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Abstract—In this paper, we review the developments of crys-
talline Raman lasers over the past five years. Average powers ex-
ceeding 5 W and pulse energies above 1 J in the near infrared have
been demonstrated for larger scale devices. There has been a rapid
development of all-solid-state sources based on the standard diode-
pumped lasers, especially intracavity crystalline Raman lasers,
which offer wavelength versatility at high conversion efficiencies
(overall diode Stokes optical conversion efficiencies up to 17%)
in the near infrared, including the 1.5-µm eye-safe band. Pas-
sively Q-switched intracavity Raman lasers based on self-Raman
laser materials offer many advantages for miniaturization of short-
pulse (<1 ns) sources. Intracavity frequency-doubled crystalline
Raman lasers have also emerged as practical and versatile sources
in the yellow orange region at >1-W power levels with diode-
visible efficiencies near 10%. Recent developments of all-solid-state
continuous-wave (CW) intracavity crystalline Raman lasers offer
many possibilities for the future: intracavity frequency doubling
has already resulted in the demonstration of CW visible sources
with powers approaching 1 W at 5% diode-visible efficiency.

Index Terms—All-solid-state Raman lasers, continuous wave
(CW) Raman lasers, crystalline Raman lasers, stimulated Raman
scattering (SRS).

I. INTRODUCTION

THE PAST DECADE, and most particularly the past five
years, has seen a rapid escalation in interest and associ-

ated number of reports on lasers and laser frequency conversion
based on stimulated Raman scattering (SRS) in crystalline mate-
rials. Crystalline Raman lasers have generated both high average
powers (>5 W) and high pulse energies (>1 J), with conversion
efficiencies in some cases approaching the quantum limit, and
output wavelengths spanning key spectral regions including the
eye-safe near infrared and the green to red range of the vis-
ible, with significant progress in extension to the midinfrared
and ultraviolet. Intracavity Raman lasers based on the standard
diode-pumped solid-state laser materials, or utilizing a range
of self-Raman laser materials, have the capability of generat-
ing a variety of new near infrared laser wavelengths with diode
Stokes optical efficiencies approaching 20%. The inclusion of
nonlinear second-harmonic generation (SHG) or sum-frequency
generation (SFG) in intracavity devices has been shown to be
an effective means for yellow red generation at diode-visible
optical efficiencies approaching 10%. And while the great ma-
jority of Raman lasers up to the present time have operated in
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pulsed mode (picosecond to nanosecond), there has been dra-
matic progress in only the past two years in the development
of continuous-wave (CW) Raman oscillators generating in the
near infrared, and most recently in the yellow, by way of intra-
cavity SHG of CW Raman lasers operating in the near infrared.
Additionally, the variety of practical Raman crystals coupled
with a choice of the fundamental (pump) laser medium permits
an extensive range of wavelengths to be accessed with minimal
variation in the basic laser configuration.

Also of great significance has been developments in semicon-
ductor waveguide Raman lasers, including the first demonstra-
tions of silicon Raman lasers [80], [81]. This work is not within
the scope of the present review of crystalline Raman lasers,
which is confined to bulk insulating crystalline materials.

SRS in bulk insulating crystalline materials (e.g., diamond,
calcite) was first reported in 1963 [1], very soon after the discov-
ery of the laser itself, but it was not until a decade later that the
potential to use crystalline Raman materials for laser frequency
conversion in a practical way was demonstrated. In particular, in
the pioneering work by Ammann reported over the period 1975–
1979 [2]–[4], optical efficiencies as high as 77% were obtained
for intracavity Raman conversion in crystalline LiIO3 (LI) from
the 1064-nm fundamental of a Q-switched neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser to the first-Stokes Ra-
man output at 1156 nm. Intracavity frequency doubling of the
first-Stokes Raman field in the LiIO3 itself, generated over 0.5 W
of yellow (578 nm) output at fundamental-to-yellow optical con-
version efficiencies of∼20%. Shortly thereafter, Eremenko et al.
[5] reported >25% efficiency for conversion of nanosecond
532-nm pulses to first-Stokes Raman output in crystalline
Ba(NO3)2 (BN), an excellent Raman medium that has become
the basis for many Raman devices reported subsequently. In
parallel with the experimental SRS studies in this early period,
the theory of SRS had also been well established, initially by
Bloembergen in 1967 [6] and later by Kaiser and Maier [7],
Wang [8], Penzkofer et al. [9], and others.

Given the platform for development of crystalline Raman
lasers that existed by 1980, it is perhaps surprising that there
appears to have been comparatively little interest over the
next decade in the development of practical devices based on
SRS in crystals. However, key results reported by Andryunas
et al. [10] on self-Raman conversion in Nd:KGd(WO4)2
(Nd:KGW) and Nd:KY(WO4)2 (Nd:KYW) in the picosec-
ond domain, Karpukhin and Stepanov [11] on external cav-
ity BN (also, NaNO3 and CaCO3) Raman lasers operating
in the nanosecond domain, and Basiev et al. [12] on efficient
second-Stokes Raman shifting (in BN) to the 1.5-µm eye-safe
spectra laid the foundation for the developments of the next
decade.
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The reawakening of international interest in Raman laser de-
velopment based on crystal materials was triggered by paral-
lel (and sometimes joint) reports over the period 1993–1995
by Basiev [12], Zverev et al. [13], and Murray et al. [14] of
eye-safe (1.53–1.56 µm) Raman lasers based on BN pumped by
Nd3+ lasers in various resonator configurations. There followed
a rapid expansion in the number of reports internationally of re-
search on crystalline Raman lasers aimed at the development of
practical devices for a wide range of applications, for example,
remote sensing in defence and atmospheric science, biomedical
diagnostics, and laser therapies (in dermatology and ophthal-
mology). The biomedical applications, in particular, have driven
our own developments [15], [16] of all-solid-state yellow orange
sources based on intracavity frequency-doubled crystalline (LI
and KGW) Raman lasers themselves pumped intracavity by
diode-pumped Nd:YAG or vanadate lasers.

