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The process of stimulated Raman scattering (SRS) allows to convert laser emission wavelength of crystals
providing suitable molecular or lattice mode which contribute to the third order nonlinear optical susceptibility.
Renewed interest in this field emerged because of the discovery of SRS in crystals that contain molecular units
exhibiting Raman active modes. Particularly, organic nolinear optical crystals used so far frequency doubling
and third harmonic generation seem to have a great potential for SRS application. This review paper reported
same results on an efficient SRS lasing effects that were discovered recently in organic crystals.

PACS: 42.70.Hj

1. Introduction. Stimulated Raman scattering
(SRS) in optical crystalline materials is of topical inter-
est in modern solid-state laser physics. The SRS process
allows to shift laser emission wavelength and compress
laser pulses, it can improve the spatial quality of laser
beams as well as the contrast between peak and back-
ground intensities of ultra-short laser pulses, etc. In the
last two decides, solid-state SRS science and technol-
ogy were becoming more wide spread (see, e.g. [1-3]).
Growth in the activity has been made possible by the
discovery of several new SRS-active inorganic crystals,
including a successful application given by nano- and
picosecond Raman lasers generating specific and other-
wise hard to reach wavelengths in a wide spectral range
[3—5]. Among other current applications of new Ra-
man lasers, remote sensing of the atmosphere is of great
interest [6]. Furthermore, crystalline lasers using SRS
conversion process are very attractive for medical treat-
ments and for laser guide stars in precise astronomical
experiments (see, e.g. [7]).

New generation of Raman lasers requires crystalline
materials providing a large frequency shifts up to
3000cm~! or more. Unfortunately, with inorganic crys-
tals such shifts are difficult if not impossible to real-
ize due to their ionic structure. As can be seen from
Table 1, among known SRS-active inorganic crystals a
largest Raman frequency shift has been measured for
calcite (CaCOy3) [8] and lithium formate monohydrate
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(LiHCOO - H20) [9]. During last three years we have
been discovered an efficient SRS effects in several or-
ganic crystals many of them as indicated in Table 2 pos-
sess a frequency shifts as large 3000cm~! and a rela-
tively high steady-state Raman gain coeflicients for the
first Stokes generation. A number of them offer also
both nonlinear x(® + x(?) susceptibilities, which may
give rise to diverse parametric generation acts. It is
of interest that in the field of nonlinear optical organic
crystals the attention has mainly been directed towards
second and third harmonic generation (see, e.g. [25,26]),
but not towards SRS. This is rather astonishing, because
the bright optical x(3) effect, such as the SRS, was dis-
covered in organic liquid (nitrobenzene) in 60’s just in
the beginning of laser era [27].

Present short review represents some main results
on SRS spectroscopy of organic crystals - newel fam-
ily of nonlinear laser solid-state materials, and on new
self-frequency conversion parametric effects observed in
them under ultra-short laser excitation.

2. The steady-state SRS. The nonlinear fre-
quency conversion effects (SHG, SRS, etc.) are possible
in any optically transparent crystals in which the elec-
tron cloud of atoms tend to be polarized, i.e. the refrac-
tive index n is a function of the electric-field strength E
of the propagating laser emission through these crystals
(see, e.g. [28—30])

n(E) = ng + mE + noE? ... (1)
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Selected easily accessible inorganic SRS-active crystals with laser frequency shift (wsrs)
more than 900cm~! [2, 3, 5, 8 —11]*

