 Sti—1 W1 — WSRS1 ~924
1.3247 Sto_; wf1— 2WSRS1 ~924
1.5094 Stz_1 wf1— 3wsrs1 ~924
0.53207 | z(ZLxy=45°)z 0.4109 ASts_1 w2 +6wsrs1 ~ 924
(see Fig. 6a) 0.4271 ASts_1 w2 + SwWsRS1 ~ 924
0.4446 ASti—1 | wy +4dwsrst ~924
0.4637 ASts_1 wro + 3wsrs1 ~ 924
0.4844 ASty_q wyro +2WsRS1 ~924
0.5071 ASti—1 | wy2 + wsrs1 ~ 924
0.53207 Af2 wy2 - - - -
0.5596 Sti—1 Wf2 — WSRS1 ~924
0.5901 Sto_1 wro— 2WSRS1 ~ 924
0.6241 Stz_1 wfa— 3WsRS1 ~924
0.6396 Sti_2 Wf2 — WSRS2 ~3160
0.6623 Sty_1 wro— 4wsRrs1 ~924
0.53207 | y(=z=z)y 0.53207 Af2 Wia _ Z Z Z
(see Fig. 6b) 0.6396 Sti_2 Wf2 — WSRS2 ~ 3160
0.53207 | z(xx)z 0.4109 ASts_1 w2 + 6wsrs1 ~ 924
(see Fig. 6¢) 0.4271 ASts_1 wro + Swsrs1 ~ 924
0.4446 ASts_1 w2 +4wsrs1 ~ 924
0.4637 ASts_1 w2 + 3wsRrs1 ~924
0.4844 ASta_; w2 +2WsRS1 ~ 924
0.5071 ASti_1 | wp2 +wsrs1 ~ 924
0.53207 Afz wir2 - - - -
0.5596 Sti—1 Wf2 — WSRS1 ~924
0.5901 Sta_1 wro— 2WSRS1 ~ 924
0.6241 St3_1 wr2— 3wWsRrs1 ~924
0.6623 Sty_1 wr2— 4wsrs1 ~924
ND4D2PO4
1.06415 | z(xx)z 0.3547 ATHG 3wr1 - - - -
(see Fig. 5) 0.3662 ASFM 2w + wst—1 ~ 883
0.3954 ASti15_1 wr1 + 18wsrs1 =~ 883
0.4097 ASti7_1 wys1 + 17wsrs1 ~ 883
0.4251 ASti6-1 wr + 16wsrs1 =~ 883
0.4416 AStis—1 | wp1 + 15wskrs1 ~ 883
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Pumping condition x®)-and X<2)—lasing component SRS-promoting modes, cm ™
Af, pm | Excitation geometry a) Wavelength, pm ®) | Line Lasing attribution | wsrs1 | Wwsrs2 | WSRrRS3 | WSRS4

