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Abstract

The frequency shifts based on stimulated Raman scattering SRS in Raman-active materials are

experimentally investigated. A mode-locked Nd:YAG ps-single-pulse laser is used to study the

Stokes and anti-Stokes shifting under single pass and resonant conditions. This leads to

generation of new solid-state Raman lasers.

First part of this work is the generation of SRS in inorganic, organic crystals and glassy

materials. The laser radiation shifts to Stokes lines with frequency smaller than the laser

frequency and anti-Stokes lines with frequency higher than the laser frequency.

BiB3O6, Bi4Ge3O12, Bi4Si3O12, AANP, C13H10O, GuZN-III and 4´-Nitrobenzylidene-3-Acetamino-

4-Methoxyaniline crystals are investigated as a new efficient shifter crystals. They combine SRS

and second harmonic generation SHG nonlinear frequency conversion in the same crystal and

allow to efficiently shift the  Nd:YAG laser emission to discrete lines in the visible.

Self-SHG is observed in a C16H15N3O4 crystal, SHG of the first (�S1 = 1280.4 nm) and second

(�S2 = 1606.9 nm) Stokes lines generate �SHG = 640.2 nm and �SHG = 803.4 nm, respectively. This

is the first observation of the self-SHG effect in organic single crystals.

Second part of this work is the investigation of Raman lasers to reach new near-IR wavelengths

and conversion to the visible. Resonant SRS to the second-Stokes line and subsequent SHG with

a doubler crystal extends the Nd:YAG wavelengths to the red spectral region. Second-Stokes

Raman-lasers with PbWO4 and Ba(NO3)2 crystals at wavelengths 1316.6 nm and 1369 nm,

respectively are available. Raman Stokes lines in IR at 1316.6 and 1369 nm are converted to the

visible spectral region at 658 nm and 685 nm wavelengths with KD*P frequency doubling

conserving the good Stokes beam quality.

Finally, Solid-state Raman laser with wavelength shorter than the pump beam is available. First-

anti-Stokes Ba(NO3)2 Raman laser at wavelength 957 nm is demonstrated for the first time. For

generation first-anti-Stokes Raman laser nanosecond Nd:YAG laser at 1064 nm wavelength with

pulse duration 8-9 ns was used.
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1 Introduction

Raman light scattering is a third order nonlinear optical process that has been observed in many

types of materials. Initially, the investigations of Raman scattering centered on trying to

understand the fundamental physics associated with the process. Once the physics of the process

was understood, Raman scattering become useful as a spectroscopic tool to study the vibrational,

structural, and chemical properties of molecules and solids and a common method for chemical

analysis [1-1]. Stimulated Raman scattering (SRS) was first observed by Woodbury and Ng

[1-2] with ruby lasers in 1962. SRS has been then demonstrated in various gas, liquid and solid

state media [1-3, 1-4], but most practical applications involve the use of a gas cell. Fig. 1.1.a

shows a single pass SRS experiment, with the Raman active material between two convex

lenses. The first lens focuses the pump beam into the Raman medium and the second lens

collects the scattered beam into the spectrometer. SRS can be used to shift the emission

frequency of lasers to different spectral region. Solid-state Raman active crystals are attractive

media for SRS, offering high gain and better thermal characteristics than more-widely used,

gaseous media. A great variety of crystals have been investigated for Raman scattering and these

provide Raman frequency shifts from 10 cm-1 to 3000 cm-1 in the spectral range from the

ultraviolet to infrared [1-1]. However, few crystals have been identified that possess the narrow,

isolated, and intense Raman active modes necessary for efficient scattering [1-5]. In solids there

are intense modes that can be attributed to internal symmetrical vibrations within covalent ion
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complexes, such as (CO3)1-, (NO3)1- and (WO4)2-. It has been suggested by Eckhardt [1-5] that

molecular crystals containing these complexes should exhibit strong SRS. The first experiments

on SRS in solids were made in diamond, calcite and �-sulfur single crystals [1-6]. Natural

calcite has been investigated as SRS crystal due to its comparatively large size and easy

availability. It has an isolated molecular vibronic mode with a large phonon energy of 1086 cm-1.

Fig. 1.1: Experimental

set-up to observe SRS

a) the investigated

material was

positioned between two

lenses for single-pass

SRS.

b) the crystal is

equipped with two

mirrors M and OC to

form Raman-resonator

or Raman-laser.

The SRS efficiency can be quite high and further improvement is possible by arranging the

Raman crystals between two mirrors forming an optical resonator. Such Raman lasers

convert up to 80% of the pump power into the first Stokes power. Fig. 1.1.b shows a plano-

concave linear resonator for Raman lasers. The Raman active material was positioned between

the plane mirror M and the output coupler OC. At present, the SRS-active media most

commonly used in Raman lasers are the cubic Ba(NO3)2, monoclinic KGd(WO4)2–(KGW) and

tetragonal PbWO4 crystals. The Raman laser crystals which have been investigated intensively

during the last few years are listed in Table 1.1. A Raman laser in the visible region based on

Ba(NO3)2 crystal was investigated [1-7, 1-8]. Furthermore, infrared Ba(NO3)2 Raman laser in the

eye-safe region have been demonstrated [1-9, 1-10]. Compact, solid state and multi-wavelength

Raman laser action based on Nd3+:KGW crystal for IR and visible spectral regions was

demonstrated [1-11]-[1-12]. Recently, a laser diode-pumped compact, passively Q-switched,

self-stimulating Nd:PWO/Cr:YAG Raman laser was achieved [1-13].
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Table 1.1:  Optical transparency, Raman shift (�R), Raman gain (gR), Raman line width (��)

and relaxation time (TR) of selected Raman active crystals which are suitable for

Raman lasers.

Crystal Optical
transparency

(�m)

�R (cm-1) gR [cm/GW] �� [cm-1] TR [ps]

Ba(NO3)2 � 0.4 - � 1.8 1047 10-11 0,42 25
CaWO4 � 0.24 – � 6 908 3 � 0.8 7 � 1.5

901 � 3.3 � 5.7 1.9
KGd(WO4)2 � 0.34 – � 5.5 768 � 4.4 � 6.7 1.6
KH2PO4(KDP) � 0.18 – � 1.45 915 � 0.2 � 0.59 � 18

905 � 3.6 5,9 1,4
KY(WO4)2 � 0.34 – � 5.5 765 � 3.6 7,8 1,2
NaClO3 � 0.24 – � 4.8 936 3.1 � 0.8 0.44 � 24

901 3.1 � 0.8 4,3 2.5
PbWO4 � 0.33 – � 5.5 323 7.5 � 1.42

The use of SRS in solids to shift the wavelength of laser emission is becoming more widespread

[1-14]. During the last decade, this growth in activity has been made possible by the discovery

and development of several SRS-active insulating crystals. Their successful application in the

creation of nanosecond and picosecond Raman lasers emitting at specific and otherwise hard to

reach wavelengths in the visible and near-IR, including the eye-safe range (from 563 nm to

1598 nm). Among other technological applications of new Raman lasers, remote sensing of the

atmosphere is of great interest, which typically requires high peak-power laser pulses at

wavelengths that are difficult to produce by other all-solid-state laser system. Furthermore, solid

state lasers using SRS conversion processes are attractive for medical treatments [1-15] and for

laser guide star experiments [1-16]. In addition, Raman amplifiers are becoming very important

for fiber telecommunications. Such fiber amplifiers have been extensively studied as a key

device for wavelength division multiplexing (WDM) optical communication systems pumped by

laser diodes [1-17]-[1-19]. Small diameter, few or single mode silica fibers are used for SRS

amplification [1-20]. They can be very long up to 1000 m and have a diameter of less than 5 �m.

Therefore, it is possible to arrange a long interaction length between pump and scattering beams

at a very high radiation intensity. Fused silica fibers have a broad Raman spectrum spread from

50 to 650 cm-1. Optimal fiber lengths and germanium concentration, where the first Stokes power
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reaches maximum, were calculated at various pump power levels for application in Raman

amplifiers.

Narrow-band SRS amplification is possible with crystal and crystal fiber, which is very

important for the construction of narrow-band SRS converter. Raman shifting in different

materials such as inorganic and organic crystals and glasses is a promising technique which

can address these needs. SRS on different crystalline and glassy Raman active media, tungstates

[1-21]-[1-23], molybdates [1-24, 1-25], borates [1-26, 1-27], silicates [1-28, 1-29], iodates [1-

30, 1-31], niobates and tantalates[1-28, 1-32], nitrates [1-33]-[1-35], chlorides and bromides

[1-36]-[1-38], aluminates [1-39], germanates [1-40] and sulfates [1-32] have been observed.

The most efficient and reliable solid state lasers emit in the near infrared, e.g. the Nd:YAG-laser

has the main wavelength at 1064 nm and frequency doubling generates 532 nm. The number of

available wavelengths can be largely increased by SRS covering the visible, near and mid

infrared and near ultra violet spectral regions.

Goals of our work

New materials and SRS-experiments

We investigate new inorganic and organic crystals and glasses materials as they became

available to use. These materials exhibit covalent bonds and a large polarizibility, which are

prerequisites for efficient SRS. The materials pump with a picosecond  Nd:YAG laser at 1064

nm or its second harmonic (SHG) at 532 nm wavelength. We study their phonon spectrum,

SRS thresholds and SRS gain factors. We generate higher order Stokes and anti Stokes

frequencies generation. We observe the generation of SRS signals of different phonons and

simultaneous generation of several SRS lines of the investigated materials.

Raman lasers

We will use nonlinear frequency conversion in order to generate new coherent light sources over

a wide discrete tuning range covering the visible and near IR spectral range for various potential

applications in laser engineering. We will investigate second-Stokes Raman laser to generate

coherent beam with wavelength longer than the pump. Furthermore, we generate the frequency

doubling of the investigated Raman Laser. We will investigate anti-Stokes Raman laser in crystal

for the first time.
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In this work high-order Stokes and anti-Stokes are observed in inorganic, organic and glasses

materials. Raman shifts ranging from 91 to 3070 cm-1 have been observed. The smallest Raman

shift of 91 cm-1 was identified in cubic Bi4Ge3O12 and Bi4Si3O12 inorganic crystals while, the

largest Raman shift of 3070 cm-1 was determined in orthorhombic Benzophenone (C13H10O)

organic crystals. Most of the investigated inorganic crystals  and BiB3O6 and Bi4Ge3O12 organic

crystals are acentric crystals and showing also high quadratic nonlinear susceptibilities (�2).

Therefore, these crystals generate SRS as well as second harmonic generation (SHG). In

addition, sum frequency mixing (SFM) was observed in Bi4Ge3O12 and (MNBA) C16H15N3O4

crystals. The mean condition for the steady-state pumping condition is the pump pulse duration

�p is much longer than the vibronic Raman mode dephasing (relaxation) time TR (�f �� TR). We

use a laser with pump pulse duration of  � 120 ps and the observed relaxation time range from

0.44 to 7 ps in our investigated materials. Furthermore, Raman gain coefficient (gR) for most of

the investigated materials, under our experimental conditions was estimated. Finally, second-

Stokes PbWO4 Raman laser at �S2 = 1316 nm wavelength with Raman shift �R = 901 cm-1 has

been demonstrated. Second harmonic generation of the second-Stokes line at � = 658 nm was

obtained.
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2 Nonlinear frequency conversion in crystals

Lasers generate coherent radiation at many wavelengths ranging from the far infrared region to

the soft X-ray spectral region. Nonlinear frequency conversion processes in crystals use to

provide new coherent light sources and extend the number of emission wavelengths of currently

available solid state lasers. The very wide spectral range and efficiency of nonlinear interactions

assures that they will become increasingly important as coherent sources. In this chapter, second

and third-order nonlinear processes are described briefly. Second harmonic generation (SHG),

stimulated Raman scattering (SRS) and Raman four wave mixing (RFWM) are practically

significant applications of these processes. Finally, characteristics of Raman scattering are

discussed.

2.1 Nonlinear phenomena

When a medium is subjected to an electric field  the atoms and molecules in the medium are

polarized [2-1]. The polarization P is defined as the dipole moment per unit volume that is
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induced in a material in response to an electric field applied to the material. For a weak electric

fields the polarization P is linearly proportional to the applied electric field E

P = �0 �1 E                                                                                                                 (2.1.1)

Where �1 is the linear optical susceptibility and �0 = 8.85 x 10-12 F/m in mks units, is the

permittivity of free space. The linear susceptibility is related to the medium index of refraction n

by �1 = n2 – 1.

When the electric field is increased significantly, nonlinear interactions begin to occur within the

material. Equation (2.1.1) must therefore be generalized to express the polarization P as a power

series in the field E as follows

P = �0 [�1 E + �2 E2 + �3 E3 + ·······]                                                                           (2.1.2)

             P(lin) +     P2 +     P3 + ·······

where �2 is the second-order nonlinear susceptibility and �3 is the third-order nonlinear

susceptibility. In addition, the second-and third-order susceptibilities are of the order of �2 =

2x10-11 m/V and of �3 = 4x10-23 m/V respectively. A number of interesting optical phenomena

arise from the second and third-order-susceptibilities. For example, �2 gives rise second

harmonic generation [2-2], parametric oscillation [2-3], and three-frequency processes such as

mixing [2-4] and sum generation. The nonlinear susceptibility �2 vanishes in crystals that have a

center of symmetry. In these crystals second-harmonic generation is not possible. The third-order

susceptibility is responsible for third harmonic generation [2-5], and Raman [2-6], Brillouin [2-

7], and Rayleigh [2-8] scattering.

2.2 �2  -frequency doubling

Probably the simplest second-order process is that of second harmonic generation. In this

process, an intense laser beam of angular frequency  �p = 2��p is passed through a crystal having

a nonzero value of �2. The emerging beam from the crystal contains the angular frequency � of

the input beam and also � = 2�p , twice the frequency of the input beam. Assuming an

oscillating electromagnetic field of frequency �p incident upon the material, this field can be

described by the equation [2-9]

E = E 0  e ti p��  + E *
0  e ti p��                                                                                      (2.2.1)
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where the second term on the right is the complex conjugate of the first term. The second-order

nonlinear polarization P2 can now be computed from (2.1.2)

P2 = �0 �2 E2

    = �0 �2 [2 E *
0  E 0  + E 2

0  e ti p )2( ��  + E 2
0  e ti p )2( �� ]                                                       (2.2.3)

The first term is a time-independent factor that produces no oscillating electromagnetic radiation.

The second and third terms can be seen to contain frequencies that are exactly twice the

frequency of the fundamental wave. These terms lead to a significant output from the material at

an angular frequency of 2�p. Such output is referred to as second harmonic generation (SHG).

Fig. 2.1: Second harmonic

generation (SHG).

Fig. 2.1 shows a simple picture of second harmonic generation. It shows two photons of the

fundamental frequency �p, each with energy ћ�p. They combine to produce a photon with an

energy of 2ћ�p, where ћ = h/2� and h = 6.6256 1034 Js, is Planck’s constant. The energy levels

ћ�p and 2ћ�p are illustrated as dashed lines. They are known as virtual levels, since they are not

levels to accrue population. Instead two photons of frequency �p are destroyed and one photon of

frequency 2�p is simultaneously created, as indicted in Fig. 2.1.

In nonlinear interaction phase-matching selects the process of interest and excludes other

possible processes. Thus, if the crystal birefringence is adjusted (by temperature or angle of

propagation) such that the second harmonic generation is the phase-matched process. It proceeds

with relatively high efficiency compared to the remaining processes involving sum and

difference frequency generation.

SHG-
medium

�p

�p �SHG

�p

�p

�SHG = �p + �p
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2.3 �3 - Raman scattering

The third-order nonlinear processes can be applied to all optical materials, centrosymmetric or

non-centrosymmetric. As mentioned before the third-order susceptibility is responsible for

Raman scattering. We will study spontaneous Raman scattering, SRS and Raman four wave

mixing (RFWM) processes. In this work, we will use SRS and RFWM in crystals to generate

new coherent Raman lasers.

Spontaneous Raman scattering

Spontaneous Raman scattering is an inelastic process in which scattered light undergoes a

frequency change characteristic to the internal energy level of the irradiated molecules. This

process happens at relatively low excitation energies. A pump wave E = Ep sin (2��pt) is

incident on a molecule. Under the influence of the field, the electrons of the molecule oscillate.