The recent blossoming of research activity in crystalline
Raman lasers is strongly underpinned by the key technical ad-
vances of the past decades: development and ready availability
of new crystalline Raman materials (notably the tungstates) with
high optical quality, and especially, high damage threshold; the
parallel developments of high-power diode-pumped solid-state
lasers; and understanding of the effects of thermal loading in
the Raman crystal and how this needs to be dealt with in Ra-
man resonators, especially intracavity Raman lasers where the
combination of thermal loading in both the Raman and laser
crystals poses particular challenges in resonator design. The at-
traction of self-Raman crystals (e.g., Nd:vanadates, tungstates,
and molybdates) for miniaturization of devices has also been a
significant factor recently.

The present paper builds on three major reviews of solid-
state (crystalline) Raman lasers published some three to four
years ago by Basiev and Powell [17], Pask [18], and Cerny
et al. [19]. It does not seek to give a comprehensive review of
research before 2002, since this is covered very well by the pre-
ceding reviews, but rather focuses on the developments of the
past five years with the aim of establishing the state-of-the-art
of solid-state Raman lasers at the time of publishing. We com-
mence with short summaries of SRS theory, material properties
of practically important Raman crystals, and recent results for
single-pass Raman conversion of short-pulse lasers, and sub-
sequently, focus on developments of Raman lasers in external
resonators, intracavity lasers (including self-Raman lasers), in-
tracavity frequency-doubled Raman lasers for visible genera-
tion, and finally, CW crystalline Raman lasers.

II. PHENOMENON AND THEORY OF SRS

Spontaneous Raman scattering involves inelastic scattering
of light in an optical medium, which simultaneously deposits
energy into an excited state of the component matter, the scat-
tered photons having energy reduced by the quantum of energy
deposited in the process. The scattered light accordingly has
frequency ωS1 = ωP − ωR, where ωP is the frequency of the
incident (or pump) light, and -hωR matches the energy of an
electronic, vibrational, or rotational energy state of the Raman
medium. In the case of the crystalline Raman media of interest
here, -hωR matches a vibrational mode of the crystal. Where the

energy of the scattered photon is less than that of the incident
photon (as in the equality above), the scattered light has longer
wavelength and is referred to as the (first) Stokes line.

SRS arises from the third-order nonlinear polarizability P3 =
ε0χ3E

3 of the optical medium (ε0 is the dielectric constant, χ3

is the third-order nonlinear susceptibility, and E is the amplitude
of the incident optical field). Also, χ3 gives rise to other common
nonlinear phenomena including two-photon absorption, stimu-
lated Brillouin scattering, and self-focusing. These effects, most
importantly self-focusing, can sometimes compete with SRS as
outlined in [18]. SRS relates to the imaginary part of χ3 which is
proportional to the square of the normal-mode derivative of the
molecular polarizability tensor ∂α/∂q [20] Materials with high
polarizability and for which the vibrational modes modulate
the polarizability strongly, as for symmetric breathing modes of
covalently bound molecules, are favored for SRS [21], [22].

The theory of SRS has been the subject of several papers and
texts [6]–[9], [20] and has been reviewed again by Basiev and
Powell [17] and Pask [18]; thus, a review here is not intended. It
is sufficient for current purposes to present the standard expres-
sion for growth along the propagation direction z of the intensity
Is(z) of the Stokes field near the threshold (i.e., disregarding de-
pletion of the incident/pump field Ip) in the steady-state regime

Is(z) = Is(0) exp(gRIpz)

where the steady-state Raman gain coefficient is

gR =
8πc2N

h̄µ2
Sω3

SΓ

(
∂σ

∂Ω

)

and the integrated Raman scattering cross section is introduced
as

∂σ

∂Ω
=

ω4
SµS

c4µP

h̄

2mωR

(
∂α

∂q

)2

.

Here, N is the number density of Raman-active molecules,
µS and µP are the refractive indices at the Stokes and pump
wavelengths, respectively, m is the reduced mass of the molec-
ular oscillator, and Γ is the linewidth of the Raman transition,
which is equal to the inverse of the dephasing time TR for
the final state of the transition (Γ = T−1

R ). The value of inte-
grated Raman scattering cross section and the polarization of
the Stokes-scattered light depend on the orientation of the crys-
tal, and thus, the relevant vibrational mode, with respect to the
polarization of the incident (pump) light. Approximations in the
theory preclude generation of Stokes light with polarization or-
thogonal to that of the pump, and although this is not strictly
true, for most practical purposes, the strongest Stokes scatter-
ing (and therefore, the gain) is obtained for Stokes polarization
parallel to the pump polarization.