Crystal Space group Nonlinearity Lagest SRS-active
Notation Number (class) vibration mode (cm™1)
LiHCOO-H20 C3, — Pna2; | (No. 33) | x® +x® (polar) ~ 1372
NaClO3 T* — P2;3 | (No. 198) x® +x® ~ 936
NaY(WO4)2 C$, —I42/a | (No. 88) x® ~ 914
KH>PO4 (KDP) D32 —I%,2d | (No. 122) x3® +x® ~ 915
KAI(SO4)2 - 12H0 TS — Pa3 (No. 205) x® A~ 989
a-KY(WOy4)2 cs, — C2/c (No. 15) x® 905
a-KGd(WO4)2 cs, — C2/c (No. 15) x®) 901
a-KYb(WOy4)2 c$, —C2/c | (No. 15) x® ~ 907
a-KLu(WO4)2 cs, — C2/c (No. 15) x® 907
CaCOs3 DS, — R3¢ | (No. 167) x® ~ 1085
CasGd(BO3)30 Cc3—Ccm (No. 8) x® +x® (polar) 933
CaWO, C$, —I43/a | (No. 88) x® ~ 908
ZnWO4 Ch, — P2/c (No. 13) x® 907
Sr5(PO4)sF C%, — P63/m | (No. 176) x® 950
SrWO4 CS, —I42/a | (No. 88) x® 922
Ba(NO3)2 T¢ — Pa3 (No. 205) x® ~ 1047
BaWO4 CS, —I42/a | (No. 88) x® 924
B'-Gd2(MoO4)s C8§, — Pba2 (No. 32) | x® +x® (polar) 960
PbWO4 CS, —I42/a | (No. 88) x® 901

Table 1

*Most of these crystals are already commercial materials as the laser host-crystals (indicated by bold letters) and crystals for second
harmonic generation (SHG), as well as some of them are well known birefringent and scintillator crystals (see, e.g. [12—15]). The
diamond is also x(a)-active crystal with wsps ~ 1333 cm™—1! [16], but it is not easily accessible.

here ng is the “linear” refractive index, and ny, ns and
so on are the higher-order coefficient of n(E). A dielec-
tric polarization vector P, defined as the electric dipole
moment of the optical crystal can be described phenom-
enologically in terms of nonlinear susceptibility tensor of
a crystal by expressing its polarization as a power series
in electric-field strength E as

P(E) — X(O)E + X(Z)E2 + X(3)E3 +... (2)

where x(?) is the linear susceptibility tensor responsi-
ble for linear optical phenomena such as refraction and
reflection of the light; and x(®), x®), etc. are the non-
linear optical susceptibilities of a crystal. These tensors
are related to the linear and nonlinear refractive index
as follows

i(ng —1), x® = inonh x® = inong,
4 27

)
and responsible for a large variety of nonlinear optical
phenomena. The most important nonlinear frequency
conversion effects arise from the second and third terms
in Eq. (2), which are connected to electrical polarization
as the are quadratic and cubic functions of the electri-

cal field strength. The second terms in Eq. (2) in gives
rise to frequency mixing, in particular SHG in acentric
crystals, whereas the tensor x(3) of the third terms is
not subsided to symmetry restrictions. Therefore, in
x®)-active crystals several nonlinear processes, such as
SRS, third harmonic generation and so on are available
in optically isotropic and anisotropic crystals (Table 3).

The Raman lasers based on x(®-crystals as men-
tioned above are extensively growing area in modern
laser material science and solid-state laser physics. It is
not feasible to present an examination of main theoret-
ical aspects of SRS laser frequency conversion in solids
used so far. A few such comprehensive reviews are al-
ready present in the literature (see, e.g. [1, 3, 28,29,31—
34]). Depending on the pump pulse duration 7,, two
temporal SRS regimes, steady-state and transient, can
be considered. The main condition for the steady-state
pumping condition, which is of more interested for many
practical cases and which was realized in most known
nano- and picosecond crystalline Raman lasers, is

7 > T = (mAvg) ™!, (4)
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Table 2

SRS-active organic and organometallic crystals [17—21]

Crystal Space group Nonlinearity SRS-active Observed
Notation Number (class) vibration nonlinear
mode (cm™1!) laser effect)
Organic
C12H220112) Cc3 - P2, (No. 4) x2) 4+ x(3 ~ 2960 SHG, SRS,
(sucrose, sugar) (polar) self-FD,
self-SFM
C13H100 D% — P212:121 | (No. 19) | x® 4 x©®) 3070, 1650, SHG, SRS
(benzophenone) 998, ~ 103
C13H1003 D§, — Pbca | (No. 61) x® ~ 3150 SRS
(salol)
a-C14H;5,0%) C3, — P21/c | (No.14) x® 3065 SRS
(4-methylbenzophenone)
C14H1002% D} —P3;21 | (No.152) | x® +x® ~ 1000 SHG, SRS
(benzil, dibenzoyl)
C15H19N302 C3, — Pna21 | (No. 33) | x® 4+ x® ~ 1280 SHG, SRS,
(AANP)3) (polar) self-SFM
C16H15N304 Cct—Cc (No. 9) x@ + x® ~ 1587 SHG, SRS,
(MNBA)® (polar) self-FD,
self-SFM
Organometallic
C14H36NgO13Zr D} — C222; (No. 20) | x® +x®) | ~ 1008, ~ 2940 | SHG, SRS
(GuZN-I11)7)
C13H2o Ny T1Zr C3 — P2, (No. 4) x@) +xB) | ~ 1005, ~ 2950 SHG, SRS
(TIGuZN)®) (polar)

1)Used abbreviations self-FD and self-SFM are the self-frequency doubling and the self-sum-frequency mixing, correspondingly.
2)Strongly shifted Stokes and anti-Stokes picosecond generation (wsrs &~ 2915 cm™~!) was observed also in glassy sugar caramel. Both
sugar materials, single crystals and glassy caramel are easily accessible and very cheap. They were bought in pastry shops.

3)It is known also the metastable 3-C14H120 phase which has trigonal space group C§ — P3; (No.144) or C§ — P3; (No.145) [22].
91In accordance with [23] space group could be also D§ — P3321 (No.154).

5)Full chemical name is the 2-adamantylamino-5-nitropyridine.

8 Full chemical name is the 4'-nitrobenzylidene-3-acetamino-4-methoxyaniline.

")Full chemical name is the bis(guanidinium) zirconium bis(nitrilotriacetate) hydrate.

8)Full chemical name is the thallium quanidinium zirconium bis(nitrilotriacetate) dihydrate [24]. Refined data on SRS and SHG will be
published soon with Dr. E.Haussiihl, who grew and characterized of this crystal.

here T» is the dephasing (phonon relaxation) time of
the SRS-active vibration mode and Avg is the linewidth
(FWHM) of the corresponding Raman-shifted line with
a frequency wggrs in the spontaneous Raman scattering
spectrum. The condition for the first Stokes steady-state
generation regime in Raman lasers based on x(®)-active
crystals [35]

Roexp [2(g5ik Iplsrs —oler)], =1 (5)
is very nearly the same as the condition for stimulated-
emission (SE) generation in the usual lasers on the base
of activated crystals [36]

Rm exp[2(AN05ElSE — plc,.)])‘SE =1. (6)
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In Egs. (5) and (6): gf:;zIpLSRS is the Raman gain
factor (here: gif}? is the steady-state Raman gain co-
efficient, I, is the laser pumping intensity, and lggrs is
the SRS-active crystal length), « is the loss coefficient at
the first Stokes wavelength Agy,, l.r is the total crystal
length, R,, = R,1R.2 is the reflectivity of resonator
mirrors, ANogg is the gain coefficient (here: AN is the
inversion population of the Stark laser levels and osg
is the cross-section of inter-Stark laser transition of an
activator ions), and p is the loss coefficient at the SE

wavelength Agg.

If the intensity of plane-wave fundamental pump-
laser radiation is much higher than the intensity of the
first Stokes generation (I, > Igy, ), i.e. when the level
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Table 3

Some possible x(?)- and y(%)-effects in undoped nonlinear-laser crystals (see, e.g. [31])

Nonlinear effect?) Frequency Nonlinear Note
Incident Created Susceptibility
Second harmonic generation?) w,w 2w x®) UV and visible
generation
Sum frequency mixing2) w1, w2 w3 = w1 + w2 x(z) Up-conversion
Difference frequency mixing2) w1, w2 w3 = w1 — w2 x(2) IR generation
Third harmonic generationz) W, w,w 3w x® vUv
generation
Sum frequency mixingz) wi,w2,ws | w4 =w1 +w2+ ws VUV and UV
generation
Stimulated Raman scattering3) w1 wo x(3) wo = w1 T wsgrs
Two-photon absorption3) w,w — x®) we = 2w

It is available also self-frequency conversion effects, namely self-FD, self-SRS, etc.

2)Phase matching required.
S)ws rs and w. are the crystal frequencies.

of pump depletion is very small, the SRS amplification
at the first Stokes emission can be written [37] as

dlss,
di = g% I(Isrs) - Ist, (Isrs)+
SRS
FL(Isks) - 2 NepsAQ =
pllsrs) - 5o NsrsAQl =

= 9ok Ip(Isrs)Ist, (Isrs) + Ist, (Isks = 0)],  (7)
where Ig;, (Isrs = 0) is the intensity of the sponta-
neous Raman scattering at the wavelength Ag;, of the
first Stokes generation (in the beginning lggs = 0 of
the amplified crystal, i.e. from zero-point fluctuation of
spontaneous scattering)

gt _ Xy Nons do 1
R mn%, hvp dQ Avg

(8)

Clearly, in the first Stokes lasing process, very weak
spontaneous Stokes Raman scattering provides the ma-
jor contribution, because its frequency-shifted emission
at wsgrs of the intensive line (s) acts as a “seed” for
SRS amplification. This situation is analogous to the
luminescence (spontaneous emission) in the laser action
in activated crystals. In Eqgs. (7) and (8): do/dQ is the
Raman scattering cross-section of the vibration transi-
tion of the crystal, Nsgs is the number (concentration)
of SRS-active scattering centers ng;,, is the refractive
index of the crystal at wavelength Agy,, and AQ is the
small solid angle of SRS lasing. As seen from Eq. (8),
the gf:}% coefficient is linearly proportional to the Raman
scattering cross-section and inversely proportional to the
linewidth of the spontaneous Raman scattering transi-

d 1
W, - may be considered as the

tion. The product 0 Avm

spectroscopic parameter providing a measure for peak
intensity of a spontaneous Raman transition. This figure
of merit, as shown in [38,39], can be used in a compara-
tive selection for suitable SRS-active crystals. Therefore,
high-gain Raman crystals for steady-state SRS laser con-
verters should have a small Avg value and strong spon-
taneous Raman scattering transition. Solving Eq. (7)
yields (see, e.g. [29])

Isi,(Isrs) = Ist, (Isrs = 0) exp(g5, k Iplsrs).  (9)
In many known experimental cases (see, e.g.

[3,30,32,33,40]) SRS lasing at the first Stokes wave-
length (wsy, = wp — wsrs) becomes with any assurance
measurable when the increment in Eq. (9) reaches a
value of g5t Ilsps = 25-30, which corresponds to
a energy conversion efficiency of approximately 1%.
The laser pumping intensity (I, = I;n,) providing such
an efficiency value is conditionally considered as the
first Stokes steady-state threshold pumping intensity
(Ist,/Ltnr =~ 0.01). Thus approach makes possible
tentatively estimate of the gf;tjz value for x(®)-active
crystals in rather simple pumping geometries, as in the
single-pass SRS experiments (see, e.g. [11,41]).

Due to very strong x(®)- and x(®-nonlinearities
of the most used organic crystals (see Table 2), the
pumping condition in conducted SRS experiments were
slightly different from the model mentioned above. To
avoid a manifestation of other possible nonlinear effects
(SHG, two-photon absorption and so on) in them, we
can make only a comparative estimation of their gf:}% co-
efficients applying several reference x(3)-active crystals
(PbWOy4, a-KY(WO4)2, a-KGd(WOy4)2, and NaClO3
[14,42,43]) and relatively “soft” excitation condition.

IIucema B AAT® Tom 78 BeII.9-10 2003
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As a threshold intensity in these comparative exper-
iments we assumed the pumping energy at which the
steady-state first Stokes lasing becomes confidently per-
ceptible (usually with signal/noise ratio ~ 2). Con-
ducted measurements with our organic crystals showed
that in the most cases their first-Stokes pumping “soft”
threshold significantly less then the “1%-threshold”.

3. SRS spectroscopy of organic single crys-
tals. The spectroscopic single-pass SRS experiments
in [17-21] were done using oriented samples of or-
ganic single crystals with different active length (from

GuZn-III crystal Czerny-Turner

P

F=25cm F=20cm

Si-CCD

0.53207
1.06415%*

-1
Wgpgy ~ 2940 cm

B —

8106

of )

04 05 06 07 08 09 10 1.1 12
Wavelength (pum)

SRS intensity (arb. units)

Fig.1 The orientational SRS and SHG spectrum of an or-
thorhombic C14H26NgO13Zr (GuZN-III) crystal obtained
in pumping geometry c(aa)c under picosecond excitation
at Af1 = 1.06415 pm wavelength (fundamental pump line
is asterisked), as well as a scheme of the experimental
single-pass set-up (above) [20]. Wavelengths of all lines are
given in pym and their intensity are shown without correc-
tion of spectral sensitivity of used analyzing CSMA system
(see Fig.2). Anti-Stokes line related to SRS-active vibra-
tion mode of the crystal wsrs2 ~ 2940cm™" is indicated
by the horizontal arrow

lsrs ~ 0.5mm for AANP to lsgrs ~ 25mm for ben-
zophenone and GuZN-III ). The reference and mea-
sured crystals were equal in length and their optical
faces were polished plane-parallel but not anti-reflection
coated. For the excitation steady-state Stokes and anti-
Stokes generation in organic crystals, we used a home-
made picosecond Nd3t : Y3Al5015 laser with ~ 30% ef-
ficient frequency doubler that generates =~ 110 ps pulses
(FWHM) at Ay = 1.06415 ym and an energy up 3mJ,

Mucema B MATP® Tom 78 BRIM. 9-10 2003
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Fig.2. The orientational SRS and RFWM spectrum of
an orthorhombic C14H26NgO13Zr (GuZN-III) crystal ob-
tained in pumping geometry a(cc)a under picosecond ex-
citation at Af2 = 0.53207 um wavelength, as well as wave-
length dependence the spectral sensitivity of used analyz-
ing CSMA system (above) [20]. Stokes and anti-Stokes
lines related to SRS-active vibration modes of the crystal
wsrs1 = 1008 cm ™! and wsrse & 2940 cm ™! are indicated
by horizontal brackets. Other notations as in Fig.1

and = 80ps SHG at Az2 = 0.53207 um wavelength [44].
Pump radiation with Gaussian beam profile, as need,
were focused onto the investigated crystal by a lens with
a focal distance adjusted (F' = 25 cm) such that the SRS
lasing was maximum without a surface and volume opti-
cal damage sample, resulting in a beam waist diameter
of about 160 um (see used setup in the frame of Fig.1).
The spectral composition of the Stokes and anti-Stokes,
as well as self-FD and self SEFM generation emission was
measured with a CCD-spectroscopic multichannel ana-
lyzer (CSMA) consisting of a scanning grating mono-
chromator (with Czerny-Turner arrangement), an ana-
lyzer, and a Si-CCD array-sensor (Hamamatsu S3923-
1024Q) as a detector. The sensitivity dispersion of this

11*
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CSMA system is given in the inset of Fig.2. Below are
shown several selected SRS spectra of investigated or-
ganic crystals.

3.1. Cl4H22N8013ZI' (GHZN—III) crystal [20], two
SRS-spectra (see Fig.1 and 2) are shown an identi-
fication of observed Stokes and anti-Stokes lines re-
lated to two SRS-active optical vibration modes of the
crystal wsrs1 ~ 1008cm ™! and wsrss ~ 2940cm 1.
The analysis is shown that for the 62-atomic mole-
cule C14Hs6NgO13Zr of a GuZN-III structure with or-
thorhombic space group D3 and Z = 4 (2 for primitive
unit cell) overall degrees of freedom (3N x 2) = 372
distributed into (at k = 0, center of Brillouin zone):

I'v =92A+94B; + 93B;> + 93B3

irreducible representations. In accordance with [45], the
A modes of a GuZN-III crystal are Raman active only,
and those of B;, By, and B3 are both Raman and IR
active. Among them the (B; + B + Bs) species are
acoustic modes. As an illustration, Fig.3 shows the Ra-
man spectrum of the fully symmetric A species, which

6 104 ~a(cc)=a
C4Hp,NgO 3 Zr

5+ GuZn-II1
2 ~ 1008
g 4r |I® ~2940
O
& 3t
z 509
g 2k 401
= 968
= 1 916

op 1

0 500 1000 1500 2000 2500 3000 3500

-1
Raman shift (cm )

Fig.3. The room-temperature polarized spontaneous
Raman scattering spectrum of an orthorhombic
C14H26NgO13Zr (GuZN-III) crystal registered under
experimental geometry =a(cc)~a [20]. Raman shift of
several intensive lines are given in cm™'. The arrow at
zero corresponds to excitation by CW Nd3* : Y3Al5012

laser at 1.06415 pm wavelength

was recorded under excitation geometry ~ a(cc) ~ a
practically as in the case of the SRS spectrum exhibited
in Fig.2. The assignment of its strongest Raman shifted
lines to the respective vibration modes of a GuZN-III
crystal yields that the A-symmetry lines at ~ 1008 and
~ 2940 cm ™! are promoting modes of observed SRS las-
ing components. They correspond to the stretching vi-

brations of the CH; and N-C-O bond systems, respec-
tively.

3.2. C13H190  (benzophenone), a-C14H12,0
(4-methylbenzophenone), and C34H;1002 (benzil)
crystals [18]. Their Stokes and anti-Stokes spectra
are given in Figs.4 and 5. The analysis conducted
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Fig.4. The orientational SRS and RFWM spectra of an
orthorhombic C13Hi100O (benzophenone) crystal obtained
in pumping geometry ~b(~c=c)~b under picosecond
excitation at (a) Afj; = 1.06415 um and (b) A2 =
= 0.53207 pm wavelengths [18]. Stokes and anti-Stokes
lasing lines related to SRS-active vibration modes of the
crystals wsrs1 = 998 cm™ !, wsrs2 = 1650 cm ™!, wsrss =
= 3070cm™!, and wsrss = 103cm™! are indicated by
horizontal brackets. Other notations as in Fig.1

in [18] is shown that most of their SRS-active modes
(with the frequency of ~ 3070, 1650, and ~ 1000 cm—!)
Mucema B IAT® Tom 78
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Fig.5. Stokes and anti-Stokes lasing spectra of (a) a trigo-
nal C14H100> (benzil) and (b) a monoclinic a-C14H;20 (4-
methylbenzophenone) crystals obtained under picosecond
excitation at Ay; = 1.06415 pm wavelength [18]. Pumping
geometry for C14H1002 crystal was L b(~ b~ b) L b and
the a-C14H120 crystal was random oriented. The SRS-
active vibration modes of these crystals are indicated by
horizontal brackets. Other notations as in Fig.1

correspond to the »(CH) vibrations of the benzene ring,
v(C = O) vibrations of the carbonyl unit, and symmet-
ric »(CC) vibrations of the benzene ring, respectively.
The ~ 103 cm ! SRS-mode is lattice vibration;

4. Nonlinear laser x(®)- and y(?-effects. In ad-
dition to very large Raman shift and efficient first Stokes
generation in discovered SRS-active organic crystals in
same an acentric of them, what are more a polar crystals,
were observed combined nonlinear lasing effects, namely
self-FD and self-SFM [19-21]. This potential allows
to classify these materials a as promising (x(®) + x)-
medium for a new type of laser-frequency converters.

4.1. C12H22071 (sucrose or sugar) crystal [21].
Due to its low symmetry and, hence, the large number of
the vibrational modes (3NZ = 270; 'y = 1334 + 1378,

IIucema B MRATP® Tom 78 BeIm. 9-10 2003
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Fig.6. Random oriented Stokes and anti-Stokes lasing
spectra of (a) a monoclinic C12H2201: (sugar) crystal and
(b) glassy sugar caramel obtained under picosecond excita-
tion at Ags = 0.53207 pm wavelength [21]. The SRS-active
vibration modes of these organic materials are indicated by
horizontal brackets. Other notations as in Fig.1

here (A+2B) are acoustic modes), it is quite difficult at
this initial stage of the research to establish the relation
of observed SRS-mode wsgrs ~ 2960cm~! (Fig.6a) to
the specific C-H vibrational bond (v[CH] or v[CHa,]).
It is interesting to note here that food sugar glassy
caramel offers also very efficient SRS lasing (Fig.6b).
Besides intensive Stokes and anti-Stokes lasing compo-
nents, under picocesond pumping in a sugar, which is
sufficiently good UV crystals, were also observed rather
efficient (x(®) +x(?))-nonlinear self-frequency conversion
effects, namely the self-FD (Asep-pp = 0.3158 um, i.e.
1/2)\5151, or Wsgg = 2w5t1) and self-SFM (Aself_SFM =
= 0.2887 pm, i.e. T2, Ay, OF wspM = Wf2 + Wst, )-
The SHG- and SRS-potential, availability, very low cost,
and various structural modifications of a Ci12H2201;
make this crystal quite attractive for application in mod-
ern laser physics and nonlinear optics.
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Table 4

Parametric lasing effects of nonlinear (x(3) + x(z))-interaction in organic polar crystals C15H19N3O2 and
C16H15N304 under picosecond Nd3+ : Y3 AlsOq2-laser excitation at Af1 = 1.06415 pm wavelength [17,19].

x® and x(?) generation component SRS-ctive
Wavelength Line Attribution crystal vibration
(um)D mode (cm~1)
C15H19N3O32 crystal, Isps ~ 0.4mm 2) (Fig.7a)
0.53207 SHG (1/2Af1) 21 -
0.5710 Bs1,Ast1 (Asett-sem) ¥ ws1 + (w1 — wsrs) ~ 1280
0.6160 YAr1,Ast2 (Aserf-sFMm) 3) w1+ (Wfl —2wgRs) ~ 1280
0.8363 ASts (Aasia) w1 + 2wsRS ~ 1280
0.9366 ASt1 (Aast1) wf1 +WSRS ~ 1280
1.06415 Af1 wi1 -
1.23209 St1 (Ase1) Wf1 — WSRS ~ 1280
1.4626 9 Sta (Ase2) wf1 — 2WSRS ~ 1280
C16H15N30; crystal, Isps ~ 1 mm 2 (Fig.7b)
0.53207 SHG (1/2Xf1) 201 -
0.5811 BAs1, Ast1 (Aserr-sem) 2 wfi + (Wi — wsrs) ~ 1587
0.6402 SHG (1/2)g41) 20541 = 2(wf1 — WsRS) ~ 1587
0.7126 st Ast2 (Asert-sFm) D) | (wr1 — wsrs) + (wp1 — 2wsgs) ~ 1587
TAf1,Asts (Asere-sem) © wy1 + (wf1 — 3wsrs)
0.7955 ASty (mAasi2) wy1 + 2wsrs ~ 1587
0.8334 SHG (1/2As12) 2wst2 = 2(wyg1 — 2WSRS) ~ 1587
0.9104 ASt; (AAgs1) wf1 + WsRs ~ 1587
1.06415 Af1 w1 -
1.2804 %) St1 (Ass1) Wf1 — WSRS ~ 1587
1.6069 %) Sta (Ass2) wf1 — 2WSRS ~ 1587

1)Measurement accuracy is 0.0003 ym.
Dwsgrs is the SRS-lasing length of crystalline element.

3) Aself-sFM is the wavelength of the self-sum-frequency mixing generation in which was involved the pumping with the fundamental wy;
frequency and arising in the crystal first or econd Stokes lasing with ws;, = wf1 —wsrs or ws2 = w1 — 2wsgrs frequency.

4)Due to zero sensitivity of used Si-CCD sensor (see Fig.2) the Stokes lasing at this wavelength is not detectable.

5) Aseif-sFu is the wavelength of the self-sum-frequency mixing generation in which was involved the pumping with the first and second
Stokes lasing emissions with wss; = wy; — wsrs and wsi2 = wy1 — 2wsrs frequency.

6)Due to strong absorption (optical transparent of this crystal covers the spectral range of &~ 0.51— & 2.2 um, see also Fig.7b) it is
possible, in general, weak third Stokes lasing at the wavelength Ag;3 = 2.1570 um, but this self-sum-frequency mixing generation process

is unreal.

4.2, Cl5H19N303 (AANP) [19] and 016H15N304
(MNBA) [20] crystals. In these papers has been discov-
ered a great potential for very efficient SRS acting of
these two polar organic crystals. To our best knowl-
edge, among all known x(3)-active crystals they offer
the greatest value of the steady-state Raman gain coeffi-
cient in near IR. These crystals are promising candidate
for a new generation of Raman laser converters, where
relatively short their SRS-interaction lengths (less then
1mm) allow for miniaturization. In AANP and MNBA
were observed also several new parametric lasing effects
which are illustrated in Table 4 and Fig. 7. According to
[19], for the 39-atomic C15H19N303 of a AANP struc-
ture overall degrees of freedom 3NZ =468 distributed
into

'y =117A; + 11745 + 117B; + 1178,

irreducible representations. The vibration modes can
be divided into acoustic I'r = A; + B; + Bs, internal
I'; = 1114; + 11145 + 111B; + 111Bs, and transla-
tory and rotatory I'tv = 24; + 345 + 2B; + 2B5 and
I'r = 34; + 345 + 3B; + 3Bs, respectively. All opti-
cal modes are Raman active. Observed SRS spectrum
shows (Fig.7a) Stokes and anti-Stokes lines which re-
lated to the wsrs = 1280cm ™! vibration mode. It
connected with strongest vibration of the bond C-N-C
which links the pyridine ring and adamantylamino sys-
tem of AANP crystal. Unfortunately, vibration mode
analysis for a MNBA crystal is embarrassing at present
due to absence of precise X-ray data. It should be done
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Fig.7. Parametric Raman lasing spectra of (a) or-
thorhombic CisHi9N3O2 (AANP) and (b) monoclinic
C16H15N304 (MNBA) crystals obtained in pumping
geometry b(aa)b for AANP and b(=a=a)b for MNBA
under picosecond excitation at Af; = 1.06415 pm wave-
length [17,19]. The arrows indicate the spectral posi-
tions of the first and second Stokes lines non-detectable
by the used Si-CCD sensor (see Fig.2). The fragments of
nonpolarized transmission spectra of 0.4- and =~ 1-mm
thick samples for AANP and MNBA, respectively, are
shouwn by dashed lines. The SRS-active vibration modes
of these strongly nonlinear crystal are indicated by hori-
zontal brackets. Other notations as in Fig.1

late. The large nonlinearities and hence a very effi-
cient Stokes and anti-Stokes generation related to the
wsrs ~ 1587 cm~! vibration mode and other manifes-
tation of frequency conversion lasing of MNBA with
aromatic rings, donor -OCHj3 and acceptor group —
NHCOCHj3;, are due to extended m-electron conjugation
[25,46].

5. Conclusion. We have demonstrated a great po-
tential for efficient SRS laser acting in several organic
and organometallic crystals. These first observation of
their large frequency shifts, high steady-state first Stokes
Raman gain coefficients, as well as self-FD and self-SFM
parametric effects let us hope that these novel materi-
als may be used for a new generation of Raman laser
converters, where relatively short their nonlinear x(3)-
interaction lengths allow for very attractive miniatur-
ization. Nearly completion the paper will be in order to
illustrate the results of our experimental estimations of
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corresponding value of the gain gfﬁz coefficients for sev-

eral investigated crystals. These data a given in Table 5.
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Laser Systems. Special thanks must go to Professor
A. 7. Grasyuk for numerous discussions on SRS prob-
lems, as well as for careful reading of the manuscript and
comments. The author acknowledges the partial support
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Ministry of Industry, Science and Technology, as well as
from Alexander von Humboldt Foundation for Research
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