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Abstract. This chapter describes the state of the art of crystalline and fiber Ra-
man lasers based on the simulated Raman scattering (SRS) effect in crystals and
silica-based fibers. It includes historical and theoretical background, analysis of
properties of known and newly developed high-efficient SRS crystals, such as LilOs3,
Ba(N03)2, NaNO3, PbNO3, CaCO3, KGW, BaWO4, SI‘WO4,B&MOO4,SI‘MOO4,
PbWOy, and germanosilicate and phosphosilicate fibers. A large set of data on
IR Raman shifters and lasers operating in the CW, nanosecond, and picosecond
regimes with low and high repetition rates is given. Some applications of Raman
lasers in medicine, ecology, fiber optics, and communications are discussed.

1 Introduction
(Historical and Theoretical Background)

Stimulated Raman scattering (SRS) was first observed 40 years ago by Wood-
bury and Ny [1] and was tightly related to the development of lasers, one of
the most important discovery of the 20th century.

Previously, spontaneous Raman scattering (RS) was discovered simulta-
neously and independently by Raman and Krishnan in liquids [2] and by
Landsberg and Mandel’shtam in crystals [3]. The stimulated processes of Ra-
man scattering were accounted for in the general Placzek theory [4] devel-
oped soon after the discovery of the RS effect. However, only high-peak-power
(megawatt) laser sources of light allowed one observe stimulated Raman scat-
tering. SRS scattering was observed [1] when investigating Q-switching of
a ruby laser with a nitrobenzene Kerr cell inside the laser cavity. In the laser
spectrum, the authors observed an intense IR component with a frequency
shifted from the laser line by 1345 cm ™', which was later explained by stim-
ulated Raman scattering [5].

Since then, this interesting nonlinear phenomenon and its applications
in laser spectroscopy and laser engineering have attracted great attention of
physicists (see, for instance, the reviews [6,7,8,9,10,11,12,13,14,15,16,17,18]
[19,20]). SRS can be used not only when studying the macroscopic behavior of
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materials under high-power laser radiation, which is important for developing
high-power sources of coherent radiation at new wavelengths, but also in the
microphysics of individual atoms, ions, and molecules.

It is convenient to present the RS process as a two-photon resonance, when
the difference of the absorption (v1,) and emission (vg) optical frequencies is
equal to the frequency of an atomic or molecular vibration in Raman media:

VvV, — Vs =UVR.

Due to the two-photon nature, RS cross-sections are very small, o =~
1073%cm?. That is why even today this effect is hard to observe in bulk
materials without low-divergence high-power monochromatic laser pumping.

According to quantum theory [4,5,8,9,10], the intensity of stimulated Ra-~
man scattering is proportional to the occupation densities of the states of
three interacting fields: laser pump photons (Ny,), photons of the generated
Stokes wave (Ns), and crystal phonons (molecular vibrations) in the ground
(Ng) or excited (Ne) state (N = Ny — No)

ddﬁ ~ N1, Ng(Ng — N.) (1)

z

In the steady-state regime, when the pump duration ¢, is much longer
than the Raman mode dephasing time Ty (t, > TRr), the intensity Is of the
SRS Stokes beam passing through the Raman medium with length [ is given
by

Is(l) = Is(0) exp(gILl) (2)

where [y, is the intensity of the incident pump laser beam and g is the gain
coefficient,

ALAZN do
0= mram (46) ®)
mwchn A vg

Here A, and Ag are the wavelengths of the pump laser beam and the Stokes
Raman beam, respectively; ¢ is the speed of light, ng is the refractive index
at the Stokes wavelength; A vy is the full width at half maximum of the
Raman spectral line in s~! units; and (2 is the solid scattering angle. The gain
coefficient is the most important parameter for solid-state laser applications,
and its magnitude is usually given in units of cm/GW. These expressions show
that the intensity of the Raman beam increases with the intensity of the pump
laser and with the interaction length. In addition, the gain is greatest for
materials with a high density of scatters IV, large Raman scattering integral
cross-section do/df2, and small Raman linewidth A vg.

In the transient regime when the pump pulse duration is of the same
order or shorter than the dephasing time Ty and the pump spectral width is
broader than that of the Raman line (¢, < Tr; Avp, > Avg), the analytical



Crystalline and Fiber Raman Lasers 353

expression for the Stokes intensity in the limit of large gain can be written
as [12]

Is(l) = Is(0) exp <—;—;> exp {2 [ILtpl)\];zf‘%N (:—g)] ;} . (4)

Comparing expression (4) with (2) and (3) one can see that the transient
Raman gain has a slower (square root) dependence on the crystal length
and the total integral Raman scattering cross-section do/df2 and does not
depend on the Raman line broadening A vy at all. The linear gain dependence
on the pump intensity for steady-state regimes changes to the square root
dependence on the pump pulse energy (E = Iptp,) for transient regimes.

Evaluations show that in the steady-state regime it is necessary to have
a gain-pump-length product (increment) gly,l = 25 to reach the SRS thresh-
old, when Ig = I1,. To meet this condition for gaseous and liquid SRS-active
media, having ¢ = 1- 3cmGW ! (for hydrogen ¢ = 1.5cm GW ™!, for ni-
trobenzene g = 3cm GW '), one should use either a very long medium
(I = 30-100 cm) or a pump intensity It, > 1 GW cm™2.

The advantages of SRS-active molecular gases (Ha, No, Oo, CHy) are op-
tical homogeneity, simple formation of the active medium, high frequencies
of SRS-active vibrations (2000-4000cm™1!), and, as a result, large Raman
frequency shift vy = vy, — vg. Of great importance is the small homogeneous
spectral width of an SRS gas vibration (Avg = 1073-10"! em~1) and, hence,
the relatively large peak RS cross-section for an individual molecule [12,13].
These advantages of molecular gases are balanced by several drawbacks. The
first one is the low particle density even for pressures much higher than at-
mospheric (N < 102* cm =2 for 10 bar), which must be compensated by a long
interaction length (up to several meters). To ensure the high pump intensity
(about 10° W cm™2) in such a long length is a quite difficult problem. The sec-
ond limitation is the low thermal conductivity of gases, which makes one use
bulky and expensive constant flow gas exchange systems. This considerably
complicates the whole device, especially for high pressures.

The merits of liquid SRS media [12,13] are the simplicity of preparing
an optical SRS cell and the high density of active particles (10?2 cm~2). But
the latter leads to the line broadening of vibrational transitions, particularly
for high temperatures (Avg ~ 0.1cm~! for T = 77K and Avg ~ 1-4cm™!
for T = 300K), and reduces the RS peak cross-section, even for an individ-
ual molecule. However, these negative features do not eliminate the positive
effect of high density, and, thus, molecular liquids have higher Raman gain
(9 ~ 3ecmGW™!) and allow one to build much more compact devices in
comparison with Raman gases.

The main drawbacks of liquid SRS-active media are the low thermal con-
ductivity and a high value of dn/dT, resulting in significant thermal optical
distortions accompanied by the problems of homogeneity of laminar flows.
The high nonlinear refractive index no causes self-focusing of the pump beam,
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which reduces the interaction length, impairs the divergence, and may result
in optical breakdown of the medium.

Cryogenic molecular liquids (Na, O3) possess high density, small
line broadening, and large scattering cross-section and gain coefficient
(17em GW ™! [13]). When working with these liquids, the main problems
are to keep the cryogenic temperatures of the SRS-active medium and pro-
vide thermal insulation of optical windows. In addition, most liquids exhibit
high scattering losses due to suspended particles and bubbles, which distort
the wave fronts of the pump and output SRS radiation.

Many of the above-mentioned problems can be overcome by using solid-
state SRS media, in particular, single crystals and glass optical fibers. The
high density of active particles in crystals (N ~ 10?3 cm~?) defines the high
SRS gain and, due to the short light—crystal interaction length, makes possible
the development of the most compact laser systems [15,16,17,18,19,20,21,22].
The high symmetry of the atomic and molecular positions in crystals prevents
variations in the frequencies and linewidths of Raman-active vibrations. Due
to the small inhomogeneous broadening of the SRS-active line in the best
crystals, the joined response of nuclear vibrations to the pump radiation is
very strong, which manifests itself in a lower interaction threshold and in an
increase of the SRS gain and conversion efficiency.

SRS crystals and Raman lasers are especially important for the mid and
far IR regions, where the development of new active laser materials and solid-
state lasers based on population inversion is limited by fast nonradiative
multiphonon relaxation and low quantum yield.

The great number of natural and especially artificially synthesized crys-
tals offers a great variety of properties, such as types of chemical bonds (ionic,
ionic-molecular, covalent), transparency range (from 200 nm to 100 pm), vi-
brational frequencies active in the RS process (10-2000cm™1!), and integral
cross-section of Raman scattering.

Search and development of new effective SRS crystals strongly depend
on the insight into the intermolecular and molecule-to-phonon interaction,
which defines the line broadening and the phase and population relaxation
of vibrational excitations.

Let us summarize the advantages of SRS crystals and mention their short-
comings or limitations.

Advantages
e High concentrations of Raman scattering centers, N = 10%2-102% cm 3
e High Raman gain, g = 1-50 cm/GW
e Small size, 1-5cm?
e Great variety of Raman frequency shifts, from 10 to 2000 cm ™!
e Wide optical transparency region, from 200 nm to 100 um
e High thermal conductivity, & = 1-20 W/cm
e Low refractive index—temperature derivatives, dn/dT=10"5-10"5 deg™!
e Mechanical hardness
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e Moisture resistance
e Broad range of temperature stability

Limitations

e Complicated individual technology for every single crystal synthesis,
growth, orientation of crystal axes, optical treatment, and coating

e Limited pulsed laser damage threshold (0.2-1 GW/cm?) and damage
threshold due to average power

e High price of SRS crystals

Glass optical fibers are an excellent Raman medium. Although Raman
gain in glass is typically three orders of magnitude lower than in crystals
and liquids, low thresholds have been achieved by maintaining high power
densities over long lengths of low-loss fibers.

2 Nanosecond SRS Based on Ba(INOj), Crystals

In the 1980s two new synthetic crystals were developed, which defined
progress in SRS lasers for several years. These are barium nitrate Ba(NOs)a
crystal (see [18,19,20,23,24,2526,27]) and potassium-gadolinium tungstate
KGd(WOy)s crystals (KGW) [21,22]. The former has a record-high gain
(47 cm/GW) in the nanosecond steady-state regime and a high laser damage
threshold of 10-20J/cm? (see Table 1), but is very soft, plastic, and hygro-
scopic and has low thermal conductivity. The latter has much better mechan-
ical characteristics and higher thermal conductivity and can be activated by
rare earth laser ions, such as neodymium, erbium, etc. [22]. Unfortunately,
this crystal has much lower laser damage threshold for nanosecond pulses
and smaller steady-state RS peak cross-section. In spite of these drawbacks,
KGW crystals found wide application in picosecond lasers, where the integral
cross-section is much more important than the peak cross-section, and the
laser damage threshold is much higher.