The electric dipole moment m arises proportional to Ep, [2-10]:

m = �E = � Ep sin (2��pt)                                                                                          (2.3.1)

� is the polarizability of the molecule. If there are now, in addition, internal molecular vibrations

with a frequency 2��R, for example, due to oscillations of some nuclei against one another, the

polarizability can change periodically with

� = �0 + �1 sin (2��Rt)                                                                                               (2.3.2)

Thus from equation (2.3.1) follows:

m = �0 Ep sin (2��pt) + (�1 Ep / 2)�cos[2�(�p - �R)t] - cos[2�(�p + �R)t]�                (2.3.3)

Where �0 is the polarizability of the molecule oscillation. Therefore, the oscillating dipole

moment m of the molecule contains three frequencies that are emitted. The frequency �p of the

incoming light appears again, this is elastic Rayleigh scattering. But there are still two new

frequencies:

�s = �p - �R,         �as = �p + �R                                                                                     (2.3.4)

referred to as the Stokes and anti-Stokes frequencies. The frequency �R is called the Raman shift

which is characteristic of the material in which the Raman process is observed. Equation (2.3.4)

represents, after multiplication with h, conservation of energy for the Stokes and anti-Stokes

process:

 h�s = h�p - h�R,         h�as = h�p + h�R                                                                        (2.3.5)
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now within this brief time, a Stokes photon h�s that has been created elsewhere hits this

molecule, a so-called induced emission can result. That is a Stokes photon h�s will be created

(see Fig. 2.3a). In this case the Stokes radiation becomes amplified, while the pump radiation

loses energy. It means that, the Stokes beam is generated by spontaneous Raman scattering is

subsequently amplified by SRS. Then SRS is considered a two-phonon stimulated process grown

out of spontaneous Raman emission. The generated Stokes photon coincides exactly with the

incoming Stokes photon in direction, frequency, phase and polarization. In contrast to the

incoherent spontaneous Raman emission, we have here coherent radiation. An additional line

will be emitted with energy h�as which is called anti-Stokes line. It coincides exactly with the

incoming anti-Stokes photon in direction, frequency, phase and polarization. As energy balance

we simply have

h�p + h�s = 2h�s + h�R             (Stokes)

                                                                                                                                                 (2.3.6)

h�p + h�as = 2h�as - h�R           (anti-Stokes)

Fig. 2.3: Level diagram for induced (or stimulated) Stokes and anti-Stokes scattering.

Fig. 2.3 shows the induced Stokes and anti-Stokes Raman scattering. Raman process is useful in

Solid-state lasers for the generation of additional spectral lines. The strongest interaction is for

the output shifted towards a longer wavelength (first Stokes line). At sufficiently high pump

intensities additional lines at longer as well as shorter wavelengths with respect to the pump

wavelength will appear (Stokes and anti-Stokes lines).

h�p

h�s

2h�s

i

f

h�p

h�as

2h�as

i

f

Induced Stokes-
scattering

Induced anti-
Stokes-scattering

u

w
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Raman four wave mixing

Stimulated Raman scattering occur if a high power laser beam is focussed into a Raman media.

The first Stokes is emitted in the direction of the incident beam and may have high power and

conversion efficiency. When the first Stokes generation is strong enough, it generate the second

Stokes emission and so on (see Fig. 2.4a). The Stokes frequencies are given by h�S(n) = h�p +

nh�R, where n is the Stokes order.

Fig. 2.4: First and higher-order Stokes generation of stimu

combined Stokes and anti-Stokes generation of  R

h�p

h�s1 h�s2 h�s3

1st-Stokes

2nd-Stokes

3rd-Stokes

h�s(n) = h�p - nh�R

h�p

h�s

h�p

h�s

(a)
h�R
h�s = h�p - h�R

h�as = h�p + h�R

Kas Ks

Kp       Kp

(b)
h�R
la

am
� Ks � + � Kas � �  2� Kp �
ted Raman scattering SRS a) and

an four wave mixing RFWM b).
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Stokes and anti-Stokes lines can be generated simultaneously by parametric Raman four-wave

mixing (RFWM). Fig. 2.4b shows parametric four-wave mixing process. This takes place as

follows, after a photon with energy h�p has created a Stokes photon, the molecule is in excited

state. This energy is immediately used by a second photon with h�p for the emission of an anti-

Stokes photon. Then we have a Stokes-anti-Stokes coupling. Now, Stokes and anti-Stokes waves

with comparable intensities are found. The frequency of the nth order Stokes and anti-Stokes lines

can be written as

�s(n)  = �p - n·�R,     �as(n)  = �p + n·�R         n = 1,2,3,····                                               (2.3.7)

As energy balance, we simply have

2h�p  = h�s + h�as                                                                                                        (2.3.8)

In parametric effect, a momentum balance must be fulfilled among the propagation vectors of the

participating light waves

2Kp = Ks + Kas                                                                                                             (2.3.9)

where

  � Kp � = �p np / c,                  � Ks � = �s ns / c,                   � Kas � = �as np / c

and nP,s,as: refractive index and Kp,s,as: wave vector of the pump, the Stokes and anti-Stokes waves.

Because the frequencies lie very close together, one can expand in the neighborhood of  � = �p:

ns = n(�s) = np - �R·dn/d�,                          nas = n(�as) = np + �R·dn/d�

where �R = �p - �s = �as - �p. Thus,

	 Ks 	 + 	 Kas 	 = 2	 Kp 	 + 
c
4 ·�� 2

R ·
�d

dn . In the region of normal dispersion dn/d� 
 0, so

	 Ks 	 + 	 Kas 	 
  2	 Kp 	                                                                                                (2.3.10)

that is the required conservation of momentum. Stokes and anti-Stokes waves  are radiated in the

form of conical shell around the direction of the incidence beam with a definite aperture. Fig.

2.4a shows stimulated Raman scattering process for the first Stokes and higher-order. The first

Stokes is emitted in the direction of the incident beam and may have high power and conversion

efficiency. When the first Stokes  generation is strong enough, it generates the second Stokes

emission and so on. The Stokes frequencies are given by �s(n) = �P  - n�R , where n is the Stokes-

order. Fig. 2.4b shows that Stokes and anti-Stokes lines can be generated simultaneously. This

process is called also four-wave mixing because 4 photons are involved. The figure shows also

the wave vectors of the pump, the first Stokes and first anti-Stokes.
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2.4 Characteristics of SRS

Relaxation time

The theory of SRS is well developed and can be found [4-11, 4-12]. Here we would like to

outline that depending on the pump laser pulse duration (�f), two temporal cases can be

considered. The first one is a steady state regime, when the pump pulse duration �p is much

longer than the vibronic Raman mode dephasing (relaxation) time TR (�f 

 TR). The second case

is a transient regime, when the pump pulse duration is smaller than the dephasing time (�f �� TR)

and the spectral width of pump laser ��f is much broader than the Raman line broadening ��R.

The main condition for the steady-state pumping condition, which is of more interest for many

practical cases, is

�p 

 TR = 
Rc �� �

1                                 (2.4.1)

where TR, ��R and c are the dephasing (relaxation) time of the SRS active vibration mode and the

full-width half maximum (FWHM) linewidth of the corresponding spontaneous Raman

scattering line and the speed of light, respectively.

Raman gain

The fundamental parameter in Raman laser is the Raman gain coefficient. Raman laser and

amplifiers with gas cell have low Raman gain over long path lengths. In contrast a solid-state

system has high gain over short path lengths.

If the intensity of the pump (fundamental) laser radiation If is much higher than the intensity of

the Stokes emission If 

 IS (steady state SRS regime without pump depletion), the SRS

amplification can be written [2-13, 2-14] as,

dl
dI S1  = gssR If (l) · IS1(l) + If (l) · 

�d
d�  NR �

= gssR If (l)[ IS1 (l) + IS1 (l = 0)]                            (2.4.2)

where IS1(l = 0) is the intensity of the spontaneous Raman scattering at the wavelength �S1 of the

first Stokes seed emission (in the beginning l = 0 of the amplified sample) and gssR is the steady-

state Raman gain coefficient,

gssR = 
��

��

�
2

2

S

SRSSf

nhc
N

 (
�d

d� )                                                   (2.4.3)
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where, d� / d is the Raman scattering cross-section, NSRS is the number of SRS-active atoms or

structure units of the crystal, �f and �S are the pump and Stokes wavelengths, respectively, nS the

refractive index at �S and � the (small) angle of the SRS. In this SRS regime the Raman gain

coefficient is linearly proportional to the scattering cross-section and inversely proportional to

the line width of the spontaneous Raman scattering transition. The product (d� / d)(1/��R) can

be characterized as a peak intensity  in the measured spontaneous Raman scattering spectrum [2-

15]. Furthermore, the Raman linewidth (FWHM) is determined by the relaxation time TR of the

vibrational mode as �� = (�cTR)-1. Finally, the Raman linewidth has a strong temperature

dependence [2-16]. Therefore, high-gain Raman materials should have a narrow Raman line

width and a high Raman scattering cross-section. In addition, the normal transparency region

must also be determined to insure that the material can be used in the spectral region of interest.

The intensity of the Stokes beam is given by solving equation 2.4.2 yields [4-12]:

IS (l) = IS (0) exp(gssR If l)                                                   (2.4.4)

Here IS(l) is Stokes intensity at exit of the Raman medium and l the length of the active crystal.

These expressions show that the intensity of the Raman beam increases with intensity of  the

pump laser radiation and the interaction length. SRS threshold for the first Stokes Raman

generation performed when the exponent in equation 4.4.2 reaches the value of gssRIpl = 25-30,

which corresponds to a conversion efficiency of approximately 1 % (IS /If � 0.01). Using this

approximation, we have calculated the Raman gain coefficient for most of the investigated

materials, under our experimental conditions.

One of the best examples of a new solid-state Raman material is barium nitrate Ba(NO3)2. The

crystal provides a frequency shift of 1047 cm-1 with an small line width of 0.6 cm-1. It has Raman

gain as high as 11 cm/GW for the fundamental at 1064 nm wavelength and 47 cm/GW for its

SHG at 532 nm wavelength pumping [2-17]-[ 2-19]. Ba(NO3)2 crystals are available in large size

with high optical quality and high laser damage threshold of about 1 GWcm2.

Cubic barium nitrate Ba(NO3)2 crystal is used as example for SRS and RFWM processes in

crystals. Plane parallel sample without coating and with 70 mm length and 10x10 mm2 cross-

section uses to create the SRS experiment. For SRS experiment we use picosecond Nd:YAG

laser excitation at the fundamental at �f1 = 1064.15 nm and its SHG at �f2 = 532.07 nm.

Fig. 2.5 shows first and higher-order Stokes and anti-Stokes lines in Ba(NO3)2 crystal. Stokes

and anti-Stokes lines related to the SRS-active vibration mode of �R = 1047 cm-1. Spectral

composition of Stokes and anti-Stokes Raman generation and Raman shift in Ba(NO3)2 crystal

were listed in Table 2.1.
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Fig. 2.5: Room-temperature SRS and RFWM spectra of cubic Ba(NO3)2 single crystal obtained

under excitation at �f1 = 1064 nm wavelength and at �f2 = 532 nm wavelength.

Table 2.1:  Spectral composition of Stokes and anti-Stokes Raman generation and SRS-active

vibration mode in cubic Ba(NO3)2 single crystal under picosecond excitation at

�f1=1064 nm wavelength and at �f2 = 532 nm wavelength.

Pump
wavelength (nm)

Stokes and anti-Stokes
wavelengths (nm)

SRS-and-RFWM line
attribution

line Raman shift
(cm-1)

736 �f1 + 4�R AS4 1047
798 �f1 + 3�R AS3 1047
870 �f1 + 2�R AS2 1047
958 �f1 + �R AS1 1047

1064 �f1

1064

1198 �f1 + �R S1 1047

479 �f2 + 2�R AS2 1047
504 �f2 + �R AS1 1047
532 �f2

564 �f2 - �R S1 1047
599 �f2 – 2�R S2 1047
639 �f2 – 3�R S3 1047
685 �f2 – 4�R S4 1047
738 �f2 - 5�R S5 1047

532

799 �f2 - 6�R S6 1047
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2.5 Nonlinear optical materials

Nonlinear crystals must satisfy some criteria if they are to be useful for nonlinear optical

applications. In addition to having a large nonlinearity, these materials must be transparent not

only at the laser frequency but also at the newly generated frequency. They must be:

- resistant to optical damage,

- exhibit good thermal and chemical stability,

- be capable of being grown in useful size, and

- have the appropriate phase-matching properties.

Table 2.2 lists a number of second-order nonlinear optical materials. They have high nonlinear

conversion coefficients as well as the necessary transparency.

Crystal Transparency region (�m)
LiB3O5 0.16-2.6
�-BaB2O4 0.19-2.5
KNbO3 0.40-5.5
LiNbO3 0.40-5.0
Ba2NaNb5O15 0.37-5.0
KDP 0.20-1.4
KTP 0.35-4.4

        Table 2.2:

Second order nonlinear

optical materials.
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3 Experimental set-up

For Raman laser converters experiment single picosecond pulses from a flashlamp pumped

active/passive mode-loked Nd:YAG laser are used [3-1]. An acousto-optic mode locker (AOM)

is added to improve the stability of the laser output.

The experimental set-up for stimulated Raman scattering consists of an active-passive mode-

locked Nd:YAG master oscillator produces picosecond pulse train. The fundamental laser beam

emits  at �f1 = 1064.15 nm wavelength (4F3/2 � 4I11/2 laser channel). Furthermore, an external

pockels-cell pulse slicer transmits only the central pulse and a subsequent two-stage amplifiers to

increase the energy of the single pulse. In addition, an external KD*P frequency doubler

converts the fundamental to the SHG at �f2 = 532.07 nm as shown in Fig. 3.1. We will study in

this chapter the properties of the Gaussian beam. Finally, we report the measurements of the

laser beam radius by the method of sharp-edge.
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Fig. 3.1: Experimental set-up.

3.1 Nd:YAG-laser

Dye Q-switch and acoustooptic mode-locker

The dye Q-switch is very simple device. It consists of a dye cell which is placed between the

laser rod and the rear mirror M1. The dye uses to absorb the fluorescent emission from the laser

rod to the degree that the rear mirror M1 is optically isolated from the remainder optical cavity.

When the dye bleaches, the laser radiation can reach the rear mirror and laser oscillation occurs.

The generic name for the type of material which uses in the dye cell is saturable absorber. In

these liquids the absorption coefficient decreases readily with increasing light intensity. Thus,

the material becomes more transparent as the light becomes more intense. The increase in the

transparency of the dye is called bleaching of the dye. Dye Kodak Lamda No. 26 was used [3-2].

It dissolves in 1,2-dichloroethan (laser grade) at a concentration of about 10-4 M [3-3]. The dye

concentration depends on the lamp input energy and the resonator length. It  adjusts by observing
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the laser output with a fast photodiode connected to an oscilloscope. The concentration is chosen

to obtain about 9 pulses. Fig. 3.2 shows the train of pulses.

Fig. 3.2:

Pulse train of the

active-passive mode-

locked Nd3+:Y3Al5O12

laser at �f1 = 1064.15

nm.

Fig. 3.3:

Single pulse with time

duration 120 ps is

produced by the pulse

slicer.

Resonator

A plano-concave resonator with length of 1.7014 m was used. The rear mirror M1 with radius of

–8 m has high reflectivity for wavelength 1064 nm and is part of the contacted dye cell for

passive mode locking. The output coupler M2 is plane mirror and has a reflectivity of 60 %. The

laser head includes a water-cooled elliptical pump cavity and a Nd:YAG laser rod. The

dimensions of the laser rod are 6 mm radius and 50 mm length with plane parallel faces. It is

pumped by xenon flash-lamp. A pinhole with 1.9 mm diameter places between the laser head

and the dye cell to select a TEM00 spatial mode. The laser radiation is polarized by a Glan

polariser. The acoustooptical mode-locker is located near the output coupler and driven by a
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radio-frequency with power about 2 W. The round trip frequency of the circulating pulse is

adjusted to match the modulation frequency of 44,08 MHz of the acousto-optical mode locker by

displacement of mirror M2. The acousto-optical modulator is temperature controlled  by a water

cooler. Furthermore, radio frequency generator is operating permanently with constant power to

achieve a stable operation. Under this conditions the laser oscillator emits a picosecond pulse

train 8-12 with a time separation given by a round-trip of 13.2 ns as shown in Fig. 3.2. The

output laser beam is linearly polarized and emits with energy of about 2.5 mJ.

3.2 pulse selector and amplifiers

Pulse selector

Instead of a train  of pulses of various intensity and duration, in our experiments a single pulse

with favorable parameters is required. For this purpose, an appropriate pulse is separated from

the train by using the pulse selector [3-4]. Fig. 3.3 shows that the pulse selector transmits only

the central pulse. The pulse selector locates directly after the output coupler and triggers by a

trigger unit. The trigger unit consists a photodiode and three IC-blocks forming a variable

electrical time gate for the trigger signal. This selector consists of four pockels cells in

conjunction with three polarizers as shown in Fig. 3.4. The polarization direction of the first two

polarizers is horizontal and the last one vertical. The two pockels cell pairs switch by two pair

avalanche transistor cascades. The first two polarizers are perpendicular with the third one, so

that no pulse can pass through the last polarizer. After triggering, only a single pulse can pass the

last polarizer, where the two Pockels cell pairs are biased with a high voltage of �/4-voltage. The

single pulse has energy about 0.12 mJ and time duration of about 120 ps (FWHM).

Fig. 3.4: Single pulse selector (H) horizontal polarization (full lines in the pulse train) and (V)

vertical polarization (doted lines in the pulse train).

H H V
Pockels cell

pair 1
Pockels cell

pair 2
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Amplification

The energy of the polarized single pulse increases up to 15 mJ by the following two Nd:YAG

amplifiers. They are pumped with 40 J and provide energy gain 15 and 10 times respectively.

The two amplifiers works exactly with the same materials as for the oscillator. The laser rods of

the two amplifiers have the same geometrical parameters. The diameter of the laser rod is 6 mm

and the length is 55 mm.

3.3 Beam propagation

Properties of Gaussian beams

A light beam emitted from a laser with a Gaussian intensity profile is called the fundamental

mode TEM00 as shown in Fig. 3.5. The decrease of the intensity with distance r from the axis in a

Gaussian beam is described by [3-5]

I = I0 e )(/2 22 zwr�                                                                                                     (3.3.1)

where w(z) is the beam waist radius at which the intensity drops to 1/e2 = 13.5 % of its value on

the axis and I0 is the maximum intensity.

Fig. 3.5: Gaussian beam profile with

intensity I.

Fig. 3.6 shows the Gaussian beam parameters. The Gaussian beam contracts to a minimum

diameter 2w0 at the beam waist where the phase front is planer. The beam waist at a distance of

� z from the minimum beam waist w0 can be described as

w(z) = w0 � �
2/1

2
2
0

1 �
�

�
�
�

�
�

w
z

�

�                                                                                        (3.3.2)

equation (3.3.2) can also be expressed as
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or, if the minimum beam waist radius w0 occurs at a value z0 such that z0 � 0, then

w(z) = w0 � �
2/1

2
2
0

0 )(
1 �

�

�
�
�

� �
�

w
zz

�

�
                                                                               (3.3.4)

where

Rz  = 
�

�
2
0w

,

                                                                                                                                                 (3.3.5)

0w  = 
K
zR2

 =  
�

�Rz

and K is the propagation factor. The term zR is known as the Rayleigh range. It is also referred to

as the depth of focus when focusing a Gaussian beam. At z = zR then the beam waist radius is

given by w(z) = 2 w0. An alternative term b = 2zR is referred to as the confocal parameter, a

term that is commonly used to characterize Gaussian beams.

Fig.3.6: Gaussian beam paramete

diameter, in addition, the

At  z �� zR the beam waist radius is
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the divergence angle of the Gaussian beam is given as

�(z) = lim 
z

zw )(2  = 
0

2
w�
�  = 1.27

)2( 0w
�                                                                      (3.3.7)

From these considerations it follows that at large distances, the beam radius increases linearly

with z, and the beam diverges at a constant cone angle �. A most interesting point here is that the

smaller the beam radius w0 at the beam waist, the greater the divergence.

Properties of real laser beam

The previous part described the parameters associated with the dimensions and propagation of an

ideal Gaussian-shaped beam TEM00 mode. Higher-order modes are not Gaussian-shaped.

Therefore, real laser beams, operating multi-mode are not perfect Gaussian beams. A real laser

beam has both a waist and divergence that are larger than that of an ideal Gaussian beam.

Let us define the divergence of a real beam as

� = M·�                                                                                                                       (3.3.8)

and the minimum waist radius of a real beam as W0 such that

W0 = M· w0                                                                                                                   (3.3.9)

Thus,  multiplying (3.3.8) by (3.3.9) gives the divergence of  a real beam as

� =M2 
0

2
W�
�                                                                                                               (3.3.10)

where M2 � 1. Thus the factor M2 describes the relationship of the real beam to that of an ideal

Gaussian beam. This M2 is referred to as a propagation constant or a propagation factor. For a

perfect Gaussian beam M2 = 1. Values of M2 greater than unity represent laser beam with higher-

order modes than the TEM00 Gaussian mode.

Transforming a Gaussian beam with simple lens

When a laser beam is focused by a lens, the actual focal spot, meaning the position of minimum

spot size and maximum energy. This focal spot does not in fact occur exactly at the geometrical

focus of the lens but is located slightly inside the lens focal length.

Assume that the waist of the input beam w0 represents the object and the waist of the out beam

w `
0  represents the image as shown in Fig. 3.7 . Then the magnification is given by [3-6]

w `
0  = w0 

22)( Rzfs
f

��

                                                                                                      (3.3.11)

and the standard lens equation can be written as
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the analogous formula for Gaussian beam is
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                                                                   (3.3.13)

Fig. 3.7: The beam diameter of the

laser beam before and

after the convex lens.

Where s is the object distance, s` is the imag

far-field limit (zR � 0) formula (3.10) redu

case, when the input waist is at the front fo

beam written as

w `
0  = 

0w
f

�

�                                           

and the real waist as

W `
0  =M2 

0W
f

�

�                                     
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Fig. 3.8:

Sketch of determination of the laser

beam radius with the sharp-edge.

The total power of the laser beam before the cutter is written as [3-7]

P0 = � �� �
�

��

�

��

�

�
�

��

�

��

�� )()(
2

)(),,( 0
2)(

2

0
2

22

zIzwdxdyezIdxdyzyxI zw
yx

�                                 (3.4.1)

The sharp edge move with displacement x and the transmit power is given by

PT (x`,z) = � �� �
�

�� ��

��� )(`/2),,(
`

0 zwxPdxdyzyxI s

x

                                                       (3.4.2)

where ws is the beam radius and 	 is the integration error.

At `
1x  = ws / 2 then the transmitted power is given by PT = 0.84 · P0 and at `

2x = - ws / 2 then PT =

(1 – 0.84)·P0. By measuring the displacements at 84 % and 16 % of the total power of the

transmitted laser beam we can calculate the beam radius using the formula

ws(z) = `
2

`
1 xx �                                                                                                              (3.4.3)

     Fig. 3.9:
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Fig. 3.10:

The laser beam waist

radius against the focal

length of the convex lens.

Fig. 3.9 shows the transmitted energy versus the displacement X of the cutter without lens. The

measured beam radii of the laser beam against the focal length of different lenses are shown in

Fig. 3.10. The M2 of the laser beam was calculated to be 2.22. Beam waist radius range from 61

to 370 �m with different convex lenses with focal length from 100 to 600 mm are measured. The

experimental results are agree well with the calculated results using equation (3.3.16).

3.5 Single-pass SRS and spectral analysis

Single pass SRS

In single pass SRS the investigated crystal is positioned between two convex lenses. The laser

beam  focuses into the Raman-active crystal with the first lens of focal length from f = 100 mm

to f = 600 cm. The lens can vary the laser beam intensity into the crystal through variation of the

focal length and the beam waist-diameter for the suitable crystal. The small pump beam waist-

diameter inside the crystal leads to intensities in the high GW/cm2 range which is enough to

generate efficient scattering into the first Stokes component. The second lens with focal length of

f =100 mm collects the scattered beam from the crystal and focuses it onto the spectrometer to

measure the spectral composition of the Stokes and anti-Stokes generation.

Spectral analysis

The spectral composition of the Stokes and anti-Stokes generation components, as well as other

parametric generation lines investigates with a grating monochromator and a silicon-CCD
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sensor. The grating monochromator (McPherson-218) records a wavelength range of 400-1200

nm. A grating with 150 lines/mm was used. Behind the monochromator, a silicon CCD-sensor

from Hamamatsu (model S3923-1024Q) with 1024 pixel and a length of 25 mm detects the

shifted lines.

Fig. 3.11:

The spectral sensitivity

of the used analyzing

system.

The sensitivity of this system shown in Fig. 3.11, is mainly given by the sensitivity of Si-CCD.

The sensitivity range from UV to near IR and the maximum at 650 nm wavelength. Due to the

restricted sensitivity of the analyzing system, we observe the Stokes lines of the investigated

Raman medium mainly with excitation at �f2 = 532 nm, whereas the anti-Stokes components

measures with excitation at �f1 = 1064.15 nm wavelength.
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4 Stimulated Raman scattering in inorganic and

organic crystals and glassy materials

Stimulated Raman scattering SRS is one of the few nonlinear effects discovered in the early

1960s [1-2]. Over the years, many useful applications have been developed out of this process.

Some of them are discussed in this chapter. For example, SRS is widely used nowadays to shift

the frequency of laser radiation. This has led to a search for new solid-state Raman materials.

The goal of investigation of  optical and Raman properties of the Raman materials is developing

compact, reliable and efficient SRS shifters. SRS in inorganic, organic crystals and glasses is of

topical interest in modern solid state laser physics. In this thesis, 18 Raman active materials are

investigated using fundamental and second harmonic lines of a picosecond Nd:YAG laser [4-1]-

[4-15]. Physical properties, spontaneous Raman scattering and applications for investigated

materials are presented in sections 4.1. In section 4.2, SRS wavelengths �R, self-frequency

doubling (SFD), self-sum frequency mixing (SSFM) and SRS-active vibration modes (�R) are

discussed and illustrated. Furthermore, relaxation time and Raman gain in active materials were

reported. Finally, in section 4.5 full of new lines are listed.

4.1 Physical properties of used materials

Most of Raman active crystals investigated in this work were provided by the cooperation with

Prof. Kaminskii from the Institute of Crystallography in Moscow to perform our investigations.

Furthermore, barium nitrate crystals were provided from Orlovich from B. I. Stepanov Institute

of Physics, Minsk, Belarus, lead tungstate crystals were provided from TU-Berlin and Alum

crystal from Egypt.
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Some physical properties and dimensions of inorganic and organic crystals and glasses materials

are illustrated in Table 4.1. Bi4Ge3O12, KAl(SO4)2·12H2O and Y3Al5O12 have cubic structure with

space group T 6
d , Pa3 (T 6

h ) and O 10
h  respectively. Some of investigated organic crystals

{C15H19N3O2 (AANP), C13H10O and C(NH2)3]Zr[N(CH2COO)3]2.H2O} have orthorhombic

structure and the �-C14H12O and C16H15N3O4 (MNBA) have monoclinic structure.

Table 4.1: Crystallographic data and size of the investigated crystals and glass materials.

Crystal Name Symmetry Space-group Size
(mm)

Ref.

Inorganic crystals
BiB3O6 Bismuth triborate Monoclinic C 3

2
12x6x3 [1]

Bi4Ge3O12 Bismuth germanates Cubic T 6
d

50 [2]

Bi4Si3O12 Bismuth silicates Cubic T 6
d

50 [2]

GdVO4 Gadolinium vanadate Tetragonal D 19
4h

[3]

KAl(SO4)2·12H2O Alum Cubic Pa3 (T 6
h ) 20x20x20 [4]

LiCaAIF6 Fluoride Trigonal D 2
3d

35x10x8 [5]

Y3Al5O12 (single crystal) Yttrium aluminum garnet Cubic O 10
h

�8x90 [6, 7]

Y3Al5O12
(nanocrystalline
ceramic)

Yttrium aluminum garnet Cubic O 10
h

10x10x60 [6]

PbWO4 Lead tungstate Tetragonal C 6
4h

10x10x100 [8]

YVO4 Yttrium vanadate Tetragonal D 19
4h

[3]

Organic crystals
�-C14H12O �-4-Methylbenzo-phenone Monoclinic C 5

2h
� 15 [9]

C15H19N3O2 (AANP) 2-Adamantylamino-5-
Nitropyridine

Orthorhombic C 9
2v

[10]

 C13H10O Benzophenone Orthorhombic D 4
2

� 15 [9]

[C(NH2)3]Zr[N(CH2CO
O)3]2.H2O

GuZN-III Orthorhombic D 5
2

8 [11]

C16H15N3O4 (MNBA) 4´-Nitrobenzylidene-3-
Acetamino-4-Methoxyaniline

Monoclinic C 4
c

12x15x1 [12]

Inorganic bulk glasses
Ca(NO3)2/KNO3 glass Nitrate glass 4x10x15 [13]
(NaPO3)x Polyphosphate glass �15x40 [14]

Y3Al5O12 single crystals and nanocrystalline ceramics

Crystal compounds with the garnet cubic structure (O 10
h ) form the most representative class of

active media among the known solid-state media generating stimulated emission. Among these,

Y3Al5O12:Nd3+ crystals are most popular [4-16, 4-17]. Single crystals of yttrium aluminum garnet
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were grown by the usual Czochralski method in Pt crucibles. The SRS experiments were

accomplished with rods 6-8 mm in diameter and up  to 90 mm in length and with commercial

Nd3+:Y3Al5O12 (CNd � 1 %) and Yb3+:Y3Al5O12 (CYb � 5 %) laser crystals � 120 mm in length.

Fig. 4.1:

Spontaneous Raman spectra

of the single crystal and

nanocrystalline ceramic of

Y3Al5O12.

Optically highly transparent nanocrystalline ceramics have favorable characteristics: These laser

crystals can be produced in any size and shape; fabrication is simple and inexpensive. These

advantages make ceramic laser materials a powerful challenger to single-crystal laser materials,

which  are considerably more expensive, limited in size and difficult to grow. Nanocrystalline

ceramics were prepared by the modified precipitation method using (NH4)2SO4 urea and other

additions that are necessary for this technique [4-18, 4-19]. The corresponding experimental

samples were bars up to 40 mm in length with cross-section 10 x10 mm2. The used samples of

the single crystals and nanocrystalline ceramics have plane parallel endfaces and without

coating.

The spontaneous Raman spectra shown in Fig. 4.1 give an indication of the spectral distribution

of optical modes in the media. The strongest line �R � 370 cm-1 with line width  (FWHM) ��R1 �

5.5 cm-1 and ��R2 � 5.7 cm-1 of Y3Al5O12 single crystal and nanocrystalline ceramics have been

observed, respectively [4-20, 4-21]. Considering that the spontaneous Raman spectra of Y3Al5O12

single crystals and nanocrystalline ceramics identical, as are also the other physical properties of

this materials [4-18, 4-23]. It means that their SRS-active modes with frequency �R � 370 cm-1

are of the same nature.
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PbWO4

Tetragonal PbWO4 has several advantages, it is very stable (for comparison the crystal Ba(NO3)2

requires moisture protection), cheep and can be grown in big sizes with high optical quality by

the ordinary Czochralski pulling technique (for growing big size of monoclinic �-KGd(WO4)2

crystals only very expensive top-seed flux method is available). The investigated tetragonal

PbWO4 single crystals were grown by the Czochralski method.

Fig. 4.2:

Spontaneous Raman spectra

of the tetragonal PbWO4

single crystal for two

excitation geometries.

In our Raman experiments we used PbWO4 crystalline bars of known crystal axis orientations

and different lengths 40-100 mm with 10 x 10 mm2 cross-section. Their endfaces were polished,

plane-parallel and without  antireflection coating. The refractive index is n � 2.2 for the c-axis in

our experiments. Fig 4.2 illustrates spontaneous Raman spectra of PbWO4 at 300 K for two

different excitation geometries. Under this excitation conditions the tetragonal PbWO4 display

very strong peaks in two Raman shifts at �R1 = 901  (��R1 � 4.3 cm-1) and �R2 = 323 cm-1 (��R1 �

7.5 cm-1). The analysis reported in Refs. [4-24] – [4-26] concluded that these Raman lines

connected with the vibrational modes of tetrahedral WO �2
4  ions. In the stimulated Raman

scattering processes, spontaneous Raman scattering is a key factor, because the frequency-shifted

emission on the intense lines acts as a seed for SRS amplification and generation [2-12, 2-13].

C13H10O

Benzophenone (C13H10O), is well-known since more than hundred years. The single crystal of

benzophenone was grown from supercooled melts [4-27]. The samples for SRS experiments and
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spontaneous Raman scattering measurements are in the form of rectangular bars with dimension

of 20-mm along the crystallographic axes. The spontaneous Raman scattering spectrum of the

C13H10O single crystal is shown in Fig. 4.3. The strongest lines are: doublet at 3070 cm-1 and

3059 cm-1, singles at 1650 cm-1 and multiples at 1032, 1001, 998, 986 cm-1. The spontaneous

Raman scattering results were obtained [4-28]-[4-30].

Fig. 4.3: Spontaneous Raman

scattering for the orthorhombic

Benzophenone (C13H10O) single

crystal (random orientation).

Zero corresponds to Ar-ion laser

excitation at � = 0.51445 �m

(indicated by arrow).

4.2 Survey of investigated crystals and observed nonlinear effects

Table 4.2 shows experimentally measured Raman shifts for different types of crystalline and

glassy Raman active media range from 91 to 3070 cm-1. Furthermore,  the observed nonlinear

properties (SRS, SHG, SFG and SFM) and other applications are listed. BiB3O6, Bi4Ge3O12,

Bi4Si3O12, AANP, C13H10O, GuZN-III and 4´-Nitrobenzylidene-3-Acetamino-4-Methoxyaniline

are acentric crystals and showing high quadratic nonlinear susceptibilities �2. Therefore, crystals

providing �2 and �3 properties may give rise to diverse parametric generation effects. Undoped

BiB3O6 was used as crystal for second harmonic generation (SHG) and optical parametric

oscillators (OPO) [4-31] and doped with Ln3+ activators as luminescense material as well [4-32].

Bi4Ge3O12 and Bi4Si3O12 are well characterized optical materials for physical experiments and

their application. For example undoped Bi4Ge3O12 and Bi4Si3O12 crystals were used as self-

frequency generation (SFG). In addition, Bi4Ge3O12 doped with Ln3+ and metal ions was used as

luminescense material [4-33]-[4-35].
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Table 4.2: Observed nonlinear effects and Raman shift for investigated inorganic, organic

crystals and glasses materials at room temperature and some applications.

Crystal NLO
properties

SRS-active
vibration mode

[cm-1]

Observed nonlinear
effects and other

applications
Inorganic crystals
BiB3O6 �2 + �3 � 168, � 215, � 374, �

542, � 583, � 604
SRS, SHG, THG, self-SRS

Bi4Ge3O12 �2 + �3 91 SRS, SHG, SFG, X- and �-ray
scintillators, electro-optics and
acoustics.

Bi4Si3O12 �2 + �3 97 SRS, SHG, SFG, X- and �-ray
scintillators, electro-optics and
acoustics.

GdVO4 �(3) 882 SRS and laser-diode pumped
micro-lasers

KAl(SO4)2·12H2O �(3) 989 SRS,
LiCaAIF6 �(3)

� 560 SRS and ultrashort-pulse lasers
emitting in UV and IR.

PbWO4 �(3) 901, 323 SRS, self-SRS (Nd3+), �-ray
scintillators and detectors in
tomographic medical devices.

Y3Al5O12 (single crystal) �(3) 370 SRS and solid-state laser
Y3Al5O12 (nanocrystalline ceramic) �(3) 370 SRS and solid-state laser
YVO4 �(3) 890 SRS, laser diode pumped micro-

lasers
Organic crystals
�-4-Methylbenzo-phenone (�-C14H12O) �(3) 3065 SRS
AANP �2 + �3 1280 SRS, SHG, SFG, OPO and self-SFG
Benzophenone (C13H10O) �2 + �3 103, 998, 1650, 3070 SRS, SHG
GuZN-III �2 + �3 � 1008, � 2940 SRS, SHG
4´-Nitrobenzylidene-3-Acetamino-4-
Methoxyaniline

�2 + �3 � 1587 SRS, SHG, and SFM

Inorganic bulk glasses
Ca(NO3)2/KNO3 glass �(3) 1053 SRS
(NaPO3)x �(3) 1165 SRS

Yttrium vanadate YVO4 is old laser host for Nd3+ ions [4-36]. Nd3+-doped YVO4 has been

successfully used in laser-diode pumped micro-lasers [4-37, 4-38]. Analogous laser properties

have been demonstrated for the isostructural GdVO4 with Nd3+, Ho3+ and Tm3+- activators [4-39].

Tetragonal lead tungstate PbWO4 is promising for use as self-pumped-SRS laser media when

doped with Ln3+ ions, in particular PbWO4:Nd3+ [4-40]. In addition to their laser potential, some

crystals of Table 4-2 posses other valuable properties for applications.

For example, various types Y3Al5O12:Nd3+ lasers have beendeveloped for scientific, civil and

military purposes, as well as for medicine. Furthermore, highly transparent Y3Al5O12:Nd3+
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ceramic was used to develop new solid-state lasers [4-41]. Bi4Ge3O12 and Bi4Si3O12 are used in

optical and acoustical devices [4-42, 4-43]. PbWO4 and Bi4Ge3O12 are widely used materials for

scintillators in high-energy physics and detectors in tomographic medical devices [4-44]. The use

of Raman active glasses is wide-spread, e.g., they are commonly used in optical communication

systems [3-45]. However, due to a relatively low value of the �3 hyperpolarizibility of known

glasses, practically all Raman lasers and amplifiers are built from fibers [4-46]. In the field of

nonlinear optics organic crystals the attention has mainly been directed towards second harmonic

generation (SHG) and third harmonic generation (THG) [4-47]-[4-49], but not towards SRS.

This is rather astonishing, because the bright optical �3 properties, such as the SRS, were

discovered in the beginning of the 1960s (nitrobenzene) [4-50].

4.3 Raman gain and relaxation time of some investigated materials

Raman gain coefficient gssR, Raman line width ��R and relaxation time TR of some of the used

Raman-active materials are listed in Table 4.3. The relaxation time  is calculated from equation

(2.4.1) while the Raman gain coefficient is calculated using the approximation gssRIpl = 25-30.

For example, for two Raman shifted lines, namely 901 and 323 cm-1 for tetragonal PbWO4 single

crystal in Fig. 4.2, the dephasing times are  2.5 ps (��R = 4.3 cm-1) and 1.4 ps (��R = 7.5 cm-1),

respectively. These are considerably lower than the pumping pulse duration �f = 120 ps in the

near-IR. Then SRS in PbWO4 takes place in the steady state case.

Raman gain coefficients of inorganic, organic and glassy materials are listed in Table 4.3. For

example, the gain coefficient = 3.1 � 0.8 cm/GW for tetragonal PbWO4, which is practically the

same as for the widely-used monoclinic �-KGd(WO4)2 tungstate crystal. Tetragonal vanadates

YVO4 and GdVO4 have Raman gain much higher than tetragonal PbWO4.

For organic crystals, we observed that the threshold intensity for the first Stokes generation is

5% to 10 %  less than known for lasing of an oriented equal length reference �-KGd(WO4)2

tungstate at its first Stokes wavelength. This result allows us to estimate the Raman gain for

organic crystals from 5 to 10 cm/GW.

The advantage of solid state Raman materials have higher SRS gain coefficient is due to higher

concentration of Raman scattering centers than in a gas media. Due to these important reasons

there is a limited number of crystals that provide high SRS gain coefficient.
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Table 4.3: Spectroscopic characteristics of  the Raman-active materials.

Crystal gssR [cm/GW] ��R [cm-1] TR [ps] References
Inorganic crystals
BiB3O6 2.9 � 0.5 � 7-11 1.5-1 [1]
Bi4Ge3O12 � 0.8 1.3 8 [2]
Bi4Si3O12 � 0.8 1.4 7.6 [2]
KAl(SO4)2·12H2O 16.2 0.65 [4]
LiCaAIF6 0.22 � 0.07 � 7 1.5 [5]
Nd:YAG 0.1 � 0.05 5.5 1.9 [6,7]
PbWO4 3.1 � 0.8 4.3 2.5 [8]
YAG-Ceramic 0.1 � 0.05 5.7 1.8 [7]
YVO4 4.5 3 � 3.5 [3]
Organic crystals
�-4-Methylbenzo-
phenone (�-C14H12O)

- � 9 � 1.2 [9]

AANP � 5.5 � 24 � 0.44 [10]
Benzophenone
(C13H10O)

� 10 � 6.5 � 1.5 [9]

GuZN-III 9 � 5 � 2 [11]
MNBA � 7 1.5 � 7 [12]
Inorganic bulk glasses
(NaPO3)x � 8 19 � 0.6 [14]

4.4 Experimental spectra of Raman converters

The process of SRS allows to convert laser emission wavelengths of materials providing suitable

molecular or lattice modes which contribute to the third order nonlinear optical susceptibility �3.

SRS of suggested materials can produce Stokes and/or anti-Stokes shifts in the range 91 cm-1 to

3070 cm-1. Due to variation in crystallographic structure, different crystals have rather different

Raman spectra. For the excitation of Stokes and anti-Stokes steady state single-pass SRS we use

a picosecond Nd:YAG laser with the fundamental wavelength at �f1 = 1064.15 nm and its SHG

at �f2 = 532.07 nm wavelength. The time duration of the fundamental is �f1 � 120 ps while �f2 =

80 ps for the SHG, which was explained in chapter 3. High-order SRS and some nonlinear

effects in inorganic, organic and glasses materials are observed. Due to the CCD-sensitivity

drop-off, the intensity of the of the Stokes line is strongly reduced compared to the anti-Stokes
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lines when the materials under the fundamental excitation. In contrast, higher-order Stokes can

easily be detected when the excitation with the SHG.

Inorganic crystals

SRS spectra for some investigated inorganic crystals (Y3Al5O12-ceramic, GdVO4,

KAl(SO4)2·12H2O and PbWO4) at specific orientation and their Raman shifts are shown in Fig.

4.4. High-order Stokes and anti-Stokes lines are excited in the visible and near-IR regions YAG

and nanocrystalline YAG-ceramics. SRS in these crystals are observed with Raman shift �R �

370 cm-1, which agrees well with spontaneous Raman scattering spectrum in Fig. 4.1. Table 4.4

shows the comparison between SRS in YAG single crystal and YAG ceramics. Due to the

absorption of Nd for the green, we could not generate SRS in doped YAG single and YAG-

ceramics with Nd when they pumping with the second harmonic.

Excitation

Crystals Near-IR

�f1 = 1064.15 nm

Green

�f2 = 532.07 nm

Nd:YAG SRS

AS, S

No SRS

YAG-undoped SRS

AS, S

SRS

AS, S

YAG-ceramics SRS

AS, S

SRS

AS, S

      Table 4.4:

Comparison between

the SRS in doped and

undoped-YAG single

crystals and YAG

ceramics

Some generated Stokes and anti-Stokes lines in Bi4Ge3O12 are illustrated in Fig. 4.4. All the

observed Stokes and anti-Stokes lines in Bi4Ge3O12 and Bi4Si3O12 with Raman shifts of 91 cm-1

and 97 cm-1 are presented in Ref. [4-2]. Of course, we were very surprised to watch such rich-

line Raman lasing spectra. For example, the multiple lines of the anti-Stokes wing of bismuth

germanate contain 40 components and spread down to 767 nm wavelength under one-micron

pumping. Due to limited spectral sensitivity of our Si-CCD sensor in the near-IR region we

could not register all lines Stokes wing, but it is safe to say that their number should be essential

higher than that we registered. Under pumping at �f2 = 532.07 nm wavelength, the spectral

composition of multiple Stokes and anti-Stokes generation of Bi4Ge3O12 is not uncommon for the

single-pass SRS excitation.
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For tetragonal PbWO4, high-order Stokes and anti-Stokes stimulated Raman scattering are

generated. The known optical vibration mode at �R1 = 901 cm-1 and in addition, at �R2 = 323 cm-1

which, agree fairly well with those obtained previously in Fig. 4.2 are observed.

Analysis of our experimental data shows that these SRS-active vibration modes of the crystal are

determined by the experimental conditions of excitation ( direction, wavelength, polarization and

power of the fundamental wave). The measurement conducted showed that the total Stokes

conversion efficiency in tetragonal PbWO4 crystals in our experimental conditions at pumping

power density close to their optical damage threshold at �f2 = 532.07 nm wavelength reached �

55 %. Although we could not measure the Stokes emission in the IR wing of the SRS generation

because our recording system had limited spectral sensitivity, the total conversion efficiency of

the pump power density of about 1 GW/cm2 (at �f1 = 1.06415 	m) to Stokes and anti-Stokes

components has been estimated to � 55 %. Due to excellent crystalline and optical properties of

tetragonal PbWO4 crystal, we demonstrated second-Stokes Raman laser based on PbWO4, in

chapter 5.
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Fig. 4.4: SRS spectra for inorganic crystals pumping with the fundamental at �f1 = 1064.15 nm

wavelength and with the SHG at �f2 = 532.07 nm wavelength at room temperature.

The relation between generated Stokes and anti-Stokes components and Raman shift

�R of the crystals are indicated by brackets.
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Organic crystals

For SRS there is no need to have acentric materials, therefore, many of the organic crystals and

polymers showing �3 properties may be considered for a thus far unexplored direction in the

manufacturing of all-solid-state laser frequency converters. The organic crystals mentioned here

were not chosen because they are the most promising ones but because they have been reported

to feature �3 molecular properties [4-48, 4-49].

SRS based on �-C14H12O, C15H19N3O2, C13H10O, [C(NH2)3]Zr[N(CH2COO)3]2·H2O and

C16H15N3O4 are observed. Spectra of some organic crystals are illustrated in Fig. 4.5. Our results

on several organic crystal that SRS wavelength conversion is efficient and much larger Raman

shifts can be obtained compared to those of most inorganic crystals.

For example, the spectral composition of the observed Stokes and anti-Stokes generation in

orthorhombic benzophenone crystal is related to four SRS-active vibration modes of the crystals

�R1 = 103 cm-1, �R2 = 998 cm-1, �R3 = 1650 cm-1 and �R4 = 3070 cm-1. These Raman shifts are

determined by the experimental excitation conditions, direction and polarization of fundamental

and scattered emissions, as well as pump peak-power and active length of sample. Furthermore,

total conversion efficiency at pumping energy of about 1.5 mJ at �f2 = 532.07 nm wavelength

into all Stokes and anti-Stokes components in a benzophenone is estimated as high as 20 %.

Stokes and anti-Stokes generation and self-SHG components of  C15H19N3O2 (AANP) single

crystal are shown in Fig 4.5.

The analysis shows that the Stokes and anti-Stokes lines in C15H19N3O2 crystal are generated with

SRS active vibration mode �R1 � 1280 cm-1. Due to this large Raman shift and limited spectral

sensitivity of the Si-CCD sensor we can not observe the near-IR Stokes components of

C15H19N3O2 under excitation at �f1 = 1064.15 nm wavelength. First and second Stokes lines

clearly appear in the visible range as corresponding SHG lines as well as with excitation in the

visible at �f2 = 532.07 nm wavelength.

First anti-Stokes with Raman shift of �R � 2940 cm-1 and self-SHG of

[C(NH2)3]Zr[N(CH2COO)3]2·H2O (GuZN-III) single crystal were observed with excitation at �f1.

Furthermore, Stokes and anti-Stokes lines of an orthorhombic GuZN-III with phonon energy of

� 1008 cm-1 were obtained under excitation at �f2. Our results on several organic crystals showed

that SRS wavelength conversion is efficient and much larger Raman shifts can be obtained

compared to most inorganic crystals.
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Fig. 4.5: SRS spectra for organic crystals pumping with the fundamental at �f1 = 1064.15 nm

wavelength and with the SHG at �f2 = 532.07 nm wavelength at room temperature.

The relation between generated Stokes and anti-Stokes components and Raman shift

�R of the crystals are indicated by brackets.
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Glassy materials

Glasses materials are promising SRS media for new laser applications including fibers. Efficient

SRS has been demonstrated in inorganic bulk glasses Ca(NO3)2/KNO3 and (NaPO3)x with

phonon energy of 1053 and 1165 cm-1. Up to 10 and 8 anti-Stokes components of

Ca(NO3)2/KNO3 and (NaPO3)x are observed under pumping at �f1. Multiple Stokes and anti-

Stokes lines have been detected under excitation at �f2 and are presented in Fig. 4.6.

Fig. 4.6: SRS spectra for glasses materials pumping with the fundamental at �f1 = 1064.15 nm

wavelength and with the SHG at �f2 = 532.07 nm wavelength at room temperature.

The relation between generated Stokes and anti-Stakes components and Raman shift

�R of the crystals are indicated by brackets.
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4.5 Survey of all observed Raman lines

Up to 401 Stokes, anti-Stokes and other Raman effects lines are observed in inorganic and

organic crystals and glasses materials under picosecond Nd:YAG laser fundamental at �f1 =

1064.15 nm and its SHG at �f2 = 532.07 nm. Experimental data resulting from our

measurements, including an identification of all Stokes and anti-Stokes components with SRS-

active vibration modes 
R of selected active materials have been listed in Table 4.5. High-order

SRS, self-frequency doubling, and self-sum frequency mixing in inorganic crystals [BiB3O6,

Bi4Ge3O12, Bi4Si3O12, GdVO4, KAl(SO4)2·12H2O, LiCaAIF6, Y3Al5O12 (single crystal), Y3Al5O12

(nanocrystalline ceramic), PbWO4 and YVO4], organic crystals [�-C14H12O, C15H19N3O2,

C13H10O, [C(NH2)3]Zr[N(CH2COO)3]2.H2O and C16H15N3O4] and glasses materials

[Ca(NO3)2/KNO3 and (NaPO3)x] have been published [4-1]-[4-15]. Furthermore, multiple Stokes

and anti-Stokes generation in triclinic �-KIO3 and hexagonal �-LiIO3 [4-51], dibenzoyl C14H10O2

[4-52], Nd3+-doped CaMoO4, SrMoO4 and SrWO4 [4-53] and Ba(NO3)2 [4-54] crystals are added

to Table 4.5.

Besides the multiple ordinary SRS generation in the (�2 + �3) active crystal MNBA C16H15N3O4

we have observed new nonlinear phenomena: SHG of the first (�S1 = 1280.4 nm) and second (�S2

= 1606.9 nm) Stokes generations at �SHG = 640.2 nm and at �SHG = 803.4 nm, respectively. This

is the first observation of self-FD effect in organic single crystals. In addition, the efficient

Stokes generation and a high �2 made it possible to observe other efficient parametric effects in

MNBA –the self-sum-frequency conversion at �SFM = 581.1 nm resulting from interaction

between frequency of fundamental (pumping) laser emission 
f1 and the frequency of first

Stokes emission �S1 and self-sum-frequency mixing at �SFM = 712.6 nm resulting from sum of

frequency of first and second Stokes., i.e. the interaction between fundamental (pumping) laser

emission and the first and second Stokes generations.

From  Table 4.5, 40 components spread to 767 nm wavelength of the anti-Stokes wing and up to

9 Stokes lines of BiB3O6 were observed under fundamental excitation. Furthermore, second

harmonic  generation of the fundamental radiation and the sum-frequency generation of the

fundamental and multiple Stokes emission have been observed in BiB3O6. It is probable that

these evidences are the first observation of the self-frequency doubling and the self-frequency

summing effects in cubic acentric crystals. For tetragonal PbWO4 second-Stokes at wavelength
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of �S2 = 1316.6 nm with energy phonon of 901 cm-1 was observed. In addition, lead tungstate

was used to generate the second-Stokes line in the next chapter.

Table 4.5: SRS wavelengths �R, self-frequency doubling (SFD), self-sum frequency mixing

(SSFM) and SRS-active vibration modes (�R) in inorganic and organic crystals and

glasses materials under picosecond Nd:YAG laser fundamental at �f1 = 1064.15 nm

with frequency �f1  and its SHG at �f2 = 532.07 nm with frequency �f2.

�R

(nm)
Line SRS-and

RFWM-line

attribution

Raman shift

�R (cm-1)

Crystal Pump

(nm)

Ref.

421.2 AS5 �f2+5�R 989 KAl(SO4)2·12H2O 532.07 [4]
431 AS5 �f2+5�R 882 GdVO4 532.07 [3]
438.1 AS4 �f2+4�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
439.6 AS4 �f2+4�R 989 KAl(SO4)2·12H2O 532.07 [4]
448 AS4 �f2+4�R 882 GdVO4 532.07 [3]
451.4 AS6 �f2+6�R � 560 LiCaAIF6 532.07 [5]
455.5 AS3 �f1+3�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
458.3 AS3 �f2+3�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
459.5 AS3 �f2+3�R 989 KAl(SO4)2·12H2O 532.07 [4]
460.1 AS1 �f2+�R �2940 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
463.1 AS5 �f2+5�R � 560 LiCaAIF6 532.07 [5]
466.4 AS3 �f2+3�R 882 GdVO4 532.07 [3]
473.4 AS2 �f2+�R 1165 (NaPO3)x 532.07 [14]
475.4 AS4 �f2+4�R � 560 LiCaAIF6 532.07 [5]
478.5 AS2 �f1+2�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
478.7 AS2 �f2+2�R 1047 Ba(NO3)2 532.07 [54]
480.5 AS2 �f2+2�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
481.4 AS2 �f2+2�R 989 KAl(SO4)2·12H2O 532.07 [4]
484.4 AS5 �f2+5�R 370 Y3Al5O12 532.07 [7]
484.4 AS5 �f2+5�R 370 Y3Al5O12 ceramic 532.07 [7]
485.5 AS2 �f2+2�R 901 PbWO4 532.07 [8]
486 AS1 �f2+�R 890 YVO4 532.07 [3]
486.4 AS2 �f2+2�R 882 GdVO4 532.07 [3]
488.4 AS3 �f2+3�R � 560 LiCaAIF6 532.07 [5]
489.5 AS2 �f2+2�R 818 �-LiIO3 532.07 [51]
491.2 AS1 �f2+�R 781 �-KIO3 532.07 [51]
493.2 AS4 �f2+3�R 370 Y3Al5O12 532.07 [7]
493.2 AS4 �f2+3�R 370 Y3Al5O12 ceramic 532.07 [7]
501 AS1 �f2+2�R 1165 (NaPO3)x 532.07 [14]
501.8 AS10 �f1+10�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
502.2 AS2 �f2+2�R � 560 LiCaAIF6 532.07 [5]
502.4 AS3 �f2+3�R 370 Y3Al5O12 532.07 [7]
502.4 AS3 �f2+3�R 370 Y3Al5O12 ceramic 532.07 [7]
503.1 SHG, AS2 2�f1+2�R � 542 BiB3O6 1064.15 [1]
503.8 AS1 �f1+�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
504 AS1 �f2+�R 1047 Ba(NO3)2 532.07 [54]
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505 AS1 �f2+�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
505.5 AS1 �f2+�R 989 KAl(SO4)2·12H2O 532.07 [4]
507.7 AS1 �f2+�R 901 PbWO4 532.07 [8]
508 AS2 �f2+�R 890 YVO4 532.07 [3]
508.2 AS1 �f2+�R 882 GdVO4 532.07 [3]
508.3 AS1 �f2+�R � 879 CaMoO4 532.07 [53]
509.9 AS1 �f2+�R 818 �-LiIO3 532.07 [51]
510.8 AS1 �f2+�R 781 �-KIO3 532.07 [51]
511.9 AS2 �f2+2�R 370 Y3Al5O12 532.07 [7]
511.9 AS2 �f2+2�R 370 Y3Al5O12 ceramic 532.07 [7]
512.1 AS1 �f2+�R2 733 �-KIO3 532.07 [51]
516.7 AS1 �f2+�R � 560 LiCaAIF6 532.07 [5]
517.2 SHG, AS1 2�f1+�R � 542 BiB3O6 1064.15 [1]
518.5 AS10 �f1+10�R 989 KAl(SO4)2·12H2O 1064.15 [4]
521.8 AS1 �f2+�R 370 Y3Al5O12 532.07 [7]
521.8 AS1 �f2+�R 370 Y3Al5O12 ceramic 532.07 [7]
524.5 AS3 �f2+3�R 91 Bi4Ge3O12 532.07 [2]
527.0 AS2 �f2+2�R 91 Bi4Ge3O12 532.07 [2]
529.5 AS1 �f2+�R 91 Bi4Ge3O12 532.07 [2]
529.8 AS9 �f1+9�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
532.07 SHG 2�f1 - BiB3O6 1064.15 [1]
532.07 SHG 2�f1 - Bi4Ge3O12 1064.15 [2]
532.07 SHG 2�f1 - C16H15N3O4 1064.15 [12]
532.07 SHG 2�f1 - C15H19N3O2 1064.15 [10]
532.07 SHG 2�f1 - [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 1064.15 [11]
534.3 AS8 �f1+8�R 1165 (NaPO3)x 1064.15 [14]
534.7 S1 �f2-�R 91 Bi4Ge3O12 532.07 [2]
534.7 SHG, S1 2�f1-�R 91 Bi4Ge3O12 1064.15 [2]
537.3 S2 �f2-2�R 91 Bi4Ge3O12 532.07 [2]
537.3 SHG, S2 2�f1-2�R 91 Bi4Ge3O12 1064.15 [2]
539.9 S3 �f2-3�R 91 Bi4Ge3O12 532.07 [2]
539.9 SHG, S3 2�f1-3�R 91 Bi4Ge3O12 1064.15 [2]
542.6 S4 �f2-4�R 91 Bi4Ge3O12 532.07 [2]
542.6 SHG, S4 2�f1-4�R 91 Bi4Ge3O12 1064.15 [2]
542.8 S1 �f2-�R 370 Y3Al5O12 532.07 [7]
542.8 S1 �f2-�R 370 Y3Al5O12 ceramic 532.07 [7]
543.3 AS10 �f1+10�R 901 PbWO4 1064.15 [8]
545.3 SHG, S5 2�f1-5�R 91 Bi4Ge3O12 1064.15 [2]
546.5 AS9 �f1+9�R 989 KAl(SO4)2·12H2O 1064.15 [4]
547.9 SHG, S1 2�f1-�R � 542 BiB3O6 1064.15 [1]
548 SHG, S6 2�f1-6�R 91 Bi4Ge3O12 1064.15 [2]
548.4 S1 �f2-�R � 560 LiCaAIF6 532.07 [5]
550.7 SHG, S7 2�f1-7�R 91 Bi4Ge3O12 1064.15 [2]
553.5 SHG, S8 2�f1-8�R 91 Bi4Ge3O12 1064.15 [2]
553.7 S1 �f2-�R2 733 �-KIO3 532.07 [51]
553.9 S2 �f2-2�R 370 Y3Al5O12 532.07 [7]
553.9 S2 �f2-2�R 370 Y3Al5O12 ceramic 532.07 [7]
555.1 S1 �f2-�R 781 �-KIO3 532.07 [51]
555.9 AS11 �f1+11�R 781 �-KIO3 1064.15 [51]
556.3 S1 �f2-�R 818 �-LiIO3 532.07 [51]
556.3 SHG, S9 2�f1-9vR 91 Bi4Ge3O12 1064.15 [2]
571.0 SHG, S1 2�f1-�R � 1280 C15H19N3O2 1064.15 [10]
558.2 S1 �f2-�R � 879 CaMoO4 532.07 [53]
558.3 S1 �f1-�R 882 GdVO4 1064.15 [3]
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558.5 S1 �f2-�R 890 YVO4 532.07 [3]
558.9 S1 �f2-�R 901 PbWO4 532.07 [8]
559.1 SHG, S10 2�f1-10�R 91 Bi4Ge3O12 1064.15 [2]
561.1 AS8 �f1+8�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
561.6 S1 �f2-�R 989 KAl(SO4)2·12H2O 532.07 [4]
562.0 SHG, S11 2�f1-11�R 91 Bi4Ge3O12 1064.15 [2]
562.2 S1 �f2-�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
563.5 S1 �f2-�R 1047 Ba(NO3)2 532.07 [54]
563.7 S1 �f2-�R 1053 Ca(NO3)2/KNO3 532.07 [13]
564.7 SHG, S2 2�f1-2�R � 542 BiB3O6 1064.15 [1]
565.4 AS9 �f1+9�R � 921 SrMoO4:Nd3+ 1064.15 [53]
565.5 S3 �f2-3�R 370 Y3Al5O12 532.07 [7]
565.5 S3 �f2-3�R 370 Y3Al5O12 ceramic 532.07 [7]
565.8 S2 �f2-2�R � 560 LiCaAIF6 532.07 [5]
567.2 S1 �f2-�R 1165 (NaPO3)x 532.07 [14]
569.7 AS7 �f1+7�R 1165 (NaPO3)x 1064.15 [14]
571.2 AS9 �f1+9�R 901 PbWO4 1064.15 [8]
577.1 S2 �f2-2�R2 733 �-KIO3 532.07 [51]
577.6 S4 �f2-4�R 370 Y3Al5O12 532.07 [7]
577.6 S4 �f2-4�R 370 Y3Al5O12 ceramic 532.07 [7]
577.7 AS8 �f1+8�R 989 KAl(SO4)2·12H2O 1064.15 [4]
580.3 S2 �f2-2�R 781 �-KIO3 532.07 [51]
581.1 SFM �f1+�S1 C16H15N3O4 1064.15 [12]
581.1 S1 �f2-�R �1587 C16H15N3O4 532.07 [12]
581.2 AS10 �f1+10�R 781 �-KIO3 1064.15 [51]
582.5 SHG, S3 2�f1-3�R � 542 BiB3O6 1064.15 [1]
582.8 S2 �f2-2�R 818 �-LiIO3 532.07 [51]
584.3 S3 �f2-3�R � 560 LiCaAIF6 532.07 [5]
587.0 S2 �f2-2�R � 879 CaMoO4 532.07 [53]
587.2 S2 �f2-2�R 882 GdVO4 532.07 [3]
587.7 S2 �f2-�R 890 YVO4 532.07 [3]
588.5 S2 �f2-2�R 901 PbWO4 532.07 [8]
590.2 S5 �f2-5�R 370 Y3Al5O12 532.07 [7]
590.2 S5 �f2-5�R 370 Y3Al5O12 ceramic 532.07 [7]
594.7 S2 �f2-2�R 989 KAl(SO4)2·12H2O 532.07 [4]
596.0 S2 �f2-2�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
596.4 AS7 �f1+7�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
596.5 AS8 �f1+8�R � 921 SrMoO4:Nd3+ 1064.15 [53]
598.8 S1 �f2-2�R 1047 Ba(NO3)2 532.07 [54]
599.2 S2 �f2-2�R 1053 Ca(NO3)2/KNO3 532.07 [13]
602.2 AS8 �f1+8�R 901 PbWO4 1064.15 [8]
604.1 S4 �f2-4�R � 560 LiCaAIF6 532.07 [5]
605.4 AS8 �f1+8�R 890 YVO4 1064.15 [3]
607.4 S2 �f2-2�R 1165 (NaPO3)x 532.07 [14]
607,8 AS8 �f1+8�R 882 GdVO4 1064.15 [3]
607.9 S3 �f2-3�R 781 �-KIO3 532.07 [51]
608.8 AS9 �f1+9�R 781 �-KIO3 1064.15 [51]
610.2 AS6 �f1+6�R 1165 (NaPO3)x 1064.15 [14]
612.0 S3 �f2-3�R 818 �-LiIO3 532.07 [51]
612.7 AS7 �f1+7�R 989 KAl(SO4)2·12H2O 1064.15 [4]
616.0 SHG, S2 2�f1-2�R � 1280 C15H19N3O2 1064.15 [10]
618.9 S3 �f2-3�R � 879 CaMoO4 532.07 [53]
619.3 S3 �f2-3�R 882 GdVO4 532.07 [3]
620.2 S3 �f2-�R 890 YVO4 532.07 [3]
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621.5 S3 �f2-3�R 901 PbWO4 532.07 [8]
625.2 S5 �f2-5�R � 560 LiCaAIF6 532.07 [5]
627.3 AS8 �f1+8�R 818 �-LiIO3 1064.15 [51]
630.7 S1 �f2-�R �2940 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
631.2 AS7 �f1+7�R � 921 SrMoO4:Nd3+ 1064.15 [53]
631.8 S3 �f2-3�R 989 KAl(SO4)2·12H2O 532.07 [4]
634.1 S3 �f2-3�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
636.3 AS6 �f1+6�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
636.8 AS7 �f1+7�R 901 PbWO4 1064.15 [8]
638.1 S4 �f2-4�R 781 �-KIO3 532.07 [51]
638.8 S3 �f2-3�R 1047 Ba(NO3)2 532.07 [54]
639.2 AS8 �f1+8�R 781 �-KIO3 1064.15 [51]
639.6 S3 �f2-3�R 1053 Ca(NO3)2/KNO3 532.07 [13]
639.9 AS7 �f1+7�R 890 YVO4 1064.15 [3]
640.2 SHG 2�S1 C16H15N3O4 1064.15 [12]
642.2 AS7 �f1+7�R 882 GdVO4 1064.15 [3]
644.2 S4 �f2-4�R 818 �-LiIO3 532.07 [51]
652.3 AS6 �f1+6�R 989 KAl(SO4)2·12H2O 1064.15 [4]
653.6 S3 �f2-3�R 1165 (NaPO3)x 532.07 [14]
654.5 S4 �f2-4�R � 879 CaMoO4 532.07 [53]
656.4 S4 �f2-�R 890 YVO4 532.07 [3]
656.9 AS5 �f1+5�R 1165 (NaPO3)x 1064.15 [14]
661.2 AS7 �f1+7�R 818 �-LiIO3 1064.15 [51]
669.0 AS15 �f1+15�R 370 Y3Al5O12 1064.15 [6]
670.1 AS6 �f1+6�R � 921 SrMoO4:Nd3+ 1064.15 [53]
671.6 S5 �f2-5�R 781 �-KIO3 532.07 [51]
672.8 AS7 �f1+7�R 781 �-KIO3 1064.15 [51]
673.9 S4 �f2-4�R 989 KAl(SO4)2·12H2O 532.07 [4]
674.9 AS10 �f1+10�R � 542 BiB3O6 1064.15 [1]
675.5 AS6 �f1+6�R 901 PbWO4 1064.15 [8]
677.4 S4 �f2-4�R �1008 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
678.7 AS6 �f1+6�R 890 YVO4 1064.15 [3]
680.8 AS6 �f1+6�R 882 GdVO4 1064.15 [3]
681.6 AS6 �f1+�R � 879 CaMoO4:Nd3+ 1064.15 [53]
682.0 AS5 �f1+5�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
684.6 S4 �f2-4�R 1047 Ba(NO3)2 532.07 [54]
685.8 S4 �f2-4�R 1053 Ca(NO3)2/KNO3 532.07 [13]
686.0 AS14 �f1+�R 370 Y3Al5O12 1064.15 [6]
686.0 AS14 �f1+�R 370 Y3Al5O12 ceramic 1064.15 [7]
692.2 AS5 �f1+5�R 1010 C14H10O2 1064-15 [52]
697.0 AS3 �f1+3�R 1650 C13H10O 1064.15 [9]
697.1 S5 �f2-�R 890 YVO4 532.07 [3]
697.2 AS5 �f1+5�R 989 KAl(SO4)2·12H2O 1064.15 [4]
699.1 AS6 �f1+6�R 818 �-LiIO3 1064.15 [51]
700.5 AS9 �f1+9�R � 542 BiB3O6 1064.15 [1]
703.9 AS13 �f1+�R 370 Y3Al5O12 1064.15 [6]
703.9 AS13 �f1+�R 370 Y3Al5O12 ceramic 1064.15 [7]
710.1 AS6 �f1+6�R 781 �-KIO3 1064.15 [51]
711.4 AS4 �f1+4�R 1165 (NaPO3)x 1064.15 [14]
712.6 SFM �S1+�S2 C16H15N3O4 1064.15 [12]
714.2 AS5 �f1+5�R � 921 SrWO4:Nd3+ 1064.15 [51]
719.3 AS5 �f1+5�R 901 PbWO4 1064.15 [8]
722.1 S5 �f2-5�R 989 KAl(SO4)2·12H2O 532.07 [4]
722.2 AS5 �f1+5�R 890 YVO4 1064.15 [3]
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722.7 AS12 �f1+�R 370 Y3Al5O12 1064.15 [6]
722.7 AS12 �f1+�R 370 Y3Al5O12 ceramic 1064.15 [7]
723.2 AS5 �f1+5�R � 886 SrMoO4:Nd3+ 1064.15 [53]
724.3 AS5 �f1+5�R 882 GdVO4 1064.15 [3]
725.1 AS5 �f1+�R � 879 CaMoO4:Nd3+ 1064.15 [53]
728.2 AS8 �f1+8�R � 542 BiB3O6 1064.15 [1]
734.8 AS4 �f1+4�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
736.1 AS4 �f1-4�R 1047 Ba(NO3)2 1064.15 [54]
737.5 S5 �f2-5�R 1047 Ba(NO3)2 532.07 [54]
741.5 AS5 �f1+5�R 818 �-LiIO3 1064.15 [51]
742.6 AS11 �f1+�R 370 Y3Al5O12 1064.15 [6]
742.6 AS11 �f1+�R 370 Y3Al5O12 ceramic 1064.15 [7]
744.2 AS4 �f1+4�R 1010 C14H10O2 1064-15 [52]
748.9 AS4 �f1+4�R 989 KAl(SO4)2·12H2O 1064.15 [4]
751.8 AS5 �f1+5�R 781 �-KIO3 1064.15 [51]
758.1 AS7 �f1+7�R � 542 BiB3O6 1064.15 [1]
763.5 AS10 �f1+�R 370 Y3Al5O12 1064.15 [6]
763.5 AS10 �f1+�R 370 Y3Al5O12 ceramic 1064.15 [7]
764.5 AS4 �f1+4�R � 921 SrWO4:Nd3+ 1064.15 [53]
767.0 AS40 �f1+40�R 91 Bi4Ge3O12 1064.15 [2]
769.2 AS4 �f1+4�R 901 PbWO4 1064.15 [8]
771.8 AS4 �f1+4�R 890 YVO4 1064.15 [3]
772.4 AS39 �f1+39�R 91 Bi4Ge3O12 1064.15 [2]
772.7 AS4 �f1+4�R � 886 SrMoO4:Nd3+ 1064.15 [53]
773.7 AS4 �f1+4�R 882 GdVO4 1064.15 [3]
774.3 S2 �f2-2�R �2940 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 532.07 [11]
774.4 AS4 �f1+�R � 879 CaMoO4:Nd3+ 1064.15 [53]
775.7 AS3 �f1+3�R 1165 (NaPO3)x 1064.15 [14]
777.9 AS38 �f1+38�R 91 Bi4Ge3O12 1064.15 [2]
783.4 AS37 �f1+37�R 91 Bi4Ge3O12 1064.15 [2]
785.7 AS9 �f1+9�R 370 Y3Al5O12 1064.15 [6]
785.7 AS9 �f1+9�R 370 Y3Al5O12 ceramic 1064.15 [7]
787.6 AS2 �f1+2�R 1650 C13H10O 1064.15 [9]
788.8 S1 from

AS4

(�f1+4�R1)-�R2 �R1=901
�R2=323

PbWO4 1064.15 [8]

789.1 AS36 �f1+36�R 91 Bi4Ge3O12 1064.15 [2]
789.3 AS4 �f1+4�R 818 �-LiIO3 1064.15 [51]
790.6 AS6 �f1+6�R � 542 BiB3O6 1064.15 [1]
794.8 AS35 �f1+35�R 91 Bi4Ge3O12 1064.15 [2]
795.5 AS2 �f1+2�R �1587 C16H15N3O4 1064.15 [12]
796.4 AS3 �f1+3�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
797.6 AS3 �f1-3�R 1047 Ba(NO3)2 1064.15 [54]
798.7 AS4 �f1+4�R 781 �-KIO3 1064.15 [51]
799.2 S6 �f2-6�R 1047 Ba(NO3)2 532.07 [54]
800.6 AS34 �f1+34�R 91 Bi4Ge3O12 1064.15 [2]
802.1 AS1 �f1+�R 3070 C13H10O 1064.15 [9]
803.4 SHG 2�S1 C16H15N3O4 1064.15 [12]
804.7 AS3 �f1+3�R 1010 C14H10O2 1064-15 [52]
804.9 AS1 from

AS3

(�f1+3�R1)+�R2 �R1=901
�R2=323

PbWO4 1064.15 [8]

805.3 AS5 �f1+5�R � 604 BiB3O6 1064.15 [1]
808.8 AS3 �f1+3�R 989 KAl(SO4)2·12H2O 1064.15 [4]
809.3 AS8 �f1+8�R 370 Y3Al5O12 1064.15 [6]
809.3 AS8 �f1+8�R 370 Y3Al5O12 ceramic 1064.15 [7]
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810.6 AS1 �f1+�R �2940 [C(NH2)3]2Zr[N(CH2COO)3]2·H2O 1064.15 [11]
812.4 AS32 �f1+32�R 91 Bi4Ge3O12 1064.15 [2]
818.5 AS31 �f1+31�R 91 Bi4Ge3O12 1064.15 [2]
822.4 AS3 �f1+3�R � 921 SrWO4:Nd3+ 1064.15 [53]
824.6 AS30 �f1+30�R 91 Bi4Ge3O12 1064.15 [2]
826.0 AS5 �f1+5�R � 542 BiB3O6 1064.15 [1]
826.4 AS3 �f1+3�R 901 PbWO4 1064.15 [8]
828.7 AS3 �f1+3�R 890 YVO4 1064.15 [3]
829.5 AS3 �f1+3�R � 886 SrMoO4:Nd3+ 1064.15 [53]
830.2 S from

AS
(�f1+�R2)-�R1 998, 1650 C13H10O 1064.15 [9]

830.4 AS3 �f1+3�R 882 GdVO4 1064.15 [3]
830.8 AS29 �f1+29�R 91 Bi4Ge3O12 1064.15 [2]
831.0 AS3 �f1+�R � 879 CaMoO4:Nd3+ 1064.15 [53]
834.2 AS7 �f1+7�R 370 Y3Al5O12 1064.15 [6]
834.2 AS7 �f1+7�R 370 Y3Al5O12 ceramic 1064.15 [7]
836.3 AS2 �f1+2�R � 1280 C15H19N3O2 1064.15 [10]
837.2 AS28 �f1+28�R 91 Bi4Ge3O12 1064.15 [2]
843.6 AS27 �f1+27�R 91 Bi4Ge3O12 1064.15 [2]
843.8 AS3 �f1+3�R 818 �-LiIO3 1064.15 [51]
846.5 AS4 �f1+4�R � 604 BiB3O6 1064.15 [1]
849.1 S1 from

AS3

(�f1+3�R1)-�R2 �R1=901
�R2=323

PbWO4 1064.15 [8]

850.1 AS26 �f1+26�R 91 Bi4Ge3O12 1064.15 [2]
851.8 AS3 �f1+3�R 781 �-KIO3 1064.15 [51]
852.7 AS2 �f1+2�R 1165 (NaPO3)x 1064.15 [14]
856.7 AS25 �f1+25�R 91 Bi4Ge3O12 1064.15 [2]
860.8 AS6 �f1+6�R 370 Y3Al5O12 1064.15 [6]
860.8 AS6 �f1+6�R 370 Y3Al5O12 ceramic 1064.15 [7]
863.5 AS24 �f1+24�R 91 Bi4Ge3O12 1064.15 [2]
864.7 AS4 �f1+4�R � 542 BiB3O6 1064.15 [1]
867.9 AS1 from

AS2

(�f1+2�R1)+�R2 �R1=901
�R2=323

PbWO4 1064.15 [8]

869.3 AS2 �f1+2�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
870.2 AS2 �f1-2�R 1047 Ba(NO3)2 1064.15 [54]
870.3 AS23 �f1+23�R 91 Bi4Ge3O12 1064.15 [2]
875.9 AS2 �f1+2�R 1010 C14H10O2 1064-15 [52]
877.3 AS22 �f1+22�R 91 Bi4Ge3O12 1064.15 [2]
877.7 AS2 �f1+2�R 998 C13H10O 1064.15 [9]
879.1 AS2 �f1+2�R 989 KAl(SO4)2·12H2O 1064.15 [4]
884.3 AS21 �f1+21�R 91 Bi4Ge3O12 1064.15 [2]
889.1 AS5 �f1+5�R 370 Y3Al5O12 1064.15 [6]
889.1 AS5 �f1+5�R 370 Y3Al5O12 ceramic 1064.15 [7]
889.8 AS2 �f1+2�R � 921 SrWO4:Nd3+ 1064.15 [53]
891.5 AS20 �f1+20�R 91 Bi4Ge3O12 1064.15 [2]
892.1 AS3 �f1+3�R � 604 BiB3O6 1064.15 [1]
892.9 AS2 �f1+2�R 901 PbWO4 1064.15 [8]
894.7 AS2 �f1+2�R 890 YVO4 1064.15 [3]
895.3 AS2 �f1+2�R � 886 SrMoO4:Nd3+ 1064.15 [53]
896.0 AS2 �f1+2�R 882 GdVO4 1064.15 [3]
896.5 AS2 �f1+�R � 879 CaMoO4:Nd3+ 1064.15 [53]
898.8 AS19 �f1+19�R 91 Bi4Ge3O12 1064.15 [2]
905.2 AS1 �f1+�R 1650 C13H10O 1064.15 [9]
906.2 AS18 �f1+18�R 91 Bi4Ge3O12 1064.15 [2]
906.4 AS2 �f1+2�R 818 �-LiIO3 1064.15 [51]
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907.2 AS3 �f1+3�R � 542 BiB3O6 1064.15 [1]
910.4 AS1 �f1+�R �1587 C16H15N3O4 1064.15 [12]
912.5 AS2 �f1+2�R 781 �-KIO3 1064.15 [51]
913.7 AS17 �f1+17�R 91 Bi4Ge3O12 1064.15 [2]
919.4 S1 from

AS2

(�f1+2�R1)-�R2 �R1=901
�R2=323

PbWO4 1064.15 [8]

919.4 AS4 �f1+4�R 370 Y3Al5O12 1064.15 [6]
919.4 AS4 �f1+4�R 370 Y3Al5O12 ceramic 1064.15 [7]
921.4 AS16 �f1+16�R 91 Bi4Ge3O12 1064.15 [2]
929.2 AS15 �f1+15�R 91 Bi4Ge3O12 1064.15 [2]
936.6 AS1 �f1+�R � 1280 C15H19N3O2 1064.15 [10]
937.1 AS14 �f1+14�R 91 Bi4Ge3O12 1064.15 [2]
941.6 AS1 from

AS1

(�f1+�R1)+�R2 �R1=901
�R2=323

PbWO4 1064.15 [8]

942.9 AS2 �f1+2�R � 604 BiB3O6 1064.15 [1]
945.2 AS13 �f1+13�R 91 Bi4Ge3O12 1064.15 [2]
946.7 AS2 �f1+�R � 583 BiB3O6 1064.15 [1]
946.8 AS1 �f1+�R 1165 (NaPO3)x 1064.15 [14]
951.7 AS3 �f1+3�R 370 Y3Al5O12 1064.15 [6]
951.7 AS3 �f1+3�R 370 Y3Al5O12 ceramic 1064.15 [7]
953.4 AS12 �f1+12�R 91 Bi4Ge3O12 1064.15 [2]
954.1 AS2 �f1+2�R � 542 BiB3O6 1064.15 [1]
956.9 AS1 �f1+�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
957.5 AS1 �f1-�R 1047 Ba(NO3)2 1064.15 [54]
960.9 AS1 �f1+�R 1010 C14H10O2 1064-15 [52]
961.7 AS11 �f1+11�R 91 Bi4Ge3O12 1064.15 [2]
962.0 AS1 �f1+�R 998 C13H10O 1064.15 [9]
962.8 AS1 �f1+�R 989 KAl(SO4)2·12H2O 1064.15 [4]
969.2 AS1 �f1+�R � 921 SrWO4:Nd3+ 1064.15 [53]
970.2 AS10 �f1+10�R 91 Bi4Ge3O12 1064.15 [2]
971.1 AS1 �f1+�R 901 PbWO4 1064.15 [8]
972.1 AS1 �f1+�R 890 YVO4 1064.15 [3]
972.5 AS1 �f1+�R � 886 SrMoO4:Nd3+ 1064.15 [53]
972.8 AS1 �f1+�R 882 GdVO4 1064.15 [3]
973.1 AS1 �f1+�R � 879 CaMoO4:Nd3+ 1064.15 [53]
978.8 AS9 �f1+9�R 91 Bi4Ge3O12 1064.15 [2]
978.9 AS1 �f1+�R 818 �-LiIO3 1064.15 [51]
982.5 AS1 �f1+�R 781 �-KIO3 1064.15 [51]
986.5 AS2 �f1+2�R 370 Y3Al5O12 1064.15 [6]
986.5 AS2 �f1+2�R 370 Y3Al5O12 ceramic 1064.15 [7]
987.6 AS8 �f1+8�R 91 Bi4Ge3O12 1064.15 [2]
995.1 S1 from

AS1

(�f1+�R2)- �R1 �R1=998,
�R2=1650

C13H10O 1064.15 [9]

999.9 AS1 �f1+�R � 604 BiB3O6 1064.15 [1]
1002.0 AS1 �f1+�R � 583 BiB3O6 1064.15 [1]
1002.6 S1 from

AS1

(�f1+�R1)-�R2 �R1=901
�R2=323

PbWO4 1064.15 [8]

1005.7 AS6 �f1+6�R 91 Bi4Ge3O12 1064.15 [2]
1006.1 AS1 �f1+�R � 542 BiB3O6 1064.15 [1]
1015.0 AS5 �f1+5�R 91 Bi4Ge3O12 1064.15 [2]
1022.0 AS4 �f1+4�R 97 Bi4Si3O12 1064.15 [2]
1023.4 AS1 �f1+�R � 374 BiB3O6 1064.15 [1]
1023.8 AS1 �f1+�R 370 Y3Al5O12 1064.15 [6]
1023.8 AS1 �f1+�R 370 Y3Al5O12 ceramic 1064.15 [7]
1024.5 AS �f1+4�R 91 Bi4Ge3O12 1064.15 [2]
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1028.8 AS1 �f1+�R 323 PbWO4 1064.15 [8]
1032.2 AS3 �f1+3�R 97 Bi4Si3O12 1064.15 [2]
1034.1 AS3 �f1+3�R 91 Bi4Ge3O12 1064.15 [2]
1042.6 AS2 �f1+2�R 97 Bi4Si3O12 1064.15 [2]
1043.9 AS2 �f1+2�R 91 Bi4Ge3O12 1064.15 [2]
1045.5 AS1 �f1+�R � 168 BiB3O6 1064.15 [1]
1053.3 AS1 �f1+�R 97 Bi4Si3O12 1064.15 [2]
1053.9 AS1 �f1+�R 91 Bi4Ge3O12 1064.15 [2]
1074.6 S1 �f1-�R 91 Bi4Ge3O12 1064.15 [2]
1075.3 S1 �f1-�R 97 Bi4Si3O12 1064.15 [2]
1083.5 S1 �f1-�R � 168 BiB3O6 1064.15 [1]
1085.2 S2 �f1-2�R 91 Bi4Ge3O12 1064.15 [2]
1086.6 S2 �f1-2�R 97 Bi4Si3O12 1064.15 [2]
1089.1 S1 �f1-�R � 215 BiB3O6 1064.15 [1]
1096 S3 �f1-3�R 91 Bi4Ge3O12 1064.15 [2]
1098.2 S3 �f1-3�R 97 Bi4Si3O12 1064.15 [2]
1102.0 S1 �f1-�R 323 PbWO4 1064.15 [8]
1107.0 S4 �f1-4�R 91 Bi4Ge3O12 1064.15 [2]
1107.8 S1 �f1-�R 370 Y3Al5O12 1064.15 [6]
1107.8 S1 �f1-�R 370 Y3Al5O12 ceramic 1064.15 [7]
1108.3 S1 �f1-�R � 374 BiB3O6 1064.15 [1]
1110.0 S4 �f1-4�R 97 Bi4Si3O12 1064.15 [2]
1118.3 S5 �f1-5�R 91 Bi4Ge3O12 1064.15 [2]
1129.3 S1 �f1-�R � 542 BiB3O6 1064.15 [1]
1129.8 S6 �f1-6�R 91 Bi4Ge3O12 1064.15 [2]
1134.5 S1 �f1-�R � 583 BiB3O6 1064.15 [1]
1137.3 S1 �f1-�R � 604 BiB3O6 1064.15 [1]
1141.5 S7 �f1-7�R 91 Bi4Ge3O12 1064.15 [2]
1153.5 S8 �f1-8�R 91 Bi4Ge3O12 1064.15 [2]
1155.1 S2 �f1-2�R 370 Y3Al5O12 1064.15 [6]
1155.1 S2 �f1-2�R 370 Y3Al5O12 ceramic 1064.15 [7]
1160,6 S1 �f1-�R 781 �-KIO3 1064.15 [51]
1165.2 S1 �f1-�R2 �R2=815 YVO4 1064.15 [3]
1165.6 S1 �f1-�R 818 �-LiIO3 1064.15 [51]
1165.8 S9 �f1-9�R 91 Bi4Ge3O12 1064.15 [2]
1174.0 S1 �f1-�R � 879 CaMoO4:Nd3+ 1064.15 [53]
1174.4 S1 �f1-�R 882 GdVO4 1064.15 [3]
1174.9 S1 �f1-�R � 886 SrMoO4:Nd3+ 1064.15 [53]
1175.5 S1 �f1-�R 890 YVO4 1064.15 [3]
1177 S1 �f1-�R 901 PbWO4 1064.15 [8]
1179.8 S1 �f1-�R � 921 SrMoO4:Nd3+ 1064.15 [53]
1189.3 S1 �f1-�R 989 KAl(SO4)2·12H2O 1064.15 [4]
1190.6 S1 �f1-�R 998 C13H10O 1064.15 [9]
1192.3 S1 �f1-�R 1010 C14H10O2 1064-15 [52]
1197.6 S1 �f1-�R 1047 Ba(NO3)2 1064.15 [54]
1198.4 S1 �f1-�R 1053 Ca(NO3)2/KNO3 1064.15 [13]
1214.8 S1 �f1-�R 1165 (NaPO3)x 1064.15 [14]
1316.6 S2 �f1-2�R 901 PbWO4 1064.15 [15]
1369.3 S2 �f1-2�R 1047 Ba(NO3)2 1064.15 [54]
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5 Second-Stokes Raman lasers

Frequency shifting of pico and nanosecond laser pulses by stimulated Stokes and anti-Stokes

scattering in solid-state crystals is of interest for many applications. It allows to design solid-state

Raman lasers emitting radiation in specified spectral region. A Raman laser is constructed

similarly as a conventional laser i.e. an optical resonator is formed placing two mirrors at both

sides of the active medium. The optical resonator includes a number of passes of scattering

radiation through the interaction region in the pumped nonlinear medium. The special properties

of solid-state Raman lasers make them useful in many different types of applications [5-1]-[5-4].

High efficiency and excellent beam quality are important laser properties for any application.

Some current applications of Raman lasers are described below:

1. Pumping a barium nitrate Raman crystal with a Nd:YAG-laser results in a Raman laser

output at 1560 nm. This is an optimum wavelength for atmospheric propagation and eye-safe

operation. Therefore this type of Raman laser is ideal as a transmitter for atmospheric

LIDAR system.

2. One important current area of laser development is for sodium guidestar applications. In this

case a laser is projected through a telescope to the upper atmosphere where it is resonantly

absorbed by a layer of sodium atoms. The sodium fluorescence acts like an artificial star and

the atmospheric distortion of its image is detected for astronomical propose.

3. The spectral range of output wavelengths and the variety of output configurations

demonstrate the potential for Raman laser in military applications such as range finder, target

designators and munitions guidance.

4. In medical applications requiring specific wavelengths in the visible and near infrared

spectral regions. One particular application is application is the removal of vascular lesions.

For which the main requirement for the laser is strong absorption by haemoglobin, with

minimal absorption by the melanin pigment in tissue.
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Raman laser can be based on a wide variety of active Raman crystals. Then it is possible to

envision many more applications in future.

The most used materials in Raman lasers are cubic Ba(NO3)2, monoclinic �-KGd(WO4)2, and

tetragonal PbWO4 crystals. Among them PbWO4 has several advantages, it is very stable (e.g.,

Ba(NO3)2 requires moisture protection), cheep and can be grown in big sizes  with high

optical quality by the ordinary Czochralski pulling technique (for growing big size of �-

KGd(WO4)2 crystals only very expensive top-seed flux method is available). During last years

many versions of Stokes Raman lasers have been developed based on these crystals. For

example, first, second and third-Stokes SRS nonlinear processes in high gain and high

effective solid state Ba(NO3)2 Raman material was used for laser light frequency shifting to a

spectral range of 1200-1500 nm [5-5]. Nanosecond Nd:YAG laser pumping was used for

generation theses Raman lasers. Raman laser was performed in PbWO4 in the nanosecond

temporal regime which demonstrate the efficient generation of first Stokes wavelengths in the

near-IR region (with a 3-mirror ring resonator) and in the visible region (using a linear optical

resonator) [4-8]. Raman lasers on the first Stokes line of KGd(WO4)2 and PbWO4 were

demonstrated inside the laser cavity as well as in an external cavity [5-6]. The Stokes Raman

lasers were converted to the yellow spectral region, e.g. 580 nm or 590 nm with a doubler

crystal. Recently, first Stokes Raman lasers based on the BaWO4 crystal have been

investigated in the near infrared, visible, and ultraviolet regions [5-7].

We discuss in this chapter a second-Stokes Raman laser based on PbWO4  and Ba(NO3)2 crystals

pumped by a picosecond Nd:YAG laser at 1064.15 nm. Conversion efficiency of the second-

Stokes Raman lasers dependence of PbWO4 crystal length have been studied. We have used the

doubler crystal to convert the Raman lines to the red spectral region. Finally, beam profile of the

generated Raman lasers is reported.

5.1 Experimental set-up

Raman laser can be constructed in a variety of configurations: single pass Raman shifter, Raman

laser with an external pumping or with an intracavity pumping optical scheme. We perform SRS

experiment in an external cavity to allow an independent optimization of the pump laser and the

SRS process. Furthermore, Raman laser in an external cavity can give a significant increase of

conversion efficiency and intensity of SRS with respect to single pass.
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The simplest scheme of Raman conversion can be realized in conditions where a nonlinear

medium is placed inside a laser resonator having a high-reflectivity mirror for the pump

wavelength but a semitransparent mirror for the Raman shifted wavelength. By building a

resonator around the Raman medium, the pump threshold is greatly reduced, the conversion

efficiency is increased and better spatial quality is obtained. To obtain high energy conversion

efficiency in the Raman cavity it was necessary to optimize pump pulse energy and duration,

input beam waist diameter and interaction length. Furthermore, Raman shifter with external

cavity concentrate SRS radiation in a narrow angle beam close to the diffraction limited one. A

short plano-concave cavity is chosen to achieve small output beam size, small divergent angle,

easy alignment and overall compactness.

With one flat mirror with radius of curvature R1 = � and one curved mirror with radius of

curvature R2 = R, the Raleigh range ZR for the cavity is written as [5-8]

ZR = )( LRL �                                                                                                           (5.1.1)

then the Gaussian beam waist diameter is

2w0 = 2 �� /RZ                                                    (5.1.2)

where � is the Raman shift wavelength.

The beam diameter at the output coupler is

2wZ = 2w0
2)/(1 RZL�                              (5.1.3)

It is possible to prepare dichroic mirrors with optimal reflectivity for the second Stokes

wavelength and low for first Stokes components. This can increase the intensity in the second

component. By varying the reflectivity of the cavity mirrors it is possible to prepare laser cavity

working only at the first or only at the third Stokes component, independently.

For generation of second-Stokes Raman laser we use picosecond Nd:YAG laser at wavelength

�f1 = 1064.15 nm with pulse duration 120 ps. The experimental set-up was discussed in details in

chapter 2. To achieve efficient second-Stokes Raman laser based on PbWO4 and Ba(NO3)2 at �St2

= 1316.6 nm and at �St2  = 1369 nm wavelength respectively, with high beam quality, a plano-

concave cavity is used. The schematic of the Raman resonator for the second-Stokes Raman

laser is shown in Fig. 5.1. The Gaussian beam waist diameter at the plane mirror M with radius

R1 = � and at the output coupler OC with radius of curvature  R2 = R = � 250 mm were

calculated to be about 0,41 and 1 mm, respectively. Optical characteristics of used cavity mirrors

are shown in Table 5.1. We use the same resonator for second-Stokes Raman lasers in PbWO4

and Ba(NO3)2 crystals.
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Fig. 5.1:

Plano-concave linear

resonator for Raman

laser.

Table 5.1: Mirror reflectivities of the Raman resonator.

R @ Output coupler R @ End mirror
Crystal Size (mm) Raman

shift (cm-1)

R @ 1064 nm 1st-Stokes 2nd-Stokes

PbWO4 10x10x100 901 HR HR 12 %

Ba(NO3)2 10x10x70 1047 HR HR 11 %

HT  @ 1064 nm

HR @ 1316.6 nm

HR @ 1369 nm

Fig. 5.2:

Transmission characteristics

of the output coupler of the

second-Stokes Raman laser

using PbWO4 or Ba(NO3)2

crystal.

The transmission characteristics of the output coupler are shown in Fig 5.2. The mirrors are

separated by 200 mm and the investigated PbWO4 Raman crystal (10 mm x 10 mm x 40-100

mm) is placed between them to form the resonator. The intensity of the pump beam in the

Raman resonator with pump pulse duration �p � 120 ps, threshold energy Ethr � 0.35 mJ and

beam waist diameter d � 100 �m was calculated by using IP(0)  = E/�.d2 = 1 GW/cm2.

 HR@1316
HT@1064 Raman medium

40 - 100 mm

200 mm

14%@1316
HR@1064

Pump beam

R = -250 mm

OCM
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5.2 Operation of second-Stokes Raman laser

Tetragonal PbWO4 and cubic Ba(NO3)2 crystals have been investigated to generate second-

Stokes Raman laser at �St2 = 1316.6 nm and at �St2 = 1369 nm wavelength respectively. The used

Raman active crystals are polished with plane-parallel end faces and without coating. Different

PbWO4 bars with 40, 56 and 100 mm length and cross-section of 10x10 mm2 have been used.

The dimension of the Ba(NO3)2 sample is 70 mm length and 10x10x mm2 cross-section. The

laser axis was perpendicular to the optical c-axis of the PbWO4 crystal. The Raman active

materials are placed in the cavity constructed with dichroic mirrors M and OC. In the beginning,

first-Stokes is generated in the Raman cavity. It is amplified and becomes the pump for the

second-Stokes scattering. After that the second-Stokes component is amplified in the Raman

cavity. Then during further passes of the first-Stokes, the pump emission is considerably reduced

and the energy of the outcoming Raman pulses is therefore decreasing. This shows that the

second-Stokes oscillation does not start from spontaneous level of Raman scattering but is

amplified in the intensive field of Raman oscillations stimulated by the pump and first Stokes

components with the frequencies �f1 and �S1 defined as �S1 - �S2 = �R = �f1 - �S1. Fig. 5.3 shows

second-Stokes Raman spectra in addition, the fundamental and first Stokes lines of PbWO4

crystal with phonon energy of 901 cm-1.

Fig. 5.3:

Second-Stokes Raman

emission in tetragonal

PbWO4 single crystal.
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Fig. 5.4:

Second-Stokes energy a) and

conversion efficiency b)

dependence on the pump

energy for PbWO4 crystals of

different lengths 100 mm, 56

mm and 40 mm.

The output energy of the Raman laser behind the output-coupler was selected by a plane mirror

with high reflectivity for the fundamental and first-Stokes wavelengths and high transmission for

the second-Stokes and measured with calibrated energy meter (Rj-7200). In this arrangement we

obtain a laser energy of more than 0.85 mJ for PbWO4 crystal. Maximum conversion efficiency

of about 11, 21 and 35 % at the second-Stokes wavelength of a 40, 56 and 100 mm crystals

length of 10 x 10 mm2 cross-section are observed. We estimate the conversion efficiency by

taking the ratio of the second-Stokes output energy to the pump energy [5-9]. Fig. 5.4 shows the

second-Stokes energy and conversion efficiency against the pump energy for Raman crystals

with different lengths. The conversion efficiency of the second-Stokes depends of the Raman

crystal length. Very similar behavior of Stokes generation was earlier obtained in a Ba(NO3)2

Raman laser [5-5].
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The conversion efficiency for individual Raman shifts drops slightly when we increase the pump

energy over the saturation level (2 – 2.5 mJ). This phenomena may be due to the higher crystal

temperature which lowers the efficiency and the unwanted higher and/or lower-order Stokes

shifts. Like other crystals involving vibration transitions, the maximum gain in the PbWO4

crystal occurs for pump and Stokes polarizations that are linear and parallel [5-10]. In our case,

the Raman laser output is almost linearly polarized for a linearly polarized pump beam.

Fig. 5.4 shows second-Stokes Ba(NO3)2 Raman laser at wavelength 1369 nm with phonon

energy of 1047 cm-1. We obtain maximum output energy about 2 mJ for Ba(NO3)2 crystal.

Maximum conversion efficiency of about 21 % is observed at the second-Stokes line of a 70 mm

crystal length and 10 x 10 mm2 cross-section.

Although, the PbWO4 samples is longer than the Ba(NO3)2 crystal and it shows stable Raman

laser operation, it generates second-Stokes Raman laser line with energy less than Ba(NO3)2. So,

it is not possible to directly compare these materials since they posses many different properties

including different crystal structures, indices of refraction and Raman gain.

5.3   Frequency doubling

We applied the second harmonic generation SHG method for accurate measurement of the

wavelength of the second-Stokes Raman laser emission. KD*P was chosen as the SHG materials

because of its high damage threshold and large acceptance angle. The highest conversion

efficiency was obtained in an KD*P crystal (10x10x40 mm), cut for type I. The second-Stokes

output was focussed using a 100 mm lens to produce a beam waist diameter of about 150 �m.

Due to considerable energy of the second-Stokes PbWO4 line (0.85 mJ) strong SHG at  658.5 nm

wavelength is observed. Maximum average output energy of about 0.08 mJ at the SHG

wavelengths of 658.5 nm is achieved, with conversion efficiency of about 10 %. Fig. 5.5 shows

second-Stokes Raman laser spectrum in PbWO4 crystal and its SHG.

In Fig. 5.5 the Raman emission spectrum of Ba(NO3)2 crystal and its second harmonic is shown.

SHG wavelengths at 684.5 nm of the second-Stokes Ba(NO3)2 line is observed with maximum

output energy 0.23 mJ, and conversion efficiency of about 12 %. Due to the reflectivity of the

output coupler the first anti-Stokes at 958 nm wavelength is observed.
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Fig. 5.5:

Second-Stokes Raman

laser spectrum and its

second harmonic

emission in the visible

in PbWO4 and Ba(NO3)2

crystals. The spectral

sensitivity for the two

Stokes lines is strongly

reduced.

Table 5.2 illustrates the maximum output energy of the second-Stokes Raman line and the

energy of the corresponding SHG of the tetragonal PbWO4 and Ba(NO3)2 crystals. In addition,

the maximum conversion efficiency of  the second-Stokes PbWO4 and Ba(NO3)2 lines are listed.

Doubling the Raman line from 1064 nm efficiently converts Nd:YAG laser radiation to the red

spectral region. Furthermore, first  and higher order-Stokes stimulated Raman scattering pumped

at 532 nm covers the green and yellow spectral regions.
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Table 5.2: Investigated Raman active crystals for second-Stokes Raman lasers. Eout is the

maximum output energy of the second-Stokes line, � is the conversion efficiency of

this line and Eout (SHG) is the output energy of the SHG of the second-Stokes line.

Crystal Size [mm] Eout [mJ] � (%) Eout [mJ] (SHG)
PbWO4 10x10x100 0.85 35@1316.6 nm 0.08

Ba(NO3)2 10x10x70 2 21@1369 nm 0.22

5.4 Spatial emission of 2nd-Stokes PbWO4 Raman laser

The spatial-beam profile of the second-Stokes PbWO4 laser at 1316.6 nm wavelength is recorded

using by a Si-CCD  array-camera (EHD Kam07CL). In addition, a lens with focal length f = 100

mm is positioned behind the output coupler. A mirror with optimized reflectivities  is used to

suppress the fundamental and first Stokes lines. Fig. 5.6a,b show the beam-profile of the Raman

line. The beam-profile which is fitted with a Gaussian function is shown in Fig.5.6a. The output-

beam shape was always near-Gaussian. Furthermore, it is observed that the quality of the

second-Stokes beam, expressed by  M2, is often roughly the same as the M2 of the pump beam [5-

11].

(b)

Fig. 5.6a,b: Beam profile of second-Stokes PbWO4 Raman laser.

(a)
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The  radius of the second-Stokes line after the lens is measured as discussed in chapter 3. From

Fig. 5.6a we can calculate the extension at two positions, one at 16 % of the total output energy

and the second at 84 %. The difference between them gives the radius of the Raman line after the

lens. By applying equation 3.15, we calculate the real waist radius of the second-Stokes PbWO4

Raman laser behind the output-coupler. The pump beam diameter was 2.54 mm, while the

second-Stokes generated output beam diameter was 2.2 mm. The quality of the generated Stokes

beam will depend on the quality of the pump beam [5-12]. In addition, for many applications a

good beam quality is essential.

5.5 Temporal profile

The pulse emitted by the resonator is measured with a Si-photodiode and an oscilloscope

(Tektronix 7104). Single pulse with pulse duration �p = 120 ps was used to generate SRS by the

circulating pump pulse in the external resonator. The pump pulse duration is much longer than

the Raman transition response time TR, i.e. laser activity is generated in the steady-state limit TR

�� �p. The cavity round-trip-time �e is calculated using the relation:

�e = 
c

Lnlr ])1([2 ��                                                 (4.3.1)

Where lr = 200 mm the resonator length and L and n are the length and the refractive index of the

Raman active crystal, respectively. The calculated cavity round-trip-time �e of the second-Stokes

Raman laser based on PbWO4 and Ba(NO3)2 crystals are listed in Table 5.3.

Table 5.3: Cavity round-trip-time �e, relaxation time TR, length L and the refractive index n of

PbWO4 and Ba(NO3)2 crystals.

Crystal �S2 (nm) TR (ns) n L (mm) �e (ns)

PbWO4 1316.6 2.5 2.15 100 2
Ba(NO3)2 1369 18 1.6 70 1.61

Fig. 5.7 shows the time distribution of the second-Stokes PbWO4 Raman line generated in an

external cavity arrangement. The Raman line is observed with total duration of � = 17.7 ns. The

cavity round-trip-time �e of the Raman laser emission is about 2 ns so that about 9 round-trips
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take place before laser action stops. The double peak of the start of laser emission is believed to

be due to SRS in the two opposite directions of the crystal which causes a delay of about 1 ns.

The time dependence of the second-Stokes Ba(NO3)2 Raman laser emission is shown in Fig. 5.7.

The laser emission in the external cavity generates a Raman pulses with time separation of 0.83

ns. The total duration of the emitted Raman pulses is 9.76 ns. Then, about 12 Raman pulses will

emit, corresponding to the external Raman resonator arrangement.

Fig. 5.7:

Time resolved SRS laser

emission and single

excitation pulse in

PbWO4 and Ba(NO3)2

crystals.

Ba(NO3)2

PbWO4
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6 First-anti-Stokes Ba(NO3)2 Raman laser

Raman Stokes shifting of laser light has been studied extensively in many crystals [1-7]-[1-13],

[4-8, 4-15] and [5-5]-[5-7]. By contrast, the anti-Stokes Raman process has received relatively

little attention as a method of frequency conversion. The most important reason for this neglect

is that the conversion efficiency of anti-Stokes is low. A well-known technique for shifting a

laser beam to shorter wavelengths makes use of the anti-Stokes-shifted light produced when the

pump beam is focused into a Raman active medium (single pass-SRS) [6-1]-[6-4]. This

technique has the advantage that even low-power laser sources may be used, since high intensity

are attainable in a tightly focused spot. However, it has the disadvantages that the distribution of

energy into the various anti-Stokes and Stokes orders is not easily controlled. Furthermore, the

anti-Stokes beam comes out in the form of rings and it is not scalable to arbitrarily high energies.

In addition, this technique produces a beam that is generally not suitable for propagating more

than a few meters and hence is inappropriate for many laser applications. Hence, this technique

is most commonly used in low-power applications for which high conversion efficiency is not

essential, such as coherent anti-Stokes Raman spectroscopy.

First anti-Stokes-shifted light in hydrogen has been generated by using  collimated pump and

first Stokes seed beams, slightly crossed within a Raman active medium [6-5]-[6-7]. In this

technique, the highest demonstrated conversion efficiency in H2 is 10 % [6-5, 6-6], while typical

efficiencies are near 1 % [6-1, 6-4]. The advantages of this technique are that the generated anti-

Stokes beam is energy scalable and suitable for propagating over long distances. The

disadvantages of this technique are that, the total long of the cell more than 2500 mm and high-

quality pump and first-Stokes beams should be used. Furthermore, up to three cells and a lot of

optical components are used to generate the first-anti-Stokes laser.
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Compact, efficient, energy scalable, suitable for propagating over long distances and easy

alignment first-anti-Stokes Raman laser in solids can be generated by using multi-passes SRS.

The active Raman crystal is positioned between two mirrors as a Raman resonator. This

technique can be used as an efficient method of up-converting useful, high-intensity laser light.

In this chapter, single-pass SRS under nanosecond Nd:YAG laser excitation is investigated.

Furthermore, first-anti-Stokes Ba(NO3)2 Raman laser with maximum conversion efficiency up to

4.7 % has been demonstrated.

6.1 Investigated crystal

For demonstration of an anti-Stokes Raman laser we use a cubic Barium nitrate Ba(NO3)2 crystal.

Ba(NO3)2 crystal is one of the promising solid-state Raman materials. It possesses a strong

Raman mode with frequency of about 1047 cm-1. The investigated crystal is polished with plane-

parallel end faces and has 35 mm length and a cross-section of  7 x 7 mm2 without antireflection

coatings.

6.2 Experimental set-up and results

Single-pass stimulated Raman scattering

For SRS-experiment we use nanosecond Nd:YAG laser at a wavelength of 1064 nm, a pulse

duration of 8-9 ns (FWHM) and energy up to 275 mJ. The pump beam is focussed into the

sample of Ba(NO3)2 with a lens f1 = 100 mm. The second lens with focal length f2 =100 mm

collects the scattered beam from the crystal and focuses it into the spectrometer. The spectral

composition of the generated Stokes and anti-Stokes lines is investigated with a grating

monochromator and Si-CCD sensor (see Fig. 6.1a). Fig. 6.2 shows the generated Stokes and anti-

Stokes components connected with a Raman shift of 1047 cm-1. Because of a drop in the CCD-

sensitivity, the intensity of the Stokes line is strongly reduced compared with the intensities of

the anti-Stokes lines. The first-anti-Stokes line at 957 nm wavelength is selected using two

mirrors F1 and F2 with characteristics listed in Table 6.1. The energy of the first anti-Stokes line

is measured by an energy-meter (Rj-7200). In this arrangement we obtained a first-anti-Stokes

energy of more than 1.8 mJ for Ba(NO3)2 crystal. Maximum conversion efficiency of 1.5 % with

single-pass SRS is observed. Emission took place in form of a cone with an angle of 1.1°.
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Fig. 6.1: Experimental set-up for a) single-pass stimulated Raman scattering, b) first anti-

Stokes Raman laser in Ba(NO3)2 single crystal.

Fig. 6.2:

Single-pass stimulated

Raman spectrum of

Ba(NO3)2 single crystal

with Raman shift of �R

= 1047 cm-1.
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Table 6.1: Transmissions for input-coupler (IC), output-coupler (OC), mirror F1 and mirror F2
for selected wavelengths.

Transmission at selected wavelengths [%]Mirror
name

Incident
angle [°] 870 nm 957 nm 1064 nm 1198 nm 1369 nm

IC 0 HR HT
OC 0 90 73 3 95 96
F1 0 80.3 68.0 0.22 0.22 89.6
F2 35 0.27 94.3 65.4 3.65 5.15

First-anti-Stokes Raman laser

To build-up a first anti-Stokes Ba(NO3)2 Raman laser, a 105-mm long plano-concave cavity was

placed around the Raman crystal. Optical characteristics of the used cavity mirrors are shown in

Table 6.1. The output coupler OC has HR for the pump beam, HT for the second-anti-Stokes line

and for the first and second Stokes lines and 73 % transmission for the first-anti-Stokes line. The

characteristics of the OC is shown in Fig. 6.3. This external Raman cavity is optimized to yield

maximal output energy at the first-anti-Stokes wavelength at 957 nm by choosing the output

coupler and by adjusting the mirrors distance and the barium nitrate crystal position. The

optimization has shown that it is favorable to provide lower feedback to the higher order anti-

Stokes radiation. The best performance is accomplished in a 105 mm long cavity with the barium

nitrate crystal placed near from the input mirror as seen in Fig. 6.1.  Nd:YAG laser pumping at

1064 nm wavelength with about 8-9 ns pulse duration and up to 275 mJ energy  is used.

Fig. 6.3:

Transmission characteristics

of the output-coupler of the

first-anti-Stokes Ba(NO3)2

Raman laser at �AS1 = 957 nm

wavelength.
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Fig. 6.4:

The generated spectrum a)

and selected Raman emission

b) of Ba(NO3)2 in external

cavity with phonon

interaction at �R = 1047 cm-1.

In the beginning, the first-Stokes line with �S1 = 1198 nm is created. Increasing the pump energy,

the higher order Stokes lines and anti-Stokes lines are generated by parametric four-wave-mixing

in the Raman active crystal. First-Stokes, pump beam and up to the fourth anti-Stokes lines are

shown in Fig. 6.4a. Since the cavity mirrors are chosen for the first-anti-Stokes line at 957 nm

wavelength, this line is amplified in the Raman cavity. Then, during further passes of the first-

anti-Stokes, the pump emission is considerably reduced and the energy of the outcoming Raman

pulses therefore decreases. Fig. 6.4b shows the generated first anti-Stokes Ba(NO3)2 Raman laser

emission at 957 nm wavelength selected with mirrors F1 and F2. Since the mirrors F1 and F2

have high transmission for the first-anti-Stokes and high reflectivity for the other lines, the

fundamental and the second-anti-Stokes are hardly observed and the other lines are totally

omitted. The output energy of the first-Stokes Raman laser behind the mirrors F1 and F2 is

measured with energy meter (laser Precision Rj-7200). In Fig. 6.5 we see the output energy of
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the first anti-Stokes line versus input energy. We observed maximum output energy of 5.5 mJ at

120 mJ pump energy. The conversion efficiency against the input energy is shown in Fig. 6.5.

Maximum conversion efficiency (output energy of the first-anti-Stokes / input energy of the

pump beam) of 4.7 % is obtained. In comparison with single-pass SRS the maximum conversion

efficiency is 3 times higher with a resonator.

Longer crystals with anti-reflection coating are expected to increase the conversion efficiency of

the first anti-Stokes Ba(NO3)2 Raman laser.

Fig. 6.5: dependence of a) first-

anti-Stokes energy and b)

conversion efficiency on the pump

energy for Ba(NO3)2 Raman

crystal.

6.3 Temporal profile

The time dependence of the Q-switch Nd:YAG pump radiation is shown in Fig. 6.6. The

temporal distribution of this radiation was measured with a Si-photodiode (Siemens BPX 65) and

(a)

(b)
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an oscilloscope (Tektronix TDS 680B). Fig. 6.6. shows the pulse train emitted by the master

oscillator of the Nd:YAG laser. More than 40 pulses were emitted with a time separation given

by a round-trip time of 4.9 ns. The total duration of the 40 emitted pulses was 195.5 ns. Single-

pulse of pump radiation with 8-9 ns pulse duration (FWHM) and the time distribution of the

first-anti-Stokes Ba(NO3)2 Raman laser at �AS1 = 957 nm wavelength could not be resolved with

the available photodiode. Pulse-train of first-anti-Stokes Raman laser with time separation of 0.8

ns corresponding to the Raman cavity with 105 mm length and 35 mm crystal length is expected.

Fig. 6.6:

Pulse train of Nd:YAG

laser at �f1 = 1064.15 nm.
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7. Conclusions and outlook

The goals of the thesis are verified. New materials for SRS experiment were discovered. Raman

lasers with wavelength longer or shorter than the pump have been demonstrated.

Stimulated Raman scattering

single-pass SRS

First, about 18 crystals have been shown to exhibit SRS on about 401 lines covering the whole

visible and near-infrared spectrum. The range of the observed Stokes and anti-Stokes lines are

between 421 nm and 1369 nm. The range of observed lines are listed in Table 7.1.

Table 7.1: List of observed Stokes and anti-Stokes lines. More details about these wavelengths

are listed in Table 4.5.

Wavelength

(nm)

Line Crystal Wavelength

(nm)

Line Crystal

421 AS KAl(SO4)2·12H2O 774 AS CaMoO4:Nd3+

27 lines

(Blue)

102 lines

(Near-IR)

503 AS BiB3O6 951 S Y3Al5O12

504 AS Ba(NO3)2 953 S Bi4Ge3O12

956 S Ca(NO3)2/KNO3174 lines

(Green & Red) 957 S Ba(NO3)2

771 AS YVO4

772 AS Bi4Ge3O12

80 lines

      (Near-IR)

773 AS GdVO4 1,369 S Ba(NO3)2
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We have discovered the new �3 nonlinear properties of the Y3Al5O12-based crystalline materials

that are most popular in laser physics and excited the multi-frequency SRS by picosecond

pumping. In spite of the relatively low Raman gain in these materials, one should consider this

phenomena as a possible stray effect when developing laser for generating ultrashort pulses. At

the same time, the observed SRS seems to be intense enough for developing new SRS laser in

themselves.

We have discovered the new �3 nonlinear properties for tetragonal YVO4 and GdVO4 crystals as

efficient Raman laser converter in the visible and near-IR. We also believe that the doped

vanadates YVO4 :Nd3+ and GdVO4 :Nd3+, are promising for use as self-SRS laser media.

High-order multi-phonon stimulated Raman scattering was excited under picosecond pumping in

the visible and near-IR on the Stokes and anti-Stokes lines of C13H10O and �-C14H12O single

crystals. Both crystals offer largest known Raman frequency shifts of �R3 = 3070 and �R3 = 3065

cm-1 among other SRS-active solids crystalline materials.

New efficient shifter e.g. BiB3O6, Bi4Ge3O12, Bi4Si3O12, AANP, C13H10O, GuZN-III and 4´-

Nitrobenzylidene-3-Acetamino-4-Methoxyaniline crystals were investigated. They combine SRS

and SHG nonlinear frequency conversion in the same crystal and allow to efficiently shift the

Nd:YAG laser emission to discrete lines in the visible.

Self-SHG is observed in a C16H15N3O4 crystal, SHG of the first (�S1 = 1280.4 nm) and second

(�S2 = 1606.9 nm) Stokes lines generate �SHG = 640.2 nm and �SHG = 803.4 nm, respectively. This

is the first observation of the self-SHG effect in organic single crystals.

Raman lasers
Raman laser increase the conversion of stimulated Raman scattering and can be constructed to

emit in a single Raman line by wavelength selected through specially chosen cavity mirrors.

Second-Stokes Raman lasers

New solid-state lasers in the visible between 650 nm and 685 nm are available with PbWO4 and

Ba(NO3)2 crystals. Raman Stokes lines in IR at 1316.6 and 1369 nm are converted to the visible

spectral region with KD*P frequency doubling conserving the good Stokes beam quality. Near-

IR second-Stokes Raman laser based on PbWO4 single crystal at wavelength 1316.6 nm was

achieved for the first time. The second-Stokes Raman lasers with PbWO4 and Ba(NO3)2 crystals

are observed with energies 0.85 mJ and 2 mJ, respectively. Maximum conversion efficiency up

to 35 % is observed with PbWO4 crystal with 100 mm length and 21 % with Ba(NO3)2 with 35

mm crystal length. Dependence of the conversion efficiency on the PbWO4 crystal with length
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40-100 mm has been studied. The spatial beam profile for the second-Stokes PbWO4 Raman

laser was observed. The temporal emissions of the Raman laser emission with PbWO4 and

Ba(NO3)2 crystals were listed for 18 and 10 ns, respectively.

First-anti-Stokes Raman laser

Finally, first-anti-Stokes Raman solid state laser based on Ba(NO3)2 crystal with 957 nm

wavelength has been demonstrated for the first time. The crystal was pumped by an 8-9 ns Nd-

YAG laser at 1064 nm wavelength. The maximum output energy of the Raman emission was 5.5

mJ. Up to 4.7 % conversion efficiency has been observed with crystal length of 35 mm. Previous

efficient anti-Stokes Raman generation was investigated in oscillator-amplifier experiment [6-5]-

[6-7]. In comparison with these experiments our laser arrangement is more simple and thus more

stable.

Outlook
Investigation of new Raman materials for frequency conversion processes in particular,

stimulated Raman scattering is still of interest to create new coherent light sources and extend

the number of currently available emission wavelengths. New Raman lasers with wavelengths

shorter or longer than the pump and convert into ultra violet, yellow and red spectral regions are

important for many application in spectroscopy e.g. detecting water vapour pollutants in the

atmosphere by lidar techniques. Raman lasers generate coherent radiation at many wavelengths

not directly available by the traditional solid-state lasers. This gives an opportunity for the future

use in various applications.
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