The steady-state regime applies when the incident pump pulse
duration τP is long compared with the dephasing time TR, which
for most molecules of interest here is∼10 ps (28 ps for BN [17]).
It follows that for pump pulses anywhere longer than ∼1 ns, the
steady-state formulas apply. Examination of these shows that
the steady-state Raman gain coefficient gR is higher for shorter
Stokes wavelength (i.e., larger ωs), larger integrated scattering
cross section (i.e., larger ∂α/∂q), and smaller Raman linewidth
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TABLE I
KEY SPECTRAL PROPERTIES FOR SELECTED RAMAN CRYSTALS [17]–[19], [26], [27], [32]

∆ωR (i.e., smaller Γ = 2πc∆ωR). We shall see later that BN
has only a moderate integrated Raman scattering cross section,
but a very narrow Raman linewidth (0.4 cm−1), which leads to
a high steady-state Raman gain ∼11 cm/GW at 1.06 µm.

In the absence of an injected Stokes signal, SRS grows from
the spontaneous Stokes noise ISN , integrated over the line width
∆WR of the Raman transition and scattered into solid angle ∆Ω
given by IS(0) = h̄ω3

S µ3
S

(2π)3c2 ∆Ω. Since this typically has a value

∼10−15 W/cm2, in order to reach Raman “threshold” (usually
defined as 1% depletion of the pump), the exponent gRIP z
generally needs to have a value of 30 or more. For a crystal
with steady-state gain coefficient gR ∼ 10 cm/GW (e.g., BN)
and length 30 mm, this requires that the pump intensity IP to
reach the threshold exceeds 1 GW/cm2, a value which is above
the damage threshold of many candidate Raman crystals.

The transient Raman regime applies when the incident/pump
pulse duration τP is much shorter than the dephasing time TR.
Here, the Stokes signal grows as

Is(z) = ISN exp
(
− τP

TR

)
exp

[
2
(

τP gRIP z

TR

)1/2
]

.

Since gR depends on Γ−1 and ΓTR = 1, we see that in
the transient regime, Stokes growth is independent of Raman
linewidth, and the exponent depends on z1/2 rather than on z
as for the steady-state case. Thus, Raman crystals with high-
integrated Raman scattering cross section are preferred for the
transient regime. Note also that the growth exponent depends
on the energy τP IP of the pump pulse rather than the intensity,
and the overall gain drops rapidly as τP becomes much less than
TR due to the first exponential term.

In either the steady-state or transient SRS regimes, where the
intensity (or energy) of the (first) Stokes-shifted line (frequency
ωS1) becomes large, the threshold for SRS of the first-Stokes
line itself may be exceeded, and the so-called second-Stokes
line (frequency ωS2 = ωS1 − ωR) is then generated. Likewise,

the third-Stokes line (ωS3 = ωS2 − ωR) may be generated from
the second-Stokes, and so on. The phenomenon of multiple-
Stokes generation is fairly common in the cases of short-pulse
pumping with very high intensities (in either steady-state or
transient regime), and in the steady-state regime, where the
Raman crystal is placed within a resonator, which has high-
Q (low-loss) for the lower order Stokes lines (say, the first-
and second-Stokes) but has high coupling losses for the next
higher order Stokes line (say, the third-Stokes). We see later
how this can be used effectively in external cavity and intracavity
Raman lasers to generate wavelength-versatile lasers in which
particular output wavelengths can be selectably generated with
high optical conversion efficiency.

III. PROPERTIES OF CRYSTALLINE RAMAN MEDIA

A. Raman and Related Optical Properties

There have been extensive programs of growth and analysis
of crystalline materials for application to Raman frequency con-
version of lasers over the past three decades, especially in the
laboratories of the General Physics Institute and the Institute of
Crystallography, Russian Academy of Science. Summaries of
properties of crystal materials relevant to SRS are given in a
number of articles including the Basiev and Powell review [17]
and related earlier articles [23], [24], and articles by Kaminskii
et al. [25]–[27].

Crystals fulfilling the requirements for high polarizability are
the covalently bound iodates, nitrates, tungstates, and molyb-
dates. There are many possible variations of these: those that
have emerged in the literature as showing both good SRS per-
formance and the potential for practical implementation are
listed in Table I. Given our earlier estimate that the threshold
for single-pass Raman generation requires incident intensities
∼1 GW/cm2, susceptibility of prospective Raman crystals to op-
tical damage is an important factor in materials selection as well
as availability of quality crystals of large size. We note that, for
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TABLE II
RELEVANT THERMAL PROPERTIES OF SELECTED RAMAN CRYSTALS [17], [18], [33]

example, although high optical conversion efficiencies and aver-
age powers have been reported by several authors [2]–[4], [28]
for first-Stokes generation in the near infrared in lithium io-
date, use of LI in practical devices is compromised by its
low optical damage threshold (∼100 MW/cm2 for nanosecond
pulses). Likewise, barium nitrate (BN) has the highest Raman
gain of those crystals listed, but is hygroscopic and has only
moderate optical damage threshold (∼0.4 GW/cm2 for nanosec-
ond pulses); so, it must be treated with care in practical situa-
tions. Calcium tungstate is also susceptible to mechanical and
optical damage.