One of the first studies of visible SRS in synthetic nitrate crystals
Ba(NOj3)2, Pb(NO3)s, and NaNOj3 in comparison with natural CaCOs crys-
tals was reported in [23]. The SRS crystals 15mm long were studied in
a single-pass scheme under 530-nm excitation. The pump laser, consisting
of a Nd-glass master oscillator with passive Q-switching, a double-stage am-
plifier, and a second harmonic generator, produced pulses of green radiation
with an energy of 0.8J and duration of 15ns. The pump energy density
was increased from 1J/cm? to the point of laser damage of the SRS crys-
tal, which was 6-15J/cm?. For the Ba(NO3)s crystal, the minimum SRS
threshold energies were about 1J/cm? for the first Stokes and 3J/cm? for
the second Stokes radiation, and the highest total conversion efficiency was
equal to 26 %. The first Stokes maximum output energy was as high as 0.15J
at the pump energy density of about 8 J/cm?, which was close to the surface
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Table 1. Comparative SRS and thermo-mechanical characteristics of Ba(NOs3)2,
KGd(WO4)2, and BaWOy crystals

Raman crystal

Characteristic
Ba(N03)2 KGd(WO4)2 BaWO4
Raman frequency shift vg, cm ™" 1047 901; 767 924
Raman linewidth A vg, cm™* 0.4 5.4; 6.4 1.6
Dephasing time TR, ps 28 2.0 6.6
Gain coefficients, cm/GW:
9(0.53 um) steady-state (ns) 47 11 36-40
9(0.53 um) transient (20 ps) 4.7 11 14.4
g(1.06 pm) steady-state (ns) 11 4 8.5
¢(1.06 pm) transient (30-50ps) 1.1 3 3.8
g(1.3 um) steady-state (ns) 5.8
Transparency range, pm 0.33-1.8 0.3-5 0.255-5
Moisture resistance Low High High
Thermal conductivity at 25 °C, 1.17 2.5-3.4 3.0
W/K-m
Thermal expansion coefficient a/°C 13 x 107¢ (1.6-8.5) x 107 6 x 107°
Hardness 19.2 4-4.5 (Moos) 4 (Moos)
(NaNO3 400 (Knoop)
Knoop)

damage threshold. For the Pb(NOg)s crystal, the SRS thresholds were ap-
proximately two times higher, while the maximum conversion efficiency was
lower by about 20 %, and the first Stokes output of about 70 mJ was reached
at the pump density of 6-7J/cm?, starting the bulk damage of the sample.
The NaNOg3 and CaCOg crystals showed even higher SRS thresholds equal
to about 4-5 J/cm?, but also had higher laser damage threshold, of 14 J/cm?.
The output energies were measured to be 0.15J with a conversion efficiency
of 17% for NaNOg3 and 0.12 J with 14 % efficiency for CaCOgs. Thus, by the
first and second Stokes frequency shifts of 1045-1085cm™!, all these crys-
tals can provide highly efficient yellow (560 nm) and orange (598 nm) visible
radiation, with the best performance shown by the Ba(NOg)s crystal.

Raman lasers based on Ba(NO3)s, NaNOs, and CaCOg crystals under
external pumping by nanosecond (¢, = 10ns) 532-nm radiation were studied
in [24,25]. In a flat—flat resonator 26 cm long with the reflectivity of mirrors
Ry ~ 100% and Ry = 8%, the threshold pump densities were equal to 5
7MW /cm? for nitrate crystals and 20 MW /em? for calcites (the crystals were
5-8 cm long) [24]. These data well correlate with the directly measured SRS
gain coefficients, gpa(noy), = 47 £5cm/GW, gcaco, = 13 £3cm/GW.

At a pump density five times higher than the threshold one, the coeffi-
cient of the pump energy conversion to all the Stokes components reached
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the maximum value of 50-65 %. Since the variations in Rs from 4 to 20 % did
not change the conversion efficiency, the exit face of the Raman crystal can
be used instead of the output mirror. The maximum conversion coefficient in
the Ba(NO3)y crystal was 40 % for the first Stokes component and 25 % for
the second Stokes for single-pass pumping. It was shown that the increase in
the number of pump beam passes through the SRS crystal resulted in a bet-
ter selection of the first Stokes radiation and an increase in the conversion
efficiency to 50 % for the first Stokes component for two-pass pumping. The
second Stokes component in a flat and unstable resonator can be efficiently
suppressed by the application of the forward scattering geometry.

Transient stimulated Raman scattering in Ba(NOg)s crystals was first
studied in [28] under pumping by the Nd:YAG second harmonic. The pump
pulse duration was about 22 + 2 ps, which is less then the dephasing (trans-
verse) relaxation time T = 28 ps of internal symmetrical vibrations of quasi-
molecular (NO3)~ complexes of Ba(NO3)a crystals. In the single-pass scheme,
the SRS threshold intensities of Ba(NOs3)a crystals 50 and 40 mm long were
estimated to be 1.1 and 1.45 GW/cm?, respectively, which is much higher
than for the steady-state nanosecond oscillation. This corresponds to an ap-
proximately 10-fold decrease of the picosecond Raman gain in comparison
with steady nanosecond pumping. It should be noted that the overall con-
version efficiency of a Ba(NOj3)s crystal at the pump density of 2GW /cm?
was 25 % for the first Stokes Raman shift (563nm) and 5% for the second
Stokes (599 nm).

The above data, as well as a fast decrease in the SRS gain and fourfold in-
crease in the SRS threshold with the pump wavelength changing from visible
532 to infrared 1064 nm, strongly restrict application of Ba(NOs)y crystals
for picosecond SRS in the infrared spectral region.

Solid-state Raman lasers, discretely or continuously tunable, are of special
importance for the IR spectral region, where no dye lasers exist with high
quantum yield and good photo and thermal stability, and only a few IR bands
are covered by available tunable solid-state lasers based on activated crystals.

At the same time, SRS becomes more a complicated problem when moving
to the IR spectral region, because the SRS gain coefficient can decrease four-
fold with a twofold increase in the pump wavelength. For example, Ba(NO3)s
crystals have ¢ = 47ecmGW ™! for A = 532nm and ¢ = 11em GW ™! for
A = 1064 nm [26,27].

By the early 1980s, unique tunable lasers for the near IR range were de-
veloped employing LiF crystals with F, and F;r color centers [29,30,31,32].
These lasers were tunable in the IR region from 0.82 to 1.28 um. To extend
the tuning range further in the IR region, new SRS-active crystals, Ba(NOs)s
and KGd(WOy)2, were offered [33]. The investigations of [33] showed that
Ba(NOs3)2 crystals advantageously operate in the near IR range up to 1.7 pm
with efficiencies as high as 60 % under nanosecond pumping with power den-
sities well below the laser damage threshold. Further extension into the IR
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is restricted by the Ba(NOs)s fundamental absorption beginning at approx-
imately 1.8 pm. The KGd(WO,), crystals have a much wider transparency
region, up to 5 um, and can also convert the IR radiation to the Stokes re-
gion, but the four times smaller steady-state gain coefficient and low radiation
resistance restrain their application in nanosecond lasers.

The development of SRS shifters based on Ba(NOg)s crystals enabled one
to extent the spectral range of tunable solid-state lasers to the 1.3-1.7-pum
IR region and, as a result, to develop a solid-state laser spectrometer for
a very wide near-infrared region, from 0.82 to 1.66 um. This spectrometer
also covered the visible (0.42-0.82 um) and UV (0.25-0.45 um) regions by
using frequency mixing and second and higher harmonics of IR radiation
(Fig. 1) [32,33,34]. It was the first all-solid-state-laser spectrometer operating
in all three spectral regions, UV, visible, and IR.

Interest in SRS lasers was rekindled in the early 1990s, when solid-state
lasers based on impurity doped crystals found so wide application that this
aroused the problem of how to prevent the human eye from being hurt by
a laser beam. The laser wavelength safe for human eyes was standardized to
be A = 1.54 um, and the radiation of the majority of lasers developed found
themselves in the prohibited wavelength region with A < 1.5 um (as an ex-
ample, Nd:YAG lasers operate at 0.53, 1.06, and 1.32 pum; ruby at 0.69 pum;
alexandrite at around 0.78 pm; and Ti:sapphire at 0.7-1.1 um). In this re-
spect, the development of SRS frequency shifters for available laser radiation
to the eye-safe wavelength of 1.54 um is of great importance. Small atmo-
spheric absorption and high transmittance of fibers at this wavelength allow
wide applications of such devices for lidars, free space communication, and
fiber links.

One of the simplest and most effective ways to get 1.54-um radiation was
proposed in 1993-1994 in [35,36,37,38,39,40,41,42], where a Ba(NO3)2 Ra-

Ba(NO,),
30 + 30 1

Efficiency, %
s
T

w

N ‘

0.2 0.4 0.6 0.8 1.0 1.2

Wavelength, um

Fig. 1. Tuning curve of an all-solid-state laser based on LiF:FJ; F, color center
crystals, Ba(NOs)2 Raman shifters, and frequency doubling and mixing (for UV,
visible, and near IR spectral regions)
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man laser was pumped by the 1.064- and 1.320-um radiation of a Q-switched
neodymium laser. Under 1064-nm nanosecond pumping, a Ba(NOs)s crys-
tal 30-50 mm long in a compact cavity with dichroic mirrors, specially de-
signed for optimum lasing of the first, second, and third Stokes waves, pro-
duced a single-mode radiation at new, including eye-safe, wavelengths (1.2—
1.4 um and 1.5-1.6 um), with light-to-light conversion efficiency of 20-50 %
(Fig. 2) [35,36,37,38].

The 1320-nm pumping provides a very good opportunity to build highly
efficient, compact eye-safe Raman lasers (A = 1553 um), using only the first
Stokes radiation conversion. A very high real conversion efficiency of 50 % was
obtained in [38] (Fig. 3) at only a few millijoule (4-5mJ) pulsed pumping
of a 40 mm long Ba(NOs3)2 crystal in a compact Raman laser cavity. In this
case, a slope efficiency as high as 65 % and a quantum efficiency of 58 % were
obtained in the TEMyy mode operation regime.

The 1.320 um nanosecond intracavity pumping of a Ba(NOgs)s crystal,
when the pump and Raman lasers had one common cavity or two opti-
cally coupled cavities, enabled increasing the conversion efficiency to the first
Stokes at 1.5 um up to 90 % [39,40,41,42]. In this case, the effect of nonlinear
cavity dumping makes it possible to shorten the pump pulse a few times and
increase the peak power. An important additional advantage of SRS lasers
is that their output beam can have much better spatial quality and smaller
beam divergence (“beam cleanup”), and, hence, higher brightness than the
pump beam [36,37,38,43].

6 —
, i 1% Stokes
5
1S : T.lslope:65l%
S 4 -
o
c
w
B’_ 1 : 2™ Stokes |
8 T]slope="50cy° §
, 3% Stokes
00 : Nyiops=40%
0 omD— ] \
0 5 10 15

Pump Energy, mJ

Fig. 2. The first (1197 nm), second (1369 nm), and third (1590 nm) Stokes output
energy of Ba(NOs3)2 Raman lasers with optimized coupling reflectivity (18, 26, and
25 %) for 1064-nm pumping and a 51 mm long SRS crystal
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Fig. 3. Output energy of the first Stokes (1556 nm) radiation of an eye-safe Raman
laser based on a 40 mm long Ba(NOg3)2 crystal versus 1338-nm pump energy of
a Nd:YAG laser

A diffraction-limited high-energy (0.25 J) eye-safe Raman laser with wave-
lengths of 1535 and 1560 nm was developed in 1995 [14,45] when an intracav-
ity Ba(NOj3)2 crystal was pumped by a high-power nanosecond Nd:YAG laser
operating at 1.318-1.338 um. The two standing-wave resonators, the pump
laser cavity 69 cm long and the Raman cavity 20 cm long, were coupled by
a dichroic beam splitter. Using a 50-mm uncoated Ba(NOs)s crystal, the au-
thors had 12mJ of Raman laser output with 48 % conversion efficiency at
the pump power of 25mJ. The SRS pulse was about two times shorter than
the 10-ns pump pulse. Nonlinear Raman beam cleanup was observed in the
near and far fields of the 1.5-um beam profile. The second Stokes radiation
at 1.820-1.860 um was generated through the cascaded SRS process. In an
enhanced (more powerful) system with a Nd:YAG rod diameter of 7x 110 mm
and two flash lamp pump cavities, the output energy of diffraction-limited
eye-safe radiation was increased to 0.25J at the repetition rate of 1 Hz. The
repetition rate was limited by the thermal effects due to low thermal conduc-
tivity of Ba(NOg)2 crystals.

In order to develop a marine-based lidar laser transmitter, operated
around 580 nm, for very turbid water of a surf-zone, the authors of [16] have
studied and optimized a Ba(NOs), Raman laser with intracavity pumping
by a Nd:YLF laser and with second harmonic generation by a LBO crystal.
With a Nd:YAG rod diameter of 7 x 76 mm and a T-shaped high-@) pump
laser cavity coupled with a low-Q Raman cavity (400 and 85 mm in length,
respectively), the authors realized nonlinear cavity-dumping regimes. They
used a 20 mm long MgFy AR coated Ba(NO3)s SRS crystal and the Raman
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cavity output coupler with R = 25%. At 50 J of the flash lamp pump energy
and 10 Hz, the maximum output for the Raman wavelength of 1176 nm was
150 mJ, which was transferred into 90 mJ of yellow (588 nm) radiation by the
LBO (type I) crystal 12mm long. To stop pulse modulation and frequency
cascading, the authors included a prism in the Raman cavity. In this case,
they had 1.5-ns pulsed radiation at 588 nm wavelength, which is well suited
for coastal water lidar applications.

3 LiIO3; Raman Lasers

One of the first nonlinear crystals with good SRS properties that was used
for developing Raman laser systems was lithium iodate, LilO3s. This crystal
is well known by its high nonlinear coefficient for frequency doubling, mixing,
and parametric oscillation. In addition, its strong birefringence allows wide
angular phase matching for various pumping wavelengths. This crystal also
demonstrates a rather wide transparency spectral range (0.3-6.0 um) and
strong Raman scattering lines around 760 and 820 cm™!.

A nanosecond LilOj crystalline Raman laser operating in the IR re-
gion at a high repetition rate was first described in [47,48]. The pumping
Nd:YAG laser operated in a quasi-CW mode at 1080 nm with repetition rate
of 1-10 kHz and had a pulse duration of 100 ns. In a shared laser and Raman
two-mirror cavity with a LilO3 SRS crystal 25 mm long, cut at 6 ~ 20.5°,
the first Stokes radiation (the Raman shift vg = 818 cm™!) had an average
output power of 1.26 W and pulse duration of 50 ns. In a separate experiment,
the second Stokes radiation at 1310 nm was obtained with a power of 0.55 W
and pulse duration of 15ns.

Using three-mirror coupled cavities, the authors of [18] had strong pulse
shortening, t,1s¢) = 4-8ns with an average output power of 0.9 W, peak
power of 7kW, and conversion efficiency of 77 %. After optimization, the
second Stokes pulse duration was even shorter, t,s;) = 2ns with average
power of 0.2 W and peak power of 100 kW.

A picosecond Raman laser based on a LilO3 SRS crystal was studied
in [49]. The authors used a Y-cut lithium iodate crystal 10mm long and,
as the source of synchronous pumping, a self-mode-locked neodymium phos-
phate glass laser operating at A = 1054 nm. The pump pulses had a duration
of 6-10 ps at the axial interval of 6.7 ns and the duration of the train envelop
of about 200 ns.

The Raman laser cavity 1m long was formed by an entrance edge mirror
with R1.05, = 25 % and Ry .14 = 98 %, an output mirror with R 5,,1.14p) =
50 %, and a two-lens intracavity telescope with the LilO3 crystal inside. The
first Stokes component was observed at the wavelength of 1.143 um with
a frequency shift of 760 cm~!. In the vicinity of the SRS threshold (1 mJ), the
output train consisted of 25 pulses and had a total duration of 170 ns. Varying
the Raman cavity length, the authors found that the maximum shortening



362 T.T. Basiev et al.

(by a factor of 7-8) of the SRS pulses in comparison with the pump pulses
occurs when the Raman cavity length is equal to the length of the pump
cavity. The minimum SRS pulse duration was 1 ps at the energy conversion
efficiency of 30 %. The maximum conversion efficiency reached 40 %.

Recently, a series of studies [50,51,52,53,51] was devoted to practical de-
velopment of Raman lasers based on a LilOg crystal.

With flash-lamp quasi-CW (3kHz) Nd:YAG intracavity pumping, the au-
thors [50] got a 770 cm ™! Raman frequency shift and the first Stokes radiation
at the wavelength of 1179 nm with average power of 1.8 W, pulse duration of
40 s, and optical-to-optical conversion efficiency of 50 %.

By using a transversely diode-pumped Nd:YAG laser, the authors
of [51,52,53] reached 2.7W power of the first Stokes output radiation at
1155 nm with electrical-to-optical efficiency of 10 %.

The longitudinal diode pumping of the Nd:YAG-LilO3 Raman laser and
optimization of thermal lensing resulted in an increase of the output aver-
age power of yellow radiation to 1.42W at 20 ns pulse duration and 8-kHz
repetition rate with electrical-to-optical efficiency of 7.5 % [54].

Unfortunately, till now no data have been published on the steady-
state or transient SRS threshold and gain measurements in the LilO3 non-
linear crystal. Spontaneous Raman scattering characteristics can be found
in [15,16,17,18] (see also Table 2 and the discussion below).

Among the limitations and shortcomings of LilO3 SRS crystals, we should
mention low values of its thermal conductivity, moisture resistance, and laser
damage threshold.

4 Picosecond Raman Lasers Based on KGW Crystals

A specific feature of picosecond Raman converters is that SRS has a non-
stationary character when the pump pulse duration is of the same order or
shorter than the time of phase relaxation of Raman vibrations. At the same
time, the laser damage threshold of nonlinear crystals is much higher when the
crystal is irradiated by picosecond laser pulses than by nanosecond ones, i.e.
the picosecond operation mode allows pumping with a higher power density
without crystal damage. As was shown earlier, for nonstationary pumping,
the Raman gain coefficient sharply decreases in comparison with the steady-
state regime, loses its dependence on the scattering peak cross-section and
pump power, and keeps only the slow square root dependence on the integral
Raman scattering cross-section and picosecond pump pulse energy density.

The first results on SRS in NdA:KY(WO4): (Nd:KYW) and
Nd:KGd(WOy4)2 (Nd:KGW) crystals were obtained in 1984 [55] under
picosecond pumping. At the same time, it was also the first study where
the Raman material worked simultaneously as an active and nonlinear SRS
material.



Table 2. Parameters of spontaneous Raman scattering in crystals
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Material Lattice Molecular =~ Raman Raman Integral Peak Geometry of
space group frequency linewidth Cross- intensity excitation
group vy v section (rel. u.) scattering

(cm™1) (cm™1) (rel. u.) K E

Diamond o7 - 1332.9 2.7 100 100 //Cs LCs

Nitrates and Calcites

Ba(NO3)2 TS [NO3] 1048.6 0.4 21 63 //Ca //Ca

NaNOj3 DS, 1069.2 1.0 23 44 //Cs LCs

CaCO3 DS, [CO3] 1086.4 1.2 6.0 10.6 //Cs LCs

Tungstates

CaWOy cS, [WO4] 910.7 6.95 52 18.6 1Cs //Ca

SrWO4 -7 - 921.5 3 50 41 - -

BaWOy4 ? ? 926.5 1.63 52 64 - -

NaGd(WO,4)5 -7- 919 14* - - - -

NaY(WOy4)5 -7 ? 918 15" - - - -

Sca(WO4); - - 1024 15 - - - -

Iny (WO4)35 - -7 1023 13 - - - -

Liln(WO4)3 - -7 920 8 - - - -

NaSr(WOy4)3 924 2.5

Na, WO} oy 929.2 1.8

KGd(WO4)2 C§, [WOg] 901 5.4 50 35 1Cy 1Co

- - - 901 5.4 43 30 1Cy //C2
- - - 768 6.4 19 9.2 1Cy 1Co
- - - 768 6.4 59 37 1Cy //C2
KY(WOy4)2 - - 905.6 7 46 35 1Cy 1Co
-7 ” -7 905.6 7 41 30 1Cy //Co
- - - 767.4 8.4 17 10 1Cy 1Co
- ? ? 767.4 8.4 58 35 1Cy //Co
KYb(WOy4)2 -7 ? 908 7.4 48 34 1Cy LCo
- -7 -7 908 7.4 48 34 1Cy //Co
” ” ” 757 15%* 18** 13.8™" 1Cy 1LCo
- - - 757 15" 58** 30" 1Cy //C2
Molibdates

CaMoOy s, [MoO4] 879.3 5.0 64 34 1Cy //Ca

SrMoOy4 - - 887.7 2.8 55 51 1Cs //Ca

BaMoOy4 ” 892.4 2.1 52 64 1Cy //Ca

Iodate and Niobates
LiIO3 (e} [103] 821.6 5.0 54 25 //C2 LCa
LiNbOs3 cs, [NbOg] 872 21.4 44 5 //Cs LCs
-7 - - 632 27 166 18 1Cs //Cs
-7 - -7 250 28 - 22 1Cs //Cs
LaNbOy4 Ciy [NbO4] 805 9 22 7.1 1Cy //Co
Phosphates

Cas(PO4)3F CE [PO4] 964.7 2.8 3.4 3.8 1Cs //Cs

Sr5(PO4)3F -7 - 950.3 2.8 3.4 3.8 1C¢ //Cs

LiPO} - - 951 7.7 - - - -

Other

NaClO3** - [C103] 937 4.9"" - - - -

NaBrO3™* - [BrOs] 799.5 2.5 - - - -

NH,CI*** o} [NH,4] 1712 6 - - - -

-7 - - 3052 85" - - - -

NH4S0;*" - [SO4] 976.5 3.5 - - - -

Baz(B306)2 C§, [B3Os¢] 636 4.5 1 0.6 //Cs LCs

SiOs D$ [Si04] 464 7 2.2 1.2 1C3 //Cs

* policrystalline sample

** line with inhomogeneous splitting

EEEY

crystal without orientation
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At about 20-J flash lamp pump energy, active elements 5 mm in diameter
and 50 mm long oscillated at the fundamental Nd3* wavelength of 1067 nm
in a single-mode regime, producing a train of about 10 ultrashort pulses,
each having a pulse width of 11-12 ps at the spectral width of 1.8 cm ™" and
energy of 0.5mJ. The efficiency of stimulated Raman self-conversion to the
first Stokes component (A = 1182.7nm) for a single picosecond pulse from
the beginning of the train was 6.14 % of the total energy and reached 35 %
in the middle of the train. In the case when two Nd:KYW crystals were used
(one as the lasing and self-converting Raman master oscillator, and the sec-
ond as the synchronously laser-pumped Raman amplifier (without flash lamp
pumping), the authors had a maximum conversion efficiency misy = 37 % to
the first Stokes, magt = 16 % to the second Stokes (Aosy = 1323.7nm), and
Nas < 5% to the anti-Stokes (Ao = 947.9nm). When the Nd:KYW amplifier
was additionally pumped by 30J of flash lamp radiation, the total output
energy increased to 11 mJ.

For two Nd:KGW crystals 50 mm long used in one laser cavity, the con-
version efficiency of the whole train to the Raman scattering radiation was
not so high, n15¢ = 3.84 % (A1s¢ = 1180.5nm), probably due to low quality of
the crystals, and was improved with a SRS amplifier to msy = 16.58 %, nost
= 0.96 %, and 1,5 = 0.03 %.

The authors also briefly mentioned an oscillation observed in
Nd:KLa(MoOy)2 and Nd:NaLa(MoQOy)s crystals. The pulse duration at the
fundamental wavelength was 5—6 ps and at the first Stokes component, 1.5—
2.5 ps, with the conversion efficiency 715 = 40 %.

Almost simultaneously with [55], the intracavity Raman oscillation on
Nd:KGW crystals was reported in [56]. The authors studied the frequency
doubling of the picosecond radiation of a Nd:KGW laser with passive mode
locking. New radiation wavelengths, of 1180 and 1320 nm, were found corre-
sponding respectively to the first and second Stokes components of the SRS
conversion of the Nd*T fundamental wavelength (1067 nm) in a Nd:KGW
crystal with a frequency shift of 900 + 10 cm ™. This was proved by the SRS
radiation of the Nd:KGW crystal that was placed in the picosecond Nd:YAG
laser cavity and was not flash lamp pumped. Estimation of the SRS con-
version efficiency showed that only 10% of the total energy belongs to the
1180-nm radiation and the rest (90%) belongs to the 1067-nm radiation.
Therewith, the SRS pulse duration was 3.8 + 0.4 ps, which was considerably
shorter than the pump pulse, by a factor of 2.5.

The SRS of undoped KGW crystals with different orientation in an exter-
nal pumping scheme under 30-ps Nd:YAG laser pumping was studied later
in [57]. In the spectral region from 1.06 to 1.32 um, the SRS radiation of 12
new spectral lines with different combinations of Stokes shifts of 84, 767, and
901.5 cm~! was recorded. The normalized thresholds and gain coefficients for
different polarization orientations were measured. The maximum gain coeffi-
cients were measured to be 6.4cm/GW for the 901.5cm ™! Stokes frequency
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shift and 4.3cm/GW for 767 cm~!. With increasing pump density, the SRS
radiation of higher Stokes components, up to the fourth component with
wavelength \gg¢ = 1730 nm, was recorded.

The SRS pulse compression in Nd:KGW and Nd:KYW picosecond lasers
was specially investigated in [58,59]. In a cavity 1.3 m long formed by a back
dichroic mirror with R4 nm = 99.94 % and R1180nm = 72.6 % and by a glass
plate as the output coupler, the first Stokes radiation comprised 22-40 % of
pump pulse energy at the middle of the pulse train, the first Stokes pulse
duration was as short as tigy = 1.3ps, and the pump pulse duration was
also shortened to 3.9 ps. Application of the SRS amplifier on a Nd:KGW
crystal with synchronous laser pumping in a passive regime (without flash-
lamp pumping of Nd®* ions) allowed the authors to shorten the Stokes pulse
to the minimum value of 0.9 ps and increase the conversion efficiency above
40 %. For active amplifying, the Stokes pulse duration grew continuously from
1.1 to 6 ps as the energy E}, of Nd:KGW amplifier pumping increased from 25
to 80J. The duration of the Nd laser fundamental radiation pulse decreased
from 10 to 4.4 ps.

A detailed review of the KGW crystal structure, lattice cell parameters,
atomic positions and coordinates and interatomic distances can be found
in [60,61]. Spectroscopic study of spontaneous and stimulated Raman scat-
tering in KGW crystals with different orientation of the pump beam direc-
tion and polarization with respect to the crystallographic axes was also pre-
sented. The Stokes components of stimulated Raman scattering, from the first
(1162.2nm) to the fourth (1734.8 nm) ones, were observed under pumping by
the 1064-nm radiation of a Nd:YAG laser with pulse duration of 30 ps. The
threshold power was 4.8-24.3 GW/cm?. The threshold pump density for the
KGW first Stokes with shifts of 767 and 901.5 cm ™! was measured for different
orientations and compared with those measured for CaWO, and Ba(NOs)s
crystals [60]. The normalized SRS threshold for KGW was measured to be
from 3.9 to 14.8 GW/cm? depending on the crystal orientation, which was
much less than 23-25 GW/cm? for CaWOQy, crystals. The SRS threshold pump
density measured for the Ba(NO3)z crystal to be 6.2 GW/cm?, is much less
than that for CaWQy, but higher than the minimum value for KGW at op-
timum orientation.

The nonstationary gain coefficient calculated from the measured thresh-
olds turned out to be minimal for CaWOQ, crystals (¢ = 1-1.1 cm/GW), four
times higher for Ba(NOs)s crystals (¢ = 4cm/GW), and highest for KGW
crystals for optimum orientation p[mm]p (g = 6.4 cm/GW for the 901.5 cm ™!
Stokes shift). For the KGW Stokes shift of 767cm™~! and the orientation
q[pplq, this value was g = 5.2cm™!. The above data on KGW and KYW Ra-
man lasing properties demonstrate very efficient operation of these crystals
in the pico- and subpicosecond regimes of oscillation, where the high den-
sity pumping (1-10 GW/cm?) can be used without radiation damage of the
crystal. These crystals demonstrate the multiwavelength frequency shift of



366 T.T. Basiev et al.

coherent radiation in the most hard-to-reach IR region from 1 to 1.7 pm with
a high conversion efficiency (about 40 %) and very effective radiation pulse
shortening (more than 10 times) down to subpicosecond pulse durations.

5 Nanosecond Raman Lasers Based on KGW Crystals

The main problem that arises when one tries to use KGW crystals as Raman
shifters for nanosecond IR laser radiation is a rather high SRS threshold
(due to the low Raman gain) in combination with the low laser damage
threshold at nanosecond pumping. The narrow gap between the SRS and
laser damage thresholds essentially restricts the SRS conversion efficiency
and imposes strong requirements upon the pump radiation profile and the
optical quality of the crystal and all the elements of the Raman cavity.

The first paper where the authors succeeded in realizing nanosecond in-
tracavity SRS generation on a Nd:KGW crystal was [62]. The pulse duration
of the fundamental radiation was ¢, = 7.5ns, and the duration of the first
Stokes pulse at 1180 nm was measured to be threefold shorter, tsrs = 2.5 ns.
The intracavity SRS threshold was estimated to be 150-300 MW /cm?. How-
ever, no data on the conversion efficiency and output energy were reported.

Nanosecond SRS in a KGW crystal in a single-pass scheme with an ex-
ternal pumping was also studied in [63]. The steady-state SRS gain coeffi-
cients for both Stokes shifts, of 901.5cm™! and 767.3 cm™!, were found to be
6 cm/GW when pumped by a Nd:YAG laser with the radiation wavelength
of 1064 nm. For nanosecond (f, = 10ns) pumping by a Nd:KGW laser in
a single-pass scheme, the total efficiency of SRS conversion to both (first and
second) Stokes was 70 % with the output energy of 10 mJ and did not depend
on whether the Stokes shift frequency was 767.3 or 901.5cm™!.

Application of KGW crystals for SRS frequency shifting of nanosecond
radiation with longer wavelength, 1.1-1.4 um, where the gain coefficient is
much weaker, was first demonstrated in [33]. A KGW crystal 40 mm long was
used for nanosecond SRS frequency conversion of a tunable solid-state LiF:Fy
color center laser MALSAN-201. The LiF:FJ color center laser radiation was
tuned from 1.1 to 1.23 wm and provided the pump density of about 1 GW /cm?
inside the SRS crystal. Using the single-pass Raman shifting scheme with the
pump pulse duration of 8ns, energy of about 20mJ, and spectral width of
0.1cm™!, the authors observed tunable radiation in new spectral regions,
1.23-1.37 pm (first Stokes) and 1.43-1.6 um (second Stokes). The maximum
conversion efficiency reached 30 % for the first Stokes and 20 % for the second.
These results were among the first experiments on solid-state Raman lasers
operated in the eye-safe spectral region (= 1.54 um). It should be noted that
the laser damage threshold was only 2—3 times higher than the SRS threshold,
which strongly limited the reported application of KGW crystals.

Ten years later, a compact flash lamp pumped solid-state laser for a range
finder operating in the eye-safe spectral region at 1538 nm was developed
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in [64,65] with application of SRS in a N&:KGW active crystal self-pumped
by 1350-nm (fundamental wavelength) Nd3* laser radiation. The authors
used Nd:KGW active-nonlinear elements with dimensions of @3 x 50 and
@4 x 65mm. The cavity mirrors had reflectivity Ry = Ry = 99.99% at
the fundamental wavelength of 1350 nm, and the output mirror had 35-40 %
reflectivity at the first Stokes wavelength of 1538 nm. Passive polymer and
electrooptical LiNbO3 Q-switches were used.

In the case of the Nd:KGW crystal with small dimensions, 3mm in di-
ameter and a length of 50 mm, the threshold pump energy of single-pulse
operation changed from 2.5 to 5.5J, and the energy of the 40-ns SRS pulse
increased from 1 to 6 mJ, as the passive Q-switch transmission changed from
45 to 33%. The KGW crystal with dimensions of 4mm in diameter and
a length of 65 mm allowed increase of the output energy to 9mJ at the pump
energy of 7.5.J. With electrooptical @-switching by a Brewster cut LiNbOg
crystal, the output energy of 12-ns pulses reached 13.5-15mJ at the pump
energy of 10J. The overall efficiency was quite high, 0.15 %.

Using diode laser pumping of Nd-doped laser crystals, one can build
compact and efficient solid-state lasers for the IR and green spectral re-
gions. A transversely diode pumped Nd:KGd(WO,); Raman laser with self-
frequency conversion was described in [66]. An AlGaAs/GaAs quasi-CW
diode laser operating at 808 nm with a power of 300 W and pulse duration of
300 us was used for side pumping of a Nd:KGd(WOy)s crystal rod 4 mm in
diameter and 22 mm in length. The plane-concave Raman laser cavity with
an acousto-optical Q-switch inside had a high reflectivity for the fundamental
wavelength (1067 nm) and the output coupler transmission of 5 % for the first
Stokes wavelength (1162nm). As a result, the first Stokes pulsed radiation
had an energy of 0.1 mJ at a pulse duration of 50 ns, while the pump pulse
duration was 140ns at the repetition rate of 47 Hz. The second harmonic
radiation (581 nm) was generated with a 30 % efficiency by a LiB3Os5 crystal
with non-critical phase matching at a temperature of 54 °C.

Recently, the intracavity self-frequency conversion in microchip Ybh:KGW
and Yb:KYW crystals was reported by two groups of authors [67,68]. They
used 1.7 and 1.1-mm thick plates of Yb-doped laser crystals, pumped by
a 980-nm laser diode, and a Cr*T:YAG plate as the saturable absorber. For
output coupler reflectivity of 7 and 5%, the authors obtained nanosecond
pulses of the first Stokes radiation at 1139-nm wavelength with an average
power of 7 and 2mW and repetition rate of 17 and 49 kHz, respectively.

The above historical review of the best SRS materials for nano- and pi-
cosecond Raman lasers shows that till the mid 1990s, there was no clear
understanding of why one SRS material is better for nanosecond operation
and another material operates better in the picosecond regime. There was no
complete comparative analysis of the main fundamental properties of SRS
materials, which would allow one to select the most suitable materials among
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the known synthetic crystals or to develop SRS materials with required prop-
erties.

6 Search for New SRS Materials
and Comparative Spectroscopy Study

New SRS converters and lasers could not be purposefully developed with-
out a deep insight into the physics of Raman-active vibrational excitations,
which determine the nature of light scattering and its properties. In the early
1980s, the complex inhomogeneous nature of RS resonance in fused quartz
at a frequency of 460 cm™! was revealed in [69]. Using LiF:F; color center
tunable lasers and the techniques of biharmonic pumping (A = 1.064 pm
and A = 1.119 um), the authors eliminated the inhomogeneous broadening
and, using RS amplification spectroscopy, for the first time measured the ho-
mogeneous width (16 cm~!) of the inhomogeneously broadened (a 200 cm™1)
vibrational spectrum of fused quartz. At the same time, a very efficient pump-
to-Stokes radiation conversion (38 %) was observed in 2-3-m long silica fibers.

The physics of SRS processes in the unique Ba(NOg3)y crystal at vari-
ous temperatures, down to liquid-helium, was studied in [70] by the meth-
ods of nanosecond SRS amplification spectroscopy with high spectral reso-
lution and in [71] by transient picosecond spectroscopy of Coherent Anti-
Stokes Raman Scattering (CARS). The unique properties of Ba(NOj3)a crys-
tal, namely, extremely low SRS threshold and high gain and efficiency, were
not understood before. It was found that the high-frequency (1047 cm™!) to-
tally symmetric Raman active vibration A4 of NO3 quasi-molecular groups
exhibits anomalously low homogeneous and inhomogeneous line broadening
(Av =0.4cm~! at room temperature), which reflects the anomalously weak
coupling with other quasi-molecular and lattice vibrations [70]. The directly
measured dephasing time Tg of the A, vibration proved to be surprisingly
long (Tr(300k) = 28 ps) at room temperature and almost ten times longer at

liquid helium temperatures (Tg(11) = 220 ps) [71]. These values are several
tens of times higher than those for diamond, calcite, NaNOgs, and other SRS
crystals.

As the temperature increases to 400-600 K, the homogeneous line broad-
ening A vg(T) and dephasing rate Tle of Ba(NOg)o rapidly grow, but still
keep much lower values than for other matrices. Experimental data on the
dephasing rate Ty ! versus temperature, obtained by RS amplification and
picosecond CARS at T = 11-600 K, were described by the theory of mul-
tiphonon decay, absorption, and dephasing of vibrational excitations and
lattice phonons in a crystal. The analysis showed that the anomalously long
lifetime of the A;, vibration in Ba(NOs)s crystals mainly resulted from the
absence of three-phonon decay processes (when one high-frequency RS-active
vibration decays into two vibrations with lower frequencies) [70,71]. At tem-
peratures from 11 to 300K, these three-phonon relaxation and dephasing
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processes dominate over all the others in most SRS active materials (ex-
cept A1, Raman vibrations in Ba(NOs)2) and cause high dephasing rates
and significant homogeneous line broadening [20]. It was found that the de-
phasing and broadening in Ba(NOj)2 crystals occurs not only due to the
allowed four-phonon decay processes viga7 — Vg17 + w144 +ws1 dominating at
low temperatures (4-77 K) but is also due to the six-phonon decay processes
V1047 — V731 + 4wsy. The latter, despite a substantially lower probability,
exhibit a rapid growth with increasing temperature and make a significant
contribution to the line broadening at above-room temperatures [70,71]. Nev-
ertheless, the sum of these two high-order processes demonstrates much less
broadening and rate of dephasing than the low-ordered three-phonon pro-
cesses in other SRS materials.

Due to the extending application of SRS crystals, the great variety of their
properties, and the wide scatter in published data, in recent years a demand
arose for comparative quantitative analysis of SRS-active crystals, which is
very important for the search and development of new efficient SRS crys-
tals. Such a detailed analysis both of known SRS crystals and new crystals
with promising properties for SRS lasers was performed in [72,73,74,75,70].
Carbonate, nitrate, phosphate, tungstate, niobate, iodate, bromide, borate,
and silicate crystals were analyzed. The frequencies and linewidths of the
most intense and narrow quasi-molecular Raman vibrations of [CO3], [NOs],
[WOy4], [M0Oy4], [NbOg], [NbOy4], [103], [PO4], [C103], [B3O¢], [BrOs], [SiO2],
[SO4], and [NHy4] anion groups were compared.

The relative intensities (integral and peak) of spontaneous RS lines were
measured for more than 30 synthetic crystals in comparison with the reference
diamond crystal (100%). The RS line intensities were studied for various
orientations of the crystals with respect to the exciting and scattered beams
(see Table 2) [72,73,74,75,76].

It was shown that among the above-listed crystals only the iodate, nio-
bate, tungstate, and molybdate crystals possess significant integral scattering
cross-sections (40-60%) for high-frequency RS lines (600-900 cm~1). With
the exception of lithium niobate crystals (166 %), these values are somewhat
lower than for diamond (100 %) but several times larger than for the known
SRS-active crystals of calcite (6 %) and nitrates (20 %). As one can see from
(3) and (4), the integral RS cross-section is directly responsible for the SRS
threshold and gain both in the steady-state and transient regimes and at
the same time demonstrates slow variation for crystals with the same anion
group.

A different situation was observed for the peak cross-sections of Raman
scattering, which determine the SRS threshold and gain coefficient in the
steady-state regime under nano- and subnanosecond pumping ¢, > 107R.
For example, the uniquely small broadening of RS lines in nitrate crystals
results in record high peak values (44-63 %), though they have quite moderate
integral RS cross-sections (21-23 %).
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The analysis of the data given in Table 2 shows that the best crystals for
low-threshold SRS frequency converters should have both a large integral RS
cross-section and small RS transition broadening. Two promising classes for
this purpose are tungstates and molybdates, which possess large integral RS
cross-sections (40-60 %) and a great variety of line broadenings (from 1.6 to
15cm™1).

Since the line broadening (both due to upconversion and decay dephas-
ing) of high-frequency SRS-active vibrational modes relates to their inter-
action with lattice phonons, the authors of [73,741] selected the crystals
with the heaviest cations to reduce the frequencies of lattice phonon modes.
In [73,74,77] simple tungstates of alkaline-earth metals (Ca, Sr, and Ba) with
a scheelite structure were synthesized and investigated in detail. As can be
seen from Table 2, the CaWOy4 SRS crystal frequently encountered in the sci-
entific literature [7,60] has a moderate peak scattering cross-section, equal to
18 %, which is 3.5 times smaller than in the Ba(NO3), crystal and almost two
times smaller than in KGd(WO,)2. This results from the significant broaden-
ing of its RS line, A v = 6.95 cm ™! at room temperature. Replacement of light
calcium cations for heavier strontium and barium cations resulted in a much
lower relaxation rate and several times narrower spectral line (1.63 cm™?) of
BaWQO, Raman vibrations at room temperature.

As the cation mass increases in the sequence Ca, Sr, and Ba, the maximum
frequency wya; of lattice phonons in fact decreases, from 274 to 194cm™1.
In addition, the increase of the lattice constant and cation radius results
in the higher frequency of the totally symmetric A;, Raman mode of the
[WO,4]?~ quasi-molecular complex (see Table 2). These two factors weaken
the vibronic-lattice interactions and considerably narrow the spectrum of Ra-
man vibration, which should manifest itself in a growth of the peak scattering
cross-section and steady-state SRS gain.

The detailed study of RS fine structure of the A;, oscillation mode in
scheelites [78] shows that due to the largest values of lattice constants and
W-W distances for the BaWOy crystal (as well as for Ba(NO3)2), the Davy-
dov splitting (DS) for these crystals is very small, A Eps ~ 0.5-1cm™!. The
very low acoustic phonon density of states at this frequency, hwpn, = A Epg =
0.5-1cm™!, cannot provide fast dephasing processes and strong broadening
of these Davydov-split components by means of direct single phonon bridge
processes. Conversely, in CaWOQO,, PbWOy,, and partly in StWO, crystals
with smaller lattice constants, the Davydov splitting was found to be much
higher: 50, 32, and 28 cm™!, respectively. This can explain the much faster de-
phasing and stronger broadening (6.9, 4.7, and 3cm™!) in these crystals due
to direct single-phonon bridge processes from one DS component to another
with absorption or emission of acoustic phonons of frequencies 28-50cm ™!,
whose density of states can be rather high (p =~ wﬁh).

Similar regularities were observed in the series of alkaline-earth molyb-
dates with a scheelite structure, CaMoQO4, PbMoQO4, StMoO,4, and BaMoQO4.
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Table 2 demonstrates the relative values of integral and peak scattering coef-
ficients. As is seen, even with the broader RS lines, the new crystals BaWOy
and BaMoQOy4 can surpass the unique Ba(NOjs)s crystal in the peak cross-
section, while the STWO,4 and SrMoQOy crystals are only slightly below.

The data on the peak cross-sections of spontaneous RS found by the
comparative study were subsequently confirmed by direct measurements of
SRS gain and SRS threshold [75,76,77,78,79,80]. This gave high potentiality
of the newly developed crystals for application in SRS amplifiers and lasers,
which will be discussed below.

7 New BaWO,4 SRS Crystals

The newly developed BaWOQ, crystals for stimulated Raman scattering ex-
hibit many advantages in comparison with the two previously discussed best
synthetic crystals, Ba(NO3)2 and KGd(WOy)2 (the characteristics of these
crystals are compared in Table 1).

As one can see, the BaWQ, crystal has much higher hardness, ther-
mal conductivity, and moisture resistance than Ba(NOg)s. The transparency
range in IR is also much wider, up to 5 pm, for BaWO, than for Ba(NOs),
crystals, which is promising for mid-IR Raman laser development. The Ra-
man scattering integral cross-section of BaWOQ, is at least two times higher,
which is important for picosecond application, where BaWOQO, can provide
much higher gain than Ba(NOs)s. The extremely small Raman line broaden-
ing (0.4cm™1) in Ba(NO3)s results in the record-high gain in the nanosecond
(steady-state) regime of SRS, but at the same time restricts the steady-state
regime on the picosecond time scale. As a result, the Raman gain of Ba(NO3)s
falls down steeply with shortening the picosecond pulse duration due to the
transient character of SRS.

The BaWOy4 crystal exhibits only a slightly smaller SRS peak cross-section
and gain coefficients as compared to those of Ba(NO3)2 for nanosecond pulses,
but, due to the four times larger linewidth (1.6cm™!) and correspondingly
four times shorter dephasing time Tg, its steady-state regime can be extended
to four times shorter laser pulses on the picosecond time scale.

Comparing the BaWO, crystal with KGd(WO,)2, one can see almost
equally good hardness, thermal conductivity, moister resistance, and trans-
parency range. The integral cross-sections of these two crystals are also quite
similar and high. A difference can be found only in the line broadening
and the dephasing time. Due to the three times broader Raman line, the
KGd(WOy)2 crystals have much lower nanosecond (steady-state) SRS cross-
section and gain coefficient than Ba(NOgs)s and BaWOy crystals. Even for
the picosecond region 107111079 s, the new BaWQy crystal can show much
better SRS operation than KGd(WOy,)2. Only at few-picosecond or subpi-
cosecond pumping, can KGW crystals overtake the BaWQO, crystal in gain
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and efficiency due to the deeper transient behavior and faster gain decrease
of BaWOy in comparison with KGW.

Similar properties are demonstrated by the STWO, and SrMoQy, crystals,
whose line broadening and dephasing times lie between those of BaWQO, and
KGW crystals and define the intermediate values of the STWO, and SrMoO4
SRS cross-section and Raman gain, which are better than for KGW and
poorer than for BaWQy in the nano- and picosecond steady-state regime.

8 BaWO0O, and SrW0O, Nanosecond Raman Lasers

The IR SRS laser oscillation using newly developed BaWOQO, crystals and two
well-known nonlinear crystals, was comparatively studied in [79], using a 9 cm
long Fabry—Pérot cavity formed by two plane dielectric mirrors, an input
mirror with Ry 064 < 5% and Ri.1-1.25 > 98% and an output mirror with
Ri.0-1.2 ~ 55%.

A pulsed transverse single-mode Nd:YAG laser passively @Q-switched by
a LiF:Fo~ crystal was used as the pump source. The pump laser produced
12-ns pulses at 10 Hz repetition rate. The pump beam was focused on the
center of the SRS crystal by a lens with a focal length of 50 cm. The beam focal
diameter was measured with a CCD camera to be 90 pm at half maximum.
The beam shape was close to Gaussian.

The Raman laser energy efficiency reaches 26 % for Ba(NOs)2 and 20.5
for BaWOy. In both cases, the slope efficiency exceeds 75 %, and the laser
thresholds are very close. At the same time, no efficiency saturation is ob-
served for BaWQy4 with increasing pump power, hence, one can expect further
improvement of the laser characteristics. One can get the best results at the
BaWO, orientation E//C4, and slightly poorer at ELC4. An even longer
KGW crystal demonstrates a much higher threshold and considerably lower
slope efficiency (about 45 %) in the same experimental scheme.

IR Raman shifting of the Nd:GGG solid-state laser fundamental wave-
length A\, = 1062.1 nm in the BaWO, crystalline Raman laser to the first
Stokes wavelength \igy = 1177.9nm was studied in [31,82]. Results of the
pump-to-output conversion in the BaWQO, Raman laser are shown in Fig. 4,
which demonstrates the more than 30-% slope efficiency and the 15 mJ output
energy with a megawatt peak power level for a 10 Hz repetition rate.

As we discussed above, application of the intracavity IR pumping scheme
of a Raman laser can give an opportunity to increase the IR Raman con-
version efficiency up to 100 % (by use of the nonlinear intracavity dumping
regime), to improve the spatial beam quality (beam clean up), and to decrease
the pulse duration with increasing peak power.

The Raman laser efficiency of the StWO4 SRS crystal was studied in [30]
under similar conditions. The laser scheme differed from that considered
above by a shorter cavity (70mm), lower reflectivity of the output cou-
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Fig. 4. The first Stokes (1179, 9nm) output energy of a BaWO, Raman laser versus
1062.1 nm pump energy of a Nd:GGG laser

pler (R105-1.32 = 30 £5%), double the focal length of the focusing lens
(f =100 cm), and a twice larger focal spot (& = 200 pm).

To prevent the coupling between the SRS crystal (without antireflection
coatings), the Raman laser cavity, and the pump laser cavity, they were re-
aligned to about 1° from each other.

Figure 5 shows the Raman laser output energy versus the pump energy
for the new SrTWQO4 and BaWO, crystals in comparison with KGW and
Ba(NOs3)s. One can see that the StTWO, crystal has a lower threshold and
about twice the efficiency (= 12 %) than KGW. In spite of the poorer thresh-
old, gain, and output characteristics of STWQO, in comparison with those
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Fig. 5. Dependences of the first Stokes output energy on the pump energy for
Ba(NO3)2 49mm long (rhombs), BaWO4 43mm long (¢riangles), StWO4 47 mm
long (squares), and KGd(WO4)2 50 mm long (circles) crystals
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of BaWO, and Ba(NOs)2 crystals, the StWO4 crystal allows a rather high
level of rare earth doping, which makes it promising for many applications
as a multifunctional nonlinear (SRS) and active material.

The SRS self-conversion of laser radiation inside a Nd3*:SrWQ, laser crys-
tal was first observed under flash lamp pumping in a ()-switched regime [30].
With cavity mirrors of high reflectivity at the fundamental wavelength of
1.06 pm, the first Stokes oscillation at 1.18-um wavelength was recorded with
an output energy of 3 mJ. The first Stokes oscillation of this Raman laser com-
bined two oscillation mechanisms: the broadband stimulated emission of F5
color centers and the SRS inside the laser medium. This combination allowed
SRS at lower intracavity energy density, i.e. reduced the SRS threshold.

8.1 Mid-IR BaW0O, Raman Laser

An important advantage of barium tungstate crystals is their transparency
in the much deeper IR region than the transparency of a Ba(NOg)s2 high-
gain Raman crystal. This could allow one to use these materials to develop
a Raman laser for the mid-IR spectral region (from 2 to 5 um), which is now
one of the most interesting but hard-to-reach regions. The main problem here
(besides the transparency) is that the Raman frequency shift of crystals is
usually about 1000 cm ™!, hence to obtain mid-IR radiation one should start
from as long pump wavelength as possible and use the second or even third
Stokes of stimulated scattering. In addition, the Raman gain drops rapidly
with longer wavelength of pumping.

An attempt to get Raman laser radiation with a longer wavelength
was done in [83] using 1.34-um pump radiation of an accousto-optically
Q-switched Nd3*:YAG laser. A 42-mm long BaWO, SRS crystal was placed
in the cavity formed by a rear plain HR mirror with 90-100 % reflectivity for
1.5-2.0 um spectral range and about 80 % transmittance at 1.34 wum pumping
wavelength. The pump radiation was focused within the Raman laser cavity
by a lens with a focal length of 120 mm.

The measured oscillation spectra of the BaWQO,4 Raman laser for an out-
put mirror with Ry 54 = 50% and Ry79 = 14 % reflectivity is shown in
Fig. 6a. As can be seen, even for 50 % reflectivity at the first Stokes wave-
length (1.53 pm), two additional peaks in the Raman laser output spectrum
appear at the wavelengths of 1.79 um (second Stokes) and 2.15 um (third
Stokes). Two low-intensity maxima near the oscillation lines of the first and
second Stokes are associated with another weaker vibronic mode observed in
the BaWO, spontaneous Raman and SRS spectrum with the frequency shift
of 332cem™! [35)].

Examples of input—output characteristics of the mid-IR Raman laser are
shown in Fig. 6b. The total conversion slope efficiency from a 1.34-pum pump
to the first 1.53 and second 1.79 um Stokes wavelengths was about 22 %. In
this regime, the conversion efficiency for the first and second Stokes radiation
was about 10 % each. Latest improvement of this Raman laser provide up to
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2.2mJ of 1.7 um radiation and 1.7 mJ of 2.1 um radiation with slope efficiency
till 14 % each.

8.2 Mid-IR Lasing in a Cr?t:ZnSe Crystal with BaWQO, Raman
Laser Pumping

As was shown in the chapter on crystalline mid-IR. lasers by Sorokina, Cr?*-
doped crystalline hosts such as ZnSe are very promising sources for tunable
2.1-2.7 um mid-IR lasers. Cr?*:ZnSe is very attractive due to its near unity
fluorescence quantum efficiency at room temperature, high gain cross-section
and wide vibronic absorption and emission bands. This crystal has been inves-
tigated under different pump sources in CW and pulsed operation. A diffusion
Cr?*-doped ZnSe crystal, 2.5 mm thick, was placed perpendicular relative to
the pump and oscillation beams. The crystal demonstrated approximately
75 % absorption at the 1.53-um pump wavelength. The Cr?*:ZnSe laser cav-
ity was about 50 mm long and was formed by an HR curved mirror with
curvature of 100 mm and a plane output mirror with variable reflectivity.
The 1.53-um pump radiation was focused into the crystal by a lens with
a focal length of 120 mm placed near the HR mirror of the Cr?*:ZnSe laser
cavity.

The input-output characteristics of the Cr?>t:ZnSe laser with different
output mirror reflectivities are shown in Fig. 7a. As can be seen, the lasing
threshold is about 200 pJ and the maximum slope efficiency is 11%. The
maximum total efficiency for the output mirror with R = 34 % was deter-
mined to be about 8 %. The measured oscillation spectra of the Cr?*:ZnSe
laser are shown in Fig. 7b. The maxima of all the oscillation spectra are
in the range 2.45-2.65 um. The Cr?*:ZnSe laser oscillation pulse width was
measured to be about 7ns, which is demonstrated in Fig. 7c and reflects the
detector response time. Strong pulse shortening of Cr?*:ZnSe oscillation is
a characteristic feature of this regime and could be explained by gain switch-
ing in the active medium. As can be seen from Fig. 7c, the delay between
the fronts of the pump and oscillation pulses is rather short (50 ns) and goes
down to 25 ns with increasing output mirror reflectivity and pump energy.

9 BaWO0O4 Picosecond Raman Frequency Shifters

A comparative study of picosecond stimulated Raman scattering in the new
BaWOy, crystal and in KGd(WOy,)s and KY(WOy)s crystals was fulfilled
in [86,87,88,89,90,91,92] for 28 and 40-ps pulses with a wavelength of 532 and
1064 nm, respectively. At visible, green light pumping, the picosecond Raman
gain coefficient calculated for the BaWOy crystals from the pump threshold
measurements by the formula gex, = 25/11, was equal to 14.4 cm/GW, which
is 30 % higher than that for KGW (11.5cm/GW) but 30 % lower then for
KYW (18.7cm/GW).
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In comparison with the steady-state regimes, where the BaWQy crystals
show approximately 3 times higher gain than KGW, this ratio at picosecond
pumping is moderate, though the BaWOQOy still has a higher gain than the
KGW crystal. This is caused by the deeper transient behavior of BaWO, due
to its smaller linewidth and longer dephasing time T = 6.6 ps of BaWOy,.

A much stronger difference can be found when comparing the BaWOy
crystal with Ba(NOs)2. Under nanosecond pumping (steady-state regime),
BaWO, has only a 20-30% lower Raman gain (40cm/GW against
52cm/GW) [79,82]), but at the picosecond mode its gain is about three times
higher (see Table 1).

For 1064-nm picosecond pumping, the BaWO, Raman gain reaches
3.8cm/GW, which is slightly lower that for KYW (4.7 cm/GW), but higher
than for KGW (3 cm/GW).

The maximum conversion efficiency for a 30-mm long BaWQ, crystal
under 532-nm picosecond pumping was 30 % for the first Stokes. This is much
higher than the 18 % efficiency of an even longer (40 mm) KGW crystal. For
the second Stokes scattering, both crystals show a similar efficiency of about
15 %.

The detailed study of BaWO, SRS under 1.06-um, 50-ps pulsed pump-
ing [91] allowed the authors to obtain the first Stokes radiation at 1180 nm
with a conversion efficiency of 25 % in the single-pass and 35 % in the double-
pass regimes. Placing a BaWO, crystal into the short (3.8 cm) cavity with an
optimized output coupler provide an almost 100 % slope efficiency and 55 %
pump-to-first-Stokes conversion efficiency with the output energy as high as
3mJ (Fig. 8).
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Fig. 8. The first Stokes (1180 nm) output energy
1 2 é ’ "1 ' é ' é | % ' é of a picosecond BaWO, Raman laser with out-
put coupler reflectivity R = 33 % and resonator

Pump Energy [mJ] length of 3.8 cm versus 1064-nm pump energy
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Thus, we can conclude that BaWQy is the first universal crystal, which
shows the almost record-high gain both under nanosecond and picosecond
modes of operation.

10 PbWO,4 SRS Shifters and Raman Lasers

Another interesting SRS crystal was recently introduced to Raman laser de-
velopment. This is a well known scintillating material, PbWO,, with a scheel-
ite structure similar to BaWOQO,. Analogously to other tungstates, one can
expect a high integral cross-section for the PbWO, crystal, but the mea-
sured linewidth of the totally symmetrical A;, 904 cm™! Raman vibration
shows a rather high value of 5.6 cm ™ for a polycrystalline sample [75] close
to KGW. Detailed study of the A;, Raman line broadening at different tem-
peratures up to the melting point shows that, similar to CaWO,4 and StWQy,
lead tungstate PbWQ, has a rather high Davydov splitting A Fpg = 32cm ™!
caused by a strong [WO4]?2~-[WO,]?~ intermolecular interaction [78]. This
value is one or two orders of magnitude higher than A Epg in BaWOy
and Ba(NOgs)y crystals (with the record high peak value of gain) A Epg =
0-1cm~!. The high density of acoustic phonon states leads to fast dephas-
ing and large Raman line broadening Avg(300K) = 4.7cm~! (for single
crystal) due to the direct relaxation processes between DS components with
single-phonon absorption or emission.

The study of the PbWOQOy4 crystal by the picosecond SRS spectroscopy
technique and under nanosecond Raman laser pumping was first reported
in [93,94,95]. The authors presented the measured data on the gain coeffi-
cient (8.4cm/GW at 532nm and 3.1cm/GW at 1064 nm) and some other
characteristics of the PbWQy, single crystal. They observed 18 different spec-
tral lines of SRS Stokes and anti-Stokes radiation in the spectral region from
485.5 to 1117 nm under pumping by 1064-nm Nd:YAG laser pulses with a du-
ration of 100 ps.

Raman laser oscillation of PbWOQ, crystals under external pumping by
100-ps pulses of a Nd:YAG laser at 1064 nm was studied in [93,94]. In the
200 mm long plane-concave laser cavity with spherical (r = 0.5m) output
coupling mirror with a reflectivity of 78 %, the first Stokes radiation energy
of 1mJ with slope efficiency as high as 40 % was obtained at the pump en-
ergy of 5mJ. In those experiments, the pump beam was focused inside the
30mm long PbWOQ, crystal by a lens with a focal length of 12cm. There
are also presented data on the steady-state Raman gain measured in visible
light under pumping by 30-ps pulses of the frequency-doubled radiation of
a Nd:YAG laser. The authors concluded that the gain coefficient of PbWOy,
measured to be 8.4cm/GW, is slightly higher than 8 cm/GW of a KGW
crystal, measured by the same technique.

IR Raman lasing by one or two 45-mm long PbWO, crystals was studied
in a ring Raman laser cavity 285 mm long with two highly reflecting mirrors
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and one output coupler with a reflectivity of 27% for the first Stokes wave-
length [95]. The Raman crystals were pumped by a Nd:YAG laser (1064 nm)
beam 2.1 mm in diameter with a pulse duration of 7ns. At the pumping
energy of 36 mJ (close to the Raman crystal laser damage threshold), the
output energy of the first Stokes radiation was as high as 5.3mJ for one
PbWOy crystal. The highest conversion efficiency reached 20 % for two SRS
crystals in the cavity. The authors noted that the laser damage threshold for
IR radiation was surprisingly low, at about 2J/cm?, which is less than half
that for visible radiation.

The PbWOy crystal can also be easily activated by Nd3* ions [93]. The
first attempt to develop a diode-pumped passively Q-switched Nd3T:PbWO,
Raman laser with self-frequency conversion was described in [96]. An active
and SRS Nd(0.5at.%):PbWOy, crystal with dimensions of 3 x 3 x 15 mm?
was transversely pumped by a 100-W GaAlAs quasi-CW diode laser array
(A =808 nm) with a pulse duration of 160 ps and a repetition rate of 20 Hz.
In a high-reflective cavity 24 mm long, passively Q-switched by a Cr:YAG
saturable absorber with T' = 95 %, under a pump energy of 4.5 mJ, the Raman
output energy at 1170 nm was rather low, at 2.5 wJ, with an efficiency of 0.6 %
and threefold output pulse shortening to 8 ns.

11 Diode-Pumped CW Raman Fiber Lasers

Another class of highly efficient medium-power Raman lasers are CW single-
mode Raman fiber lasers for the near and mid-infrared. The lasers can operate
practically at any wavelength in the region from 1.1 to 1.6 um with high-
quality output power of several watts and are widely used for pumping optical
fiber amplifiers.

Stimulated Raman scattering in a glass fiber was observed for the first
time by Stolen et al. in 1971 [97]. The authors observed SRS in a single-mode
glass fiber both as single-pass superradiant emission and as Raman oscilla-
tor output radiation. The great interest aroused after this pioneering work
in the development of Raman fiber oscillators is explained by two of their
advantages, namely, long interaction lengths in low-loss optical fibers and
broad Raman gain bandwidth in glasses (extended to 500 cm™!). In the late
1970s, low-threshold tunable Raman oscillators were created both for visi-
ble [98,99,100,101] and near-IR [102,103] regions. The development of high-
quality low-loss fibers allowed one both to reduce the SRS threshold (below
1 W) and avoid the problems of fiber deterioration [99]. Laser radiation tun-
able within the spectral region from 5200 to 5600 A was obtained by using
four orders of Stokes oscillation [101].

These results showed that laser diodes could be used for pumping Ra-
man fiber oscillators. This promised the possibility of developing compact,
efficient, and inexpensive sources of near infrared. But the problem was to
achieve an efficient coupling of laser diode radiation to a single-mode fiber



Crystalline and Fiber Raman Lasers 381

core. This problem was solved by the development of double-clad fiber lasers
(DCFL) pumped by laser diodes [104]. The authors suggested surrounding
an Nd (Yb)-doped single-mode core by a layer with lower refractive index
and thus form the core of a multimode waveguide. This structure was in turn
surrounded by an outer cladding of still lower refractive index. This multi-
mode structure guided the pump radiation around and through the central
rare-earth-doped single-mode core. The shape and dimensions of the inner
cladding were specifically chosen to provide efficient end-coupling for the
output of high-power laser diode arrays. Such a scheme turned out to be
very efficient for pumping Raman fiber lasers and later allowed the develop-
ment of high-power (up to 35 W in CW mode) diffraction-limited fiber Nd
(Yb)-doped lasers operating at around 1 um (see for example [105,106,107]).

The principal elements of modern Raman fiber lasers are fiber Bragg
gratings, serving as mirrors for different Stokes cavities. It was found that
as many as six Raman Stokes can be obtained by using highly reflective in-
fiber Bragg gratings [108]. In such a scheme, each intermediate Raman Stokes
can be resonated and thereby efficiently converted to the next, higher Stokes
until the cascade is terminated by a suitable output coupling for the desired
Stokes order. Thus, in-fiber Bragg gratings allowed one to transform the
multiresonant Raman fiber oscillator [101] into an elegant all-fiber structure.

The listed achievements served as a base for the development of Raman
fiber lasers, which were required for pumping 1.3 um Raman fiber amplifiers
in the 1990s [109,110]. Further investigations showed that these lasers are
also promising as pumping sources for other optical fiber amplifiers, including
Er-doped fiber amplifiers. Wide applications of optical amplifiers in optical
fiber communication systems, especially in WDM ones, stimulated active
investigations of Raman fiber lasers. There were developed various types of
efficient Raman fiber lasers, which were based on different fibers and had
various Stokes frequency shifts, Stokes cavity designs, and pumping sources.

11.1 Raman Fiber Lasers Based on Germanosilicate Fibers

A widely used type of Raman fiber laser is based on well-developed, commer-
cially available germanosilicate fibers. These fibers have high photosensitivity
and thus allow writing Bragg gratings directly in them. The Raman scatter-
ing cross-section in germanosilicate fibers is higher than in silica fibers and
increases (as well as the photosensitivity) with increasing Ge content.

For the first time, the third Stokes (1239 nm 300 mW CW) of a high Ge-
doped fiber pumped by a 1060-nm Nd:YAG laser was used for pumping a 1.3-
pum Raman fiber amplifier in [109]. The CW radiation of a diode-pumped
germanosilicate Raman fiber laser for the same purpose was first obtained
in [110] using a fiber 800m long, which was Ha-sensitized to increase the
photosensitivity. Three pairs of Bragg gratings forming the Stokes cavities
were written directly in the germanosilicate fiber. The source of 1060-nm
pumping was a diode-pumped Nd DCFL. With a 20% output coupler, the
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third Stokes radiation (1240nm) had a threshold of 175mW and a slope
efficiency of 53 %.

A fifth-order cascaded Raman laser based on highly doped germanosilicate
fiber was constructed in [108]. Five pairs of Bragg gratings were written in
the Hs-sensitized fiber. The 1117-nm pump source was a diode-pumped Yb
DCFL. With a 20% output coupler, the authors obtained the fifth Stokes
radiation (1484 nm) with a threshold of 660 mW, slope efficiency of 46 %,
and output power of 1.5 W. The laser can be used to pump high-power and
remotely pumped Er-doped fiber amplifiers.

Even more impressive results on fifth-order cascaded Raman fiber lasers
were reported by Innisetal. [107]. The authors managed to obtain 1472-nm
output radiation with a power of 8.5W using pumping by a 20.5-W Yb
double-clad fiber laser at 1101 nm.

Another way to construct cascaded Raman fiber lasers is to use fused
WDM couplers instead of Bragg gratings to form Raman cavities. Such a cas-
caded Raman fiber laser operating at 1240 nm under pumping by a 1060-nm
YD fiber laser was developed on the base high Ge-doped fiber in [111]. In [112],
also using high Ge-doped fiber as the active medium, a 1480-nm Raman fiber
laser based on both a fused WDM coupler and Bragg gratings was developed.
The efficiency of cascaded Raman lasers with fused WDM couplers turned
out to be lower than that of lasers with Bragg gratings [107,108,110].

It should be noted that an essential drawback of Raman lasers based on
germanosilicate fibers is the relatively small Raman frequency shift equal to
about 440 cm~!. The problem is that the best pumping sources for Raman
fiber lasers operate in the vicinity of 1pm, while the most desired output
wavelength is 1450-1480 nm, which can be used for pumping optical ampli-
fiers (Er-doped and Raman) operating in the 1.55-pm spectral window. Such
a conversion can be obtained with six Stokes, i.e. it is necessary to write six
pairs of Bragg gratings in a fiber, which makes the laser design too compli-
cated and reduces the conversion efficiency.

To have efficient conversion, one should use Raman Stokes of lower orders,
i.e. choose fibers with large Stokes shifts. In this connection, it should be noted
that in the early 1980s researchers from AT&T Bell Laboratories constructed
a Raman fiber laser for the 1.55-um spectral region pumped by a 1060-nm
Nd:YAG laser (see [113] and references therein). The active medium was
molecular Dy diffused into a 100-m long single-mode germanosilicate fiber.
The Raman shift of Dy is 2972 cm™!, which allowed the authors to obtain
laser radiation at 1560 nm. However, this fiber cannot be used in practice
because it must be stored at liquid nitrogen temperature to prevent Do out-
diffusion.

11.2 Phosphosilicate Fiber-Based Raman Lasers

A large Stokes shift can be obtained in phosphosilicate fibers, which show
a strong Raman line shifted by 1330cm~! [114]. In addition, phosphosili-
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cate fibers have rather high photosensitivity to permit writing Bragg grat-
ings directly in them by 193-nm radiation [115]. However, phosphosilicate
fibers have a grave drawback, specifically, phosphosilicate fibers containing
more than 10 mol% of P>O5 have a high level of optical losses. Low-loss high
P-doped fibers were suggested as active media Raman fiber lasers in [116]. In
the first experiment [117], the radiation of phosphosilicate fiber pumped by
a 1060-nm Nd:YAG laser was obtained at 1.24 and 1.48 um for the first and
second Stokes, respectively. These results demonstrated the high potential of
Raman phosphosilicate fiber lasers.

Further improvements in the technology of phosphosilicate fibers resulted
in reducing optical losses to a level below 1dB/km for the spectral region
from 1.2 to 1.6 pm [118]. As shown in [119], the phosphosilicate fiber Raman
scattering spectrum (Fig. 9a) has a narrow line shifted by 1330 cm™1, which
relates to P=0 bonds, and a broad band with the maximum at 490 cm™!,
which consists of overlapping SiOs- and P5Os5-related components. Hence, it
is possible to construct Raman fiber lasers using the two frequency shifts, at
490 cm ™! and 1330cm™!, to get new wavelengths of laser radiation.

Efficient phosphosilicate fiber-based Raman lasers operating at wave-
lengths of 1240 nm were developed in [120,121]. The active phosphosilicate
fiber of the Raman fiber laser pumped by a Nd fiber laser (1060 nm) contained
13mol% of P305 (An = 0.011) and was 200m long. To improve the fiber
photosensitivity, the phosphosilicate fiber was loaded with hydrogen for four
days under a pressure of 150 bars at a temperature of 50 °C. The gratings
were written by an ArF excimer laser (193nm) using a phase mask tech-
nique. The output power of the 1240 nm Raman fiber laser (Fig. 9b) reached
a maximum of 2.3 W at a pump power of 3.5 W. The quantum efficiency was
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Fig.9. (a) Raman spectrum of phosphosilicate fiber. (b) Output power of the
1.24-pm Raman laser versus 1.06-um pump power: (circles) experimental points
and (solid line) numerical simulation



384 T.T. Basiev et al.

77 %, which considerably exceeded the published data for the lasers based on
germanosilicate fibers [110,111].

A 1.48-pm CW Raman fiber laser was developed in [122]. Tt consisted of
a pigtailed LD array pump module, a Yb-doped double-clad fiber laser, and
a 1.48-um cascaded Raman converter (Fig. 10). The pump light is launched
into the first cladding of the Yb fiber through a short piece of standard fiber
(Flexcor 1060 with low-index polymer coating, length 1cm) with a highly
reflecting 1.06-pum Bragg grating written in the core. The piece of Flexcor
1060 fiber served as a multimode waveguide for the pump radiation. The
output coupler of the Yb fiber laser was formed by a 5 % Bragg grating. The
estimated mode field diameters (MFDs) of the Yb fiber and the standard
fiber at 1.06 um were 6.9 and 7.1 um, respectively, and permitted splicing
of these fibers (splicing points S2 and S3) with optical loss of 0.1 dB. The
length of the Yb-doped double-clad fiber was 13 m, long enough to absorb
the pump radiation at 976 nm. The mean diameter of the first cladding was
125 pum. The multimode pump was transformed into high-brightness 1.06-pum
radiation with a slope efficiency of 80 %. The laser power was 3.3 W at the
maximum LD array power of 4.5 W, which corresponds to a total light-to-
light efficiency of 73 %.

The cascaded resonant Raman laser cavity was formed by two pairs of
Bragg gratings with a phosphosilicate fiber between them. All the gratings
were written in Flexcor fiber after Ho preloading. The Raman laser gratings
have reflectivity > 99 %, except the 1.48-pum output coupler, whose reflectiv-
ity was 15%. A small nonresonant excess loss of approximately 0.1-0.15dB
was found in each of the two chains consisting of three Bragg gratings. The
phosphosilicate fiber was 1 km long. The fiber core contained 13 mol% of phos-
phorous, yielding a refractive-index difference of 0.011. The optical losses of
the fiber length were 1.7, 1.0, and 0.8dB at 1.06, 1.24, and 1.48 um, re-
spectively. The P2Os5-doped fiber had MFDs of 6.3 and 10.4 um at 1.06 and
1.48 um, whereas the corresponding MFDs in the Flexcor fiber were 7.1 and
12.7 wm, respectively. In spite of the mismatched MFDs, the authors man-
aged to achieve optical losses as low as 0.05dB by optimizing the splicing
conditions (splices S4 and S5).

Yb-doped double clad fiber P - doped fiber

R=99.9% @ 5% 99.9% 15% 99.9%
976nm X )
LD pum
pump /'l ,Oéum\ / 1.06; 1.24; 1.48um\ / 1.48; 1.24; 1.06 urr
S1 S2 S3

sS4 85

Fig. 10. Experimental setup of 1.48 um two cascaded Raman laser pumped with
a Yb-doped double-clad fiber laser
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An important feature of the 1.48-um Raman converter emission spec-
trum (Fig. 11a) is the absence of silica Stokes (440 cm™!) peaks at 1.12 and
1.31 pm, hence rejection optical filters (such as long-period fiber gratings) for
suppressing the silica Stokes peaks are not necessary.

The suppression of the 1.24-um radiation corresponding to the first phos-
phorous Stokes order was 20dB. The output power of the second-order
phosphosilicate Stokes is shown in Fig. 11b. The first Stokes radiation had
a threshold of about 0.7 W and increased until the pump power reached the
second Stokes threshold (1.5 W); then, the first Stokes power was fixed at
a level of 10 mW. The slope efficiency of the 1.48-um second Stokes radiation
with respect to the LD array power was 34 %. The maximum output power
was 1 W (at a pump power of 4.5 W), and the spectral width was 0.75nm
(FWHM). Real efficiency could be further improved by reducing the Raman
cavity loss.
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Fig.11. (a) Emission spectrum of the 1.48-pm phosphosilicate fiber Raman con-
verter. (b) Second-order Stokes 1.48-um output power versus pump power
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Raman lasers based on phosphosilicate fibers using 1330 and 490-cm ™!
Stokes frequency shifts were developed in [123,124]. The two Raman bands
with considerably different frequencies provide more possibilities of gener-
ating new laser wavelengths. With a tunable Yb double-clad fiber laser as
a pump source, it is possible to obtain any wavelength in the spectral region
from 1.1 to 1.6 um with only three cascades of Raman conversion. The authors
of [123,124] suggested Raman fiber lasers operating at 1407 and 1430 nm,
which can be used, respectively, for pumping 1500-nm Raman fiber ampli-
fiers and in medical devices.

The authors used a 25-m Nd-doped fiber as the pump source and a spe-
cially developed P-doped silica fiber 975 m long as the Raman active fiber
of the 1407-nm laser. It is important that the active fiber had relatively
low optical losses at the wavelength of 1.4 um associated with OH groups
(1.1dB/km). The Raman gain properties of a fiber can be characterized by
the fiber Raman gain coefficient go = Gr/Aeq (in dB/km W), where G is
the mean Raman gain coefficient of the core material (usually expressed in
m/W) and A.g is the effective area of the fiber core. Unlike Gr and Aes, go
can be measured directly for each fiber ([101,121]).

The fiber Raman gain coefficient for the 1407-nm laser were measured
to be go(1.3um/1.24 um) = 5.4dB/(km - W) (SiOg-related Stokes) and
90(1.24 pm/1.06 pm) = 6.8dB/(km - W) (P30Os5-related Stokes). The close
values of these Raman gain coefficients enabled the authors to use the gen-
eration of both SiOs- and P,Os-related Stokes components.

The Raman fiber laser had three optical cavities for the three successive
Stokes wavelengths A\g; = 1236 nm, g2 = 1316 nm, and Ag3 = 1407 nm.
Here A\g; corresponds to the P-associated Stokes shift of 1330 cm™!, Ags and
As3 to the SiOs-associated Stokes shift of 490 cm™!. Hence, the successive
generation of Stokes components of both fiber core constituents (P2O5 and
SiO2) was used. The fiber laser cavities were formed by the pairs of fiber
Bragg gratings, written in the germanosilicate fiber and spliced with the Nd-
doped and P-doped fibers.

Figure 12a shows the output spectrum of this Raman laser. The depen-
dence of the third Stokes output power (Ag3) on the pump power (Ap) is
shown in Fig. 12b. The 1047-nm radiation had a linewidth of 0.5nm and
laser slope efficiency of 35 %. This efficiency can be considered high enough
taking into account that the generation wavelength A = 1407 nm coincides
with the maximum of OH absorption in the fiber, which leads to high losses
in the Raman cavity.

A similar laser scheme with a 1.089-nm Yb DCFL pumping laser was
used for a laser operating at the wavelength of 1430 nm. Such lasers are very
promising for medical applications because their wavelength coincides with
a water absorption band. The RFL output power at 1430 nm was 1.4 W.

Long wavelength 1.65-pm operation of two stage fiber Raman lasers on
phosphosilicate and germanosilicate fibers with output power as high as
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Fig. 12. (a) Output spectrum and (b) output power of the 1407-nm phosphosilicate
fiber Raman laser under pumping by a Nd fiber laser

1.2 W and conversion efficiency 15 % was realized in [125] under LD pumped
Yb fiber laser pumping.

Thus, CW Raman fiber lasers pumped by Yb (Nd) double-clad fiber lasers
can operate in the spectral region from 1.1 to 1.6 um with single-mode out-
put power of 1-10 W, spectral bandwidth of radiation of about 1nm, and
conversion efficiency close to 50 %.

At present the main application of Raman fiber lasers is the pumping of
Raman and Er-doped amplifiers.

Using higher power Yb (Nd) DCFL for pumping it is possible to obtain an
output power of several tens of watts. Due to the high brightness and qual-
ity of output beams and the possibility of choosing generation wavelengths,
Raman fiber lasers can also find wide applications in material processing,
printing, marking, medicine, and free space optical communication.
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12 Conclusion

We have demonstrated the wide potentialities of synthetic optical SRS crys-
tals and glass optical fibers and methods of research and development. The
large size and high optical quality of synthesized single crystals and fibers with
various nonlinear parameters, transparency ranges, and Raman frequencies
and linewidths give the opportunity to develop a great variety of solid-state
Raman lasers and shifters. Application of stimulated Raman scattering in
crystals and fibers extends the spectral range, improves the beam quality,
and decreases the pulse width of pump laser radiation. SRS solid-state laser
technology is especially important for the mid-IR spectral region, where the
development of directly oscillating crystalline lasers with population inversion
runs into the problems caused by fast multiphonon relaxation and decreasing
quantum yield. A number of crystals and glasses transparent in the mid-IR
and with high cubic optical nonlinearity can provide a step-by-step SRS shift
of radiation frequency of existing tunable lasers (e.g. Cr:ZnSe 2-3 um lasers,
see the chapter by Sorokina in this volume) to the longer mid-IR region.
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