0.4596 AStia—1 | wsr + 1dwsrst ~ 883
0.4790 AStiz—1 | w1 + 13wsrst ~ 883
0.5002 ASti2_1 | wy1 +12wskrs1 ~ 883
0.5233 ASti1—1 | wypr + 1lwsrst ~ 883
0.53207 ASHG 2w - - - -
0.5486 AStio—1 | wy1 + 10wsrs1 ~ 883
0.5583 ASFM w1+ wsti—1 ~ 883
0.5766 AStg_1 | w1 +9wsrs1 ~ 883
0.6074 ASts_4 w1+ 8wsrst ~ 883
0.6419 ASt7_q wr1 + Twsrs1 ~ 883
0.6805 AStg_1 w1+ 6wsrs1 ~ 883
0.7240 ASts_1 wr1 + SwWsRrs1 ~ 883
0.7734 ASty_ w1 +4wsrs1 ~ 883
0.8301 ASt3_4 w1 +3wsrs1 ~ 883
0.8958 ASty 1 | wyi +2wsRks1 ~ 883
0.9728 ASti—1 | wp1 + wsrst ~ 883
1.06415 A1 w1 - - - -
1.1745 Sti—1 Wf1 — WSRS1 ~ 883
1.3104 Sta_1 wf1— 2WSRS1 ~ 883
1.4819 St3_1 wf1— 3wsRrs1 ~ 883
0.53207 | z(Lxy=45°)z 0.4309 ASts_1 | wy2 +5wsrs1 ~ 883
(see Fig. 7a) 0.4479 ASts_ 1 wyro +4wsrst ~ 883
0.4663 ASt3_1 | wya +3wsRrs1 ~ 883
0.4864 ASty_1 w2 +2WsRS1 ~ 883
0.5082 ASt; 1 W2 + WsRs1 ~ 883
0.53207 Af2 Wy - - - -
0.5583 Sty Wf2 — WSRS1 ~ 883
0.5873 Sta_1 wio— 2WSRS1 ~ 883
0.6008 St1_o W2 — WSRS2 ~2150
0.6050 Sti_3 Wr2 — WSRS3 A2 2265
0.6194 St3_1 wyro— 3WsRS1 ~ 883
0.6552 Sta_s wfa— dwsrst ~ 883
0.6552 Sta—1 wio— 4wsrs1 ~ 883
0.53207 | y(=~z~z)y 0.4663 ASts_1 | wy2 +3wsrs1 ~ 883
(see Fig. 7b) 0.4864 ASto_q wro +2WsRS1 ~ 883
0.5082 ASt1 1 Wf2 + WsRS1 ~ 883
0.53207 Af2 W2 - — - -
0.5583 Sti—1 Wf2 — WSRS1 ~ 883
0.5873 Sto_; w2— 2WSRS1 ~ 883
0.6041 Sti—a Wf2 — WSRS4 ~ 2240
0.53207 | z(xx)z 0.4309 ASts—1 | wy2 +5S5wsrs1 ~ 883
(see Fig. 7Tc) 0.4479 ASty_1 wre + 4dwsrs1 ~ 883
0.4663 ASts_q wra + 3wsRrs1 ~ 883
0.4864 ASta_1 | wy2 +2wsRks1 ~ 883
0.5082 ASti—1 | wyo +wsrs1 ~ 883
0.53207 Af2 Wy - - - -
0.5583 St W2 — WSRS1 ~ 883
0.5873 Sto_1 wra— 2WsRS1 ~ 883
0.6194 Stz_1 wpo— 3WsRS1 ~ 883
0.6552 Sty_1 wi2— 4wsRrs1 ~ 883

@) Notation is used by analogy to [26], here are also z||a, y||b. and z||c. The letters between the parentheses are (from left to right) the polarization of the pumping
and laser scattering emission, respectively, while the ones to the left and the right of the parentheses are the pump and scatter emission directions, respectively. In
the case of y(~z~z)y (see Fig. 6b and Fig. 7b) the polarization direction for pump and scatter emissions was approximately parallel to z-axis, in other case of
2(£xy~245° )z (see Fig. 6a and Fig. 7a) the polarization for both emissions was directed approximately between x and y axes.

%) Measurement accuracy is = 0.0003 pm.

Table 3 Spectral composition of X(3) -and X(2)-n0nlinear lasing at room temperature in tetragonal NH4H>PO,4 and ND4D2PO4 single
crystals with picosecond Nd*T:Y3Al501o-laser pumping at A ;= 1.06415 ym and ) yo =0.53207 um wavelengths
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Figure 3 (a) — schematic diagram of the experimental setup and (b) — spectral sensitivity of used Si- and InGaAs-CCD sensors (data
from Hamamatsu catalog)

THG SHG NH4HoPO,
~ o 1
20 8 o o 2 3 ] 5 (ADP)
3%} > B o © © © c\n
c© c 3 S S - @
a 5} @ o - - -
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SRS intensity, arb. units
N
T
0.5366
0.5645
0.6693
0.7134
0.7638
0.8217

RTANED W

I I I I I I I I I I I I I
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 1.3 1.4 1.5

Wavelength, um

Figure 4 Room-temperature SRS and RFWM spectra tetragonal NH4H2PO, crystal recorded in pumping geometry z(xx)z with pi-
cosecond excitation at Ay; =1.06415 pm wavelength. Wavelengths of all lines (pump line is asterisked) are given in pm, and their
spectral intensities are shown without correction for the spectral sensitivity of the used analyzing CSMA system with: Si-CCD (a-
¢) and InGaAs-CCD (d) array sensors. Spectra with cascaded self-frequency doubling (a,b) and self-frequency tripling (a,b) lasing
components were obtained under special experimental condition (see text). The spacing of x ®)-lasing components is multiple of SRS-
promoting vibration mode (wsrs1 ~ 924 cm™!) of crystal as indicated by the horizontal scale bracket

level of our ND4D5PO, crystals was estimated at 95-97%. ical properties of these non-centrosymmetric NHyH2PO4
For our stimulated and spontaneous Raman scattering, as and ND4D>PO, phosphates are compiled in Table 2.

well as optical experiments oriented samples in the form of

bars (with active length 16-32 mm), cubs (7 x8x9 mm?),

and = 1.5-mm thick plates were fabricated. Their optical 3. Nonlinear X(3)_ and X(Q)-lasing

faces were polished plane-parallel but not anti-reflected

coated. The crystallographic data and some known phys- The room-temperature SRS measurements with

NH4H>PO4 and ND4D>PO, single crystals were carried

© 2008 by Astro Ltd.
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Figure 5 Room-temperature SRS and RFWM spectra of tetragonal ND4D2POy4 crystal obtained in pumping geometry z(xx)z with
picosecond excitation at A y1 = 1.06415 psm wavelength. The spacing of & laslng components is multiple of SRS-promoting vibration
mode (Wsrs1 =~ 883 cm 1) of crystal as indicated by the horizontal scale bracket. Notations as in Fig. 4

out using a single-pass (cavity-free) excitation geometry
with two-wavelength home-made Xe-flashlamp-pumped
piscosecond Nd3t:Y3Al;044 laser with ~ 25%-efficient
external KTiOPO4 (KTP) doubler as a pumping source
(schematic diagram of used experimental setup see in
Fig. 3a). As may be seen, our laser is designed in a
MOPA-scheme consisting of an actively-passively mode-
locked oscillator and a double-pass amplifier. For passive
pulse shortening and stabilization a saturable absorber
liquid (SA) circulates through a cuvette placed directly in
front of the resonator end-mirror (EM). In combination
with an acousto-optic modulator (AOM) an output pulse
train with the energy of about 2 mJ and single pulse
duration of 7,,; ~ 110 ps at A¢; =1.06415 pm wavelength
(main inter-Stark transition of the *Fj /2 -4 /2 laser
channel of Nd37 activators [25]) is emitted. A pulse slicer
(PS) only transmits the central single pulse by optical
triggering of two double-Pockels-cells placed between
three polarizers in m—m—o orientation. The energy of
the resulting single pulse is about 200 pJ. In order to
increase this pulse up to than 40 mJ, Nd3+:Y3Al5015
amplifier in a double-pass alignment is designed. To
widen the beam diameter to 4.5 mm to adopt it to the
amplifier Nd3+:Y3Al;015 rod a telescope is used. After
the second pass through the A\/4-wave plate and the laser
rod the beam polarization is rotated by ninety degrees and
extracted with a Glan-laser polarizer (P3). A A\/2-wave
plate along with another Glan-laser polarizer (P3) is
inserted to attenuate the energy to the required value
keeping the plane of polarization parallel to the optical

table. In this case the IR-pump beam is suppressed behind
the doubler and before entering the investigated crystal by
a Schott BG39 glass-filter with a transmission of 0.015%
at A1 =1.06415 ym wavelength. The same filter is used
to suppress the IR-pump beam, as well as the deep red and
intense IR scattering components before the monochroma-
tor to investigate week lasing emission in the UV-region.
The nearly Gaussian pump beam is then focused into the
SRS-active crystal with a spherical plane-convex lens L;
(f=250 mm), resulting in a beam waist diameter of about
&~ 160 um. Alignment of investigated sample to the
required orientation is possible by three-axis translation
and rotation using a customized 3D-adjustable holder. A
spherical bi-convex quartz lens Ly (=50 mm diameter,
f=100 mm) and a plane-convex cylindrical quartz lens L3
(50x50 mm?, f = 100 mm) are used to collimate the lasing
scattering emission into the entrance slit of the monochro-
mator. The spectral composition of the multi-component
nonlinear x(®)- and y(?)-lasing in our phosphate crystals
studied was measured with a spectrometric multi-channel
analyzer system (CSMA) on the base a scanning grating
monochromator in Czerny-Turned arrangement (McPher-
son Model 270, dispersion of 6.8 A/pixel with a grating
of 150 lines/mm) that was equipped with two Hamamatsu
linear image sensors Si-CCD (S3923-1024Q with 1023
pixels) and InGaAs-CCD (G9204-512D with 512 pixels)
which provide good enough sensitivity in UV, visible, and
near-IR rangers (see Fig. 3b).

Several typical (x(® and x() lasing spectra of
NH4H>PO4 and ND4D5POy4 crystals recorded in differ-
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ent excitation geometries and results of their analysis are
shown in Fig. 4 — Fig. 7 and summarized in Table 3.
These data evidenced that we can to obtain almost two-
octave Stokes and anti-Stokes combs for both crystals un-
der excitation at Ag; =1.06415 pxm wavelength (20 com-
ponents from 1.5094 pm till 0.4135 pm for NH4H2PO4
see Fig. 4, and 22 components from 1.4819 pm till
0.3954 pm for ND4D>PO, see Fig. 5, including pump-
ing line for both cases). Carried out experiments showed
that in non-centrosymmetric NH4H>PO4 and ND4D>PO,4
crystals under selected pumping conditions could proceed
several nonlinear-lasing x(*)- and x(?-effects. In partic-
ular, there are non-phase-matchable SHG and THG, and
relating to them the cascaded self-sum-frequency mixing
processes. To clear supervision of these spectra we signif-
icant decreased unwanted (saturated) influence of strong
one-micron pumping and several first Stokes and anti-
Stokes bands emission on recording characteristics of the
used CSMA system. For this aim we used catalog optical
filters and other known experimental contrivances which
permit to enhance the real sensitivity of its Si-CCD sensor
in the visible and UV spectral regions. Obtained spectra
are shown in Fig. 4a, Fig.4 b, Fig. 5a, and Fig. 5b and re-
sults of their interpretation are given in Table 3. Among
other things under pumping at Ag; =1.06415 ym wave-
length we have recorded also in both crystals visible to
the naked one- or two-conical Cherenkov-type SHG for
all investigated excitation geometries. More details of the
observed new nonlinear optical effects in NH4;H>PO4 and
ND4DyPO,4 phospates will be published in a further paper.
It should be noted here that Cherenkov type SHG was ob-
served also in non-centrosymmetric crystals — in the trigo-
nal 3-LaBGeOs [27] and tetragonal Lis B4O~ [28] borates.
It is felt that such nonlinear-laser behavior is features for
all KDP-family crystals in the tetragonal D32-phase. At
least this confirm also numerous results of nonlinear-laser
experiments with crystals which listed in Table 1 and other
data on KDP-family crystals given in [2—4].

We can carried out also rough experimental esti-
mation of steady-state (ss) Raman gain coefficients for

first Stokes lasing components (gf; ) of NHsH2POy
and ND4D>PQOy crystals because our pumping conditions
are in accordance with this x(®)-nonlinear-laser gener-
ation regime 7, >Ty = (mAvg)™' =~ 04 (here T
is the dephasing time of SRS-promoting phonon mode
and Avg is the linewidth of the Raman shifted line
(see Table 2 and Fig. 8) related to the SRS-promoting
vibration transition). For this aim we restored to suffi-
cient tested method (see, e.g. [29]) based on the well-
known ratio [30] gfst}{lllﬁh”“lSRS ~30 and compara-
tive measurements under similar experimental arrange-
ments of “threshold” pump intensity (I;;hr) of the con-
fidently detectable first-Stokes signal for NH4HsPO, (at
Ast1—1=1.1802 pm, see Fig. 4) and ND4DyPO, (at
Ast1—1=1.1745 pm, see Fig. 5) phosphates and for ref-
erence crystal PbWO, with known value of g5'% coef-

ficient (at Agy; =1.1770 pm [31]) and with nearly the

ND4D2PO4 883 (a)
[ (DADP)

Avgy = 27 cm’!

Intensity, arb. units

I I I I I I I
0 200 400 600 800 1000 1200

Raman shift, cm-1

3r 2150 2240

Intensity, arb. units

1 1 1 1 1 1
1200 1400 1500 1800 2000 2200 2400 2600

Raman shift, cm-1

Figure 8 Room-temperature spontaneous Raman scattering
spectrum of ND4D2POj single crystal given in two fragments (a)
from O till 1200 cm ™! and (b) from 1200 till 2600 cm ™! (modi-
fied spectrum of [24] which was recorded in scattering geometry
x(yy)z under an Ar-ion laser excitation at 0.5145 ;sm wavelength).
The frequency of some intense Raman shifted lines are given in
cm™!

same SRS-active length (Isrs). Carried out measurements
showed that the first Stokes “threshold” intensity for ref-
erence tungstate was roughly 7 and 11 times less than
for NH4H>PO, and ND,D>PO, phosphates, respectively.
These data allow us to conclude that the desired git}z_l
coefficients not less than 0.44 cm GW—! for NH,H5PO,
and not less than 0.28 cm GW ! for ND,D,PO, crystal.
The activity of another recorded X(S ) -lasing in NH4H,PO4
and ND4D,PO, crystals that connected with their high-
frequency vibration modes is sufficiently low.

Now briefly about vibration nature of strong SRS-
promoting vibrational transitions of crystal studied. Its
primitive D22 cell contains two formula units, giving
rise to 3NZB" =72 degree of vibration freedom that are
distributed in accordance with the symmetry representa-
tions [32] (at k=0) as: I'7o =7A1+8A5+9B1+10B5+19E.
Among them three acoustic modes are symmetry Bs and
E, eight A; symmetry modes are optically inactive. Oth-
erwise species are the Raman active, among them ten
B> and eighteen double degenerate E modes are also IR-
active. Results of our preliminary analysis of recorded Ra-
man spectra and rich literature data on vibration prop-
erties NH4H2PO, and ND4D>PO, crystals (see. e.g.
[24,33] make possible to conclude that strong peaks at
~924 cm~! and ~ 883 cm~! wavenumbers which con-
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nected with the SRS lasing effect, are due to the totally
symmetric “breathing” A; (v )-optical mode of tetrahedral
PO4_3 groups of these phosphates. According to [24,34]
other SRS-active vibrations above 2000 cm~! belong to
internal stretching N-H(N-D) modes and H-H (D-D) bonds
of NH, (NDj) ions of studied phosphates.

4. Summary

We have conducted steady-state SRS experiments that
open up new nonlinear-laser capabilities of two non-
centrosymmetric NH4H>PO, and ND4DsPOy4 crystals
which widely used in piezotechnics, electrooptic, and
nonlinear optics. In particular, by one-micron picosec-
ond pumping we excited and recorded almost two-
octave multi-component their Stokes and anti-Stokes
combs (contining: 20 wavelengths within 1.5094 ym and
0.4135 pm range for NH4H2PO4 and 22 wavelengths
within 1.4819 pym and 0.3954 pm for ND4DsPO, crys-
tal) and cascaded nonlinear lasing x® — x(?) effects in
UV and visible ranges that involve of non-phase-matched
second and third harmonic emission of these phosphates.
All the recorded SRS and multi-wave mixing component
were identified and attributed to the SRS-active vibration
transitions of studied crystals. The estimated appreciable
values of first Stokes “one-micron” steady-state Raman
gain coefficients indicate that ADP and DADP crystals
could be classified as promising media for up- and down-
Raman laser frequency converters. We think that the ob-
tained experimental data of very spread Stokes and anti-
Stokes combs lets us come closer to the synthesis of fem-
tosecond optical waveforms. For this aim we plan to per-
form crossing two- or many-color pumping beams with
frequency differences that are equal to SRS frequencies in
NH4H>PO4 and ND4D5PO; crystals.
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