The availability of quality crystals of the harder tungstates
over the past few years has been a key factor in the grow-
ing interest in Raman lasers. KGW has a high-integrated Ra-
man scattering cross section, which favors its use for transient
SRS, a comparatively broad Raman linewidth, which lowers the
steady-state Raman gain, but most importantly, a very high dam-
age threshold (KYW has similar optical properties). Evaluation
of barium tungstate (BW), undertaken only some six years ago,
showed this crystal to have very desirable optical characteristics
for SRS such as: high Raman cross section and narrow Raman
linewidth, resulting in both high steady-state Raman gain and
excellent performance in the picosecond-pulse regime as well as
optical damage threshold approaching to that of KGW [29], [30].
Strontium and lead tungstates (SW, PW) also exhibit desirable
properties for SRS but they both suffer somewhat by compari-
son to BW. The molybdates have high scattering cross sections
and narrow Raman linewidths, but they also appear to have
lower optical damage thresholds [31]. The vanadates GdVO4

and YVO4 (GV, YV) are very common laser host materials,
which have been ignored as Raman materials until quite re-
cently [27], but which have excellent optical properties for SRS
in the steady-state regime.

Comparisons of BN, KGW, and BW for SRS in the steady-
state regime (nanosecond pump pulses at 1.06 µm) show that Ra-
man thresholds for effectively identical experimental conditions
are ordered as BN lowest to KGW highest, though fundamental
to first-Stokes slope efficiencies are similar [30]. Subsequent
studies of SRS in SW under similar conditions [17] demon-
strated Raman threshold intermediate between BW and KGW.
More recent studies of SRS in the vanadate crystals GV and
YV in the steady-state regime show the Raman gain is similar
to that of KGW and KYW, though the scattering cross sec-
tions estimated from spectral data suggest the steady-state gain
should be about double as that for KGW [32]. We note finally
that in the choice of Raman crystal for SRS of short pulses
τP ∼ 10−40 ps, the dephasing time TR is an important consid-

eration since it governs the transition from the steady-state to
the transient regime, where the gain is substantially reduced.

B. Thermal and Thermooptic Properties

Although the Raman and related optical properties of crystals
are a good guide to how different crystal media will perform in
SRS under pulsed pumping, in any situation where the average
power generated in the first or higher order Stokes becomes sig-
nificant (typically for average powers >1 W), thermal loading
of the Raman medium itself becomes significant, and the con-
sequential thermal lensing must be accounted for in the design
of Raman resonators.

Thermal loading in crystalline Raman materials has previ-
ously been dealt with in detail by Pask [18]. Every Stokes pho-
ton generated in the Raman medium results in h̄ωR vibrational
energy deposited in the medium within the mode volume of the
Stokes field. The heat deposited (average power) in the Stokes
mode volume is thus

Pheat = Ps1

(
λs1

λL
− 1

)

where Ps1 is the first-Stokes average power, and λs1 and λP are
the first-Stokes and pump wavelengths, respectively. Assuming
TEM00 mode for the first-Stokes field (with 1/e2 Stokes mode
radius in the Raman crystal ωS1) the thermal lens power arising
in the Raman crystal from the thermooptic effect (i.e., ignoring
thermoelastic effects and end face curvature, which are generally
small) can be calculated as

1
fthermal

=
(

dn

dt

)
1

kC

PS1

πω2
s1

(
λS1

λp
− 1

)
.

The thermal lens power is seen to scale with the average power
of the first-Stokes line and the thermooptic coefficient (dn/dT )
of the Raman crystal and inversely as the Stokes mode radius
(squared) and thermal conductivity (kC) of the crystal. Obvi-
ously, second or higher Stokes generation incurs higher energy
defect, and therefore, correspondingly stronger thermal lensing.

Table II lists data related to the thermal properties of common
Raman crystals. We see that for high average power SRS, the
best of the common Raman crystals are KGW, YV (and GV),
and BW, the vanadates having superior thermal conductivity but
KGW having the lowest thermooptic coefficient. It is notable
that the thermooptic coefficient dn/dT is generally negative for
the tungstates BN and LI; thus, the thermal lenses formed have
negative lens powers for these crystals (although we cannot find
a value for dn/dT for BW in the literature, we expect it is nega-
tive and similar to that for calcium tungstate). For KGW, dn/dT
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Fig. 1. Raman laser configurations.

can be positive or negative depending on the crystal orientation
relative to pump polarization, and in fact, several athermal crys-
tal orientations for KGW have been identified by Mochalov [33]
and Biswal et al. [34]. The vanadates form positive thermal
lenses as does YAG and many common laser crystal hosts.

In situ measurements of thermal lens power for Raman crys-
tals (LI and BN) thermally loaded by SRS have been conducted
by Reverman et al. [35] and Pask et al. [36] using lateral
shearing interferometry to measure the wavefront of a probe
beam passing through the Stokes mode volume. Focal lengths
of −25 and −12.5 cm respectively were measured at average
Stokes powers of 1 W (corresponding to average power densities
∼8 × 106 W/m2) in good agreement with the theory. Although
there are no comparable measurements for KGW, results of in-
tracavity Raman laser experiments using KGW [16] indicate
that thermal lensing due to SRS thermal loading is at least an
order of magnitude weaker than that for LI.

The consequences of thermal lensing due to SRS thermal
loading of the Raman crystal can be quite significant for res-
onator design of both external cavity and intracavity Raman
lasers. We discuss these issues in more detail in the following
sections relating to specific Raman laser configurations.

IV. RAMAN LASER CONFIGURATIONS

There are three different configurations for SRS frequency
conversion of pump lasers, as illustrated in Fig. 1. Raman gener-
ators involve single-pass conversion of high-peak-power pulses
of duration usually in the 10–100 ps (but sometimes also in
the nanosecond) domains. In the steady-state regime, the Stokes
signal grows from spontaneous Stokes noise as exp(gRIP z),
thus, longer (40–50 mm) Raman crystals are preferred as long
as the pump mode diameter does not vary significantly over the
full crystal length. In order to reach the threshold for SRS, the
incident pump beam is usually focused into the Raman crystal to
reach pump intensities ∼1 GW/cm2, at which level crystal dam-
age and the onset of competing nonlinear processes (especially
self-focusing) are likely for many candidate Raman crystals. At
these very high pump intensities, it is also common to observe
SRS to multiple-Stokes orders and several anti-Stokes orders. In

some situations, it is useful to add a reflecting mirror at the pump
and Stokes wavelengths immediately after the Raman crystal to
get a double-pass for the pump and Stokes emission [19].

External cavity (alternatively called external resonator) Ra-
man lasers involve placing a resonator (for the Stokes wave-
lengths) around the Raman crystal, which is pumped by an exter-
nal laser source through the input mirror, where the latter highly
reflects at the Stokes wavelengths. The Stokes-shifted Raman
output is coupled via the output mirror, which generally has up
to 50% transmission at the Stokes wavelengths for high-power
(usually nanosecond) pulse pumping at low pulse-repetition fre-
quencies (PRF ∼10 Hz), intermediate values (∼10%) for pulse-
pumping in the nanosecond domain at high PRF (∼10 kHz), and
low transmission (<1%) for CW external cavity Raman lasers.

Threshold for SRS is reached when the round-trip steady-state
Raman gain exceeds the round-trip resonator losses, i.e.

R1R2 exp (2gRIP L) ≥ 1

where R1 and R2 are the reflectivities of the input and output
mirrors, respectively, at the Stokes wavelength(s), and L is the
length of the Raman crystal (assuming the resonator losses are
dominated by mirror transmission). Resonating the Stokes sig-
nal reduces the effective pump intensity required to reach the
threshold; Pask [18] has calculated that first-Stokes SRS thresh-
old for a 50-mm-long BN crystal in a resonator with R1R2 > 0.6
is reached at only IP ∼ 5 MW/cm2. The output mirror is often
coated for high reflectivity at the pump wavelength to double-
pass the pump; mirror coatings may be specified to couple out
the first-Stokes line, to resonate the first-Stokes and couple out
the second-Stokes, to resonate both the first- and second-Stokes
and to couple the third-Stokes, to obtain output on several Stokes
orders simultaneously, or to achieve other desired spectral con-
tent of the output. Thermal lensing due to SRS heating of the
Raman crystal at high average powers (>1 W) must be consid-
ered in the design of the Raman resonator to ensure resonator
stability over the operating range of pump and Stokes output
powers and to match the pump and Stokes modes in the crystal
at the maximum Stokes power to achieve the maximum opti-
cal conversion efficiency. A simple consequence of the negative
thermal lensing of many of the Raman crystals of choice is that
plane—plane resonators become unstable just as soon as SRS
threshold is reached.

Intracavity Raman lasers involve placing the Raman crystal
within the optical cavity (resonator) of the pump laser itself. In
this case, the laser crystal is pumped by an external source, for
example, flashlamps, or for all-solid-state lasers, by high-power
semiconductor diode lasers either arranged in side-pumping or
end-pumping configurations (diode-end-pumping through the
input mirror is shown in Fig. 1). To avoid confusion in describ-
ing intracavity solid-state Raman lasers it is normal to call the
wavelength of the “pump” laser the “fundamental” (e.g., the fun-
damental for Nd:YAG is usually at 1064 nm). The resonator has
high-Q (low-loss) at the fundamental and the generated Stokes
line is coupled out through the output mirror. As for external
cavity Raman lasers, the mirror coatings of intracavity Raman
lasers may be specified such that the resonator also has high-
Q at the first-Stokes while the second-Stokes line is coupled
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from the output mirror (and so on). An intracavity Q-switch
enables very high peak circulating powers of the fundamen-
tal to be generated, enabling SRS threshold to be reached in
most of the commonly used Raman crystals at quite moderate
overall input/output powers (for example, in an Nd:YAG laser
end-pumped with a 20-W diode and acousto-optic (AO) Q-
switched at 20 kHz with a high-Q cavity, it is quite easy to
generate peak circulating powers up to ∼1 MW corresponding
to intracavity intensities at the fundamental ∼1 GW/cm2).

Resonator design in the case of intracavity Raman lasers is
considerably more complex than that for external cavity Raman
lasers. Thermal loading of the “fundamental” laser crystal is
invariably present, and generation of significant average power
at the Stokes wavelength(s) heats the Raman crystal (the ther-
mal lens in the Raman crystal depends on the Stokes output
power and is most often negative, whereas the thermal lens in
the laser crystal depends on the (diode-pump) input power and
is most often positive). The resonator must remain stable over
the full range of operating input and output powers, and mode
sizes in both the laser and Raman crystals need to be opti-
mized to achieve good overall conversion efficiencies from the
external (diode) pump source to Raman output. Note also that
specification of mirror coatings for intracavity Raman lasers is
more complicated than that for external cavity lasers; for exam-
ple, the input mirror of a diode-end-pumped device must have
high transmissivity at the pump wavelength but high reflectiv-
ity at both the fundamental and Stokes wavelength(s). Further,
mirror coatings (and antireflection (AR)-coatings to crystals)
should be specified to have high damage threshold, typically
>100 MW/cm2 for nanosecond pulses.

There are some important variations of the configuration of
intracavity Raman lasers. In coupled-cavity Raman lasers, the
Raman crystal is placed within the resonator for the funda-
mental wavelength (and therefore, benefits from the high cir-
culating powers at the fundamental), but usually by means of
a dichroic mirror, has a distinct Raman resonator (not shared
by the laser crystal). Intracavity self-Raman lasers have a laser
crystal, which also provides strong Raman gain (e.g., Nd:YV
or GV). Obviously, these have the advantage of eliminating the
need for a separate Raman crystal, but while this simplifies res-
onator design, thermal loading of the combined laser/Raman
crystal is exacerbated at high average (SRS) powers, and design
options to offset the effects are limited.

Perhaps the ultimate level of complexity of crystalline
Raman lasers is reached with intracavity frequency-doubled
Raman lasers. Here, a nonlinear crystal LiB3O5 (commonly
LBO) cut for second-harmonic or SFG is added to the intracav-
ity Raman laser resonator.The mirror coatings provide high-Q
at both the fundamental and the first-Stokes wavelengths (pos-
sibly also the second-Stokes wavelength) but transmit the SHG
or SFG output in the visible. The resonator must be designed
to accommodate thermal lensing in both the laser and Raman
crystals, and additionally needs to ensure that the mode size in
the SHG/SFG crystal is appropriate over the range of operating
conditions.

CW intracavity Raman lasers are a very recent development;
the Q-switch is eliminated but detailed consideration of the res-

onator design, to achieve small mode sizes under circumstances
of high thermal loadings and mirror coating specifications such
that there are very low losses at the fundamental, is essential.
Despite the added design complexities of intracavity frequency
doubling, the authors and coworkers have recently demonstrated
for the first time efficient all-solid-state CW yellow sources
based on intracavity frequency-doubled CW crystalline Raman
lasers [37].

Typical performance characteristics of crystalline Raman
lasers in their different configurations are summarized in the
following sections with an emphasis on latest results.

V. RAMAN GENERATORS

Tabulations of past results for SRS of high-power picosec-
ond and nanosecond pulses in single- and double-pass Raman
generators have been given by both Basiev and Powell [17] and
Pask [18]. The most comprehensive study of the past five years
has been that undertaken by Cerny et al. [19], involving detailed
measurements of Raman thresholds, gains, and conversion ef-
ficiencies for the key crystals KGW, KYW and BW, for both
high-power picosecond (35–55 ps) and nanosecond (25 ns) pulse
pumping at 1064, 532, and 355 nm, in single- and double-pass
configurations. While BW has greatly superior gain compared
to that of KGW and KYW in the steady-state regime, the gain
for short-pulse pumping (τP ∼ 40 ps) is considerably reduced
due to its rather longer dephasing time TR ∼ 6.6 ps compared
to that of KGW and KYW (TR ∼ 2 and 1.6 ps, respectively).
However, these are all much superior to BN in the short-pulse
domain (for BN TR ∼ 28 ps). Although the steady-state gain for
KGW is less than that of BW, in practice, conversion efficien-
cies for KGW are if anything superior to those of BW, reaching
50% for nanosecond pulses in the near infrared. We note that
the highest SRS efficiency achieved for a Raman generator to
date has been a peak-power conversion of 85% (effectively at the
quantum limit) of 35-ps, 532-nm pump pulses to the first-Stokes
at 560 nm in BW arranged in a double-pass configuration [38].

Application of SRS in crystal materials to frequency-shift
Nd3+ lasers into the 1.5-µm eye-safe spectral region has been
pursued for a number of years, but recently, Basiev et al. [39]
have also reported efficient (10% optical) single- and double-
pass Raman-shifting of high-power nanosecond pulses in the
near infrared into the 1.5–2.2 µm spectral region. Subsequently,
a high-power (100-mJ, 10-ns) source at 1.56 µm (obtained from
a Q-switched Nd:YAG laser using a D2 Raman shifter) has
been used to demonstrate SRS in BW out to the fourth-Stokes
at 3.69 µm, well into the midinfrared [40].

VI. EXTERNAL CAVITY RAMAN LASERS

Use of optical cavities to enhance SRS conversion efficien-
cies by resonating the Stokes fields in crystals driven by external
pump sources offers important benefits in the case of nanosec-
ond pulses; resonating the Stokes signal lowers the pump in-
tensities necessary to reach the SRS threshold, and increases
extraction efficiency. External cavity configurations are very
attractive for efficient SRS conversion of stand-alone pulsed
(usually Q-switched) Nd3+ lasers for specific applications, es-
pecially to access the eye-safe near infrared around 1.5 µm and
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the yellow orange regions of the visible spectrum, and by SHG,
the ultraviolet, for a range of remote sensing applications.

A. External Cavity Crystalline Raman Lasers Based
on Barium Nitrate

Nanosecond Raman lasers operate in the steady-state SRS
regime, for which choice of Raman crystal is motivated
primarily by considerations of high Raman gain, and thus, BN
has been used extensively in external cavity configurations in
the past [17], [18], [41], [42]. Near infrared and visible output
pulse energies of several millijoules up to 100 mJ with pump
Stokes efficiencies in the range of 25%–60% have been achieved
at pulse rates up to a range of a few tens of hertz. In some sit-
uations (e.g., for small pump beam sizes (∼1-mm diameter)
and average Stokes powers ∼100 mW), adverse effects due to
thermal loading of the Raman crystal have been observed but
these could often be overcome simply by using higher beam
diameters.

More significant thermal loading problems for a BN external
cavity Raman laser pumped by a Q-switched Nd:YAG laser have
been identified by Takei et al. [43]. For the first-, second-, and
third-Stokes output energies of 28, 27, and 8.5 mJ, respectively,
at PRF 20 Hz (corresponding to somewhat over 1.2-W average
Stokes power), significant thermal lensing in the BN crystal was
observed, the Raman outputs dropping rapidly as the crystal was
heated in the first 100 s of laser operation. The (negative) thermal
lens arising in the BN crystal was subsequently determined, and
resonator mirror curvatures were altered to improve matching
of the pump and Stokes modes within the crystal, ultimately
to achieve 15.5% conversion to the third-Stokes in continuous
operation of the laser.

The authors of this paper and coworkers [44] have reported
studies of external cavity BN Raman lasers pumped by a com-
pact (diode-pumped) AO Q-switched Nd:YAG laser operating
at 4 kHz and delivering 3 W at 1064 nm. For the rather low peak
powers (∼100 kW) of this pump, the pump mode diameter in the
Raman crystal is necessarily small (160 µm) to enable Raman
threshold intensities to be reached. For a resonator geometry
chosen to match the Stokes mode to the pump mode at low in-
cident powers (near threshold), the strong thermal lens, which
forms in the BN crystal at the upper limit of pump power (1.3-W
Stokes output) results in almost doubling of the Stokes mode
diameter, with consequential degradation in output beam quality
due to aberrations in the crystal. While redesign of the resonator
to mode-match in the presence of strong thermal lensing at high
Stokes powers is expected to give significant improvement in
output beam quality, we believe that the high-gain coefficient
of BN is outweighed by its generally poor thermal properties
(including thermally induced birefringence) in this application.

We note finally that Ermolenko et al. [45] have recently re-
ported a novel externally pumped BN Raman laser using an
unstable resonator to circumvent thermal degradation and
achieve high output beam quality at first-Stokes (563 nm) pulse
energies 34 mJ at 10 Hz PRF. The first-Stokes beam quality was
sufficient for external SHG in KD2PO4 to generate UV 281-nm
pulses of 4. 2 mJ at ∼12% efficiency.

B. External Cavity Crystalline Raman Lasers
Based on Tungstates

Although the tungstates have lower steady-state Raman gain
than BN, the superior thermal properties make them very at-
tractive for application to SRS frequency conversion of high
average power or high pulse energy sources. The superior over-
all characteristics of BW have been exploited in recent studies
of high-energy and high-power external cavity Raman lasers
reported by Basiev et al. [46]. For a conventional Raman res-
onator with 45% coupling at the first-Stokes wavelength (1180
nm) pumped by a large-scale Nd:YAG laser delivering an eight-
pulse-train comprising 145-mJ, 50-ns pulses separated at 50-µs
intervals at 30-Hz repetition rate of the pulse-train (average
power ∼35 W), total Stokes power output was 7.65 W com-
prising 5 W on the first-Stokes, 2.4 W on the second-Stokes
(1325 nm), and 0.25 W on the third-Stokes (1.510 nm) at over-
all pump-Stokes efficiency 28%. Using a large-scale Nd:GGG
laser providing a 50-pulse-train comprising individual 380-mJ
pulses of duration 50 ns and separated by 50 µs (19 J in total)
resulted in total Stokes output of 1.6 J at the first-Stokes and
0.43 J at the second-Stokes lines.

Somewhat at the other end of the scale, Mildren et al. [47],
[48] have reported investigations of Raman frequency conver-
sion of low average power (1–3 W), high-PRF, diode-pumped
frequency-doubled Nd:YAG lasers using external cavity Raman
configurations based on KGW. The pump beam was focused
through the input mirror to a 160-µm-diameter beam waist in
the 50-mm-long b-cut KGW crystal. The Raman resonator mir-
rors had concave radii of curvature ∼200 mm and were spaced
by 60 mm to give best matching of the Stokes modes to the pump
mode at full operating power. The input mirror had high trans-
missivity for the 532-nm pump but high reflectivity for the var-
ious Stokes lines up to the fourth-Stokes; a variety of coupling
mirrors were used to generate outputs with different spectral
content. For example, simultaneous output at five wavelengths
was obtained using a broadband coupler having ∼50% trans-
missivity from 520–660 nm; total average power output on the
four Stokes lines (559, 589, 622, and 658 nm) of the 901-cm−1

Raman mode was 1.68 W, the balance of the 2.36-W, 532-nm
pump also emerging colinear with the Raman output. Average
powers on the individual Stokes lines ranged from 400 mW at
559 nm to 130 mW at 658 nm, and total SRS conversion ef-
ficiency was 71%. Accessing the two Raman modes, 768 and
901 cm−1, was achieved simply by rotating the KGW crystal
by 90◦ about the b-axis such that the pump polarization was
parallel with either the Ng or Nm crystal axes. Alternatively,
output couplers could be chosen to efficiently generate a single
Stokes output wavelength. For example, using an output coupler
with high reflectivity at the first-Stokes, but high transmissivity
(50%–70%) in the yellow region, frequency conversion into ei-
ther of the two second-Stokes lines (579 and 589 nm) could be
selected with conversion efficiencies 58% (68% slope) and 64%
(78% slope) for the 2.4-W pump. A very recent extension of this
work by Mildren [49] has involved addition of an intracavity b-
Barium-Borate (BBO) crystal cut for SHG/SFG at 280 nm to an
external cavity KGW Raman laser pumped by standard 532-nm
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sources to achieve wavelength-selectable output amongst more
than eight UV wavelengths ranging from 266 to 320 nm with
average powers in the range of several tens of milliwatts and
pulse energies up to 0.22 mJ for individual lines.

Extensive studies including modeling of external cavity Ra-
man lasers based on KGW and pumped by a Q-switched
Nd:YAG laser in the near infrared have been reported recently
by Ding et al. [50].

VII. INTRACAVITY CRYSTALLINE RAMAN LASERS

A. Near Infrared Stokes-Raman Lasers

Though the advantages of using intracavity configurations
for crystalline Raman lasers, especially for frequency conver-
sion of low peak power, high-PRF sources were recognized by
Ammann [2]–[4] in the earliest years of Raman laser develop-
ment, it was not until almost 20 years later that this configu-
ration began to be fully exploited. (Though the first studies of
self-Raman laser materials Nd:KYW and Nd:KGW reported by
Andryanus et al. in 1985–1986 [10] inevitably also involved
intracavity configurations.). New interest in intracavity Raman
lasers was triggered by the report of Murray et al. in 1995 [14]
of an intracavity BN Raman laser based on a flashlamp-pumped
Nd:YAG laser gain module and emitting in the 1.5-mm eye-
safe band. This was followed by the first report [51] of an
all-solid-state intracavity Raman laser, which is based on a 5-W
fiber-coupled diode-end-pumped Q-switched Nd:YAG /CaWO4

intracavity Raman laser (as shown in Fig. 1). The latter device
was both compact and efficient, giving 480-mW average output
power on the first-Stokes line (1178 nm) at 10-kHz PRF.

The intracavity configuration for crystalline Raman lasers is
very well matched to the normal operating regime of CW diode-
pumped, Q-switched solid-state lasers; these generally give rela-
tively low peak power (10 s–100 kW) output pulses but the circu-
lating power within a high-Q resonator is much higher, and this
can be used effectively in intracavity SRS to obtain high over-
all conversion efficiencies to Stokes output. Following our own
work on intracavity LI Raman lasers based on arc-lamp-pumped
Nd:YAG gain modules and high-PRF Q-switching giving 1.7 W
at the first-Stokes (1155 nm) also reported in 1998 [52], we went
on to demonstrate an all-solid-state intracavity LI Raman laser
based on a diode-double-end-pumped Nd:YAG rod with AO
Q-switch, giving a record 2.7-W average power on the first-
Stokes line (1155 nm) at an estimated 10% overall optical
conversion efficiency (diode Stokes efficiency) [15]. A de-
tailed study of temporal, spatial, and spectral characteristics
of diode-pumped intracavity LI Raman lasers was reported sub-
sequently [28].

Also, at this time, Grabtchikov et al. [53] reported the first
diode-pumped self-Raman laser, a miniature Nd:KGW laser
pumped by a 1-W CW diode and passively Q-switched by a
Cr4+:YAG saturable absorber. The laser gave 4.8-mW average
power in 23-ns pulses at 1 kHz on the 1181-nm first-Stokes
of KGW from the 1057-nm fundamental at 0.7% diode Stokes
efficiency. This was followed quickly by a report from Lagatsky
et al. [54] of a miniature Yb:KGW self-Raman laser of similar
design, giving 7 mW on the first-Stokes (1139 nm) but at im-

proved efficiency of 2% from the diode pump. Coincidentally,
Findeisen et al. [55] had demonstrated self-Raman operation (on
the alternative first-Stokes at 1162 nm) of a quasi-CW diode-
side-pumped Nd:KGW laser.

From this starting point, there has been a rapid expansion
of research in all-solid-state (i.e., diode-pumped) intracavity
crystalline Raman lasers. Table III lists performance data from
a number of key reports from 1998 to the present; there are
many combinations of laser and Raman crystals represented.
These include intracavity Raman lasers with discrete laser and
Raman crystals, and self-Raman lasers integrating the two, and
all are Q-switched devices involving either active (usually AO)
or passive Q-switching (usually based on Cr4+:YAG).

Self-Raman lasers are ideal for miniaturization, and for the
most part, these are passively Q-switched at high PRF, usually
giving subnanosecond pulse durations. Such devices generally
require only modest diode-pump power of 1–2 W, but despite
this, diode Stokes conversion efficiencies have reached up to
7% [64] and average powers up to 400 mW [66]. Note that,
however, passively Q-switched intracavity Raman lasers using
separate laser and Raman crystals have also demonstrated very
good performance, for example, the Nd:LSB/BN laser reported
by Demidovich et al. [59], which has diode Stokes conversion
efficiency of 8% for 118-ps pulses at 83 kHz.

For the most part, devices giving high average power (>1W)
Stokes output use discrete laser and Raman crystals since these
generally operate under conditions where strong thermal load-
ing of the Raman medium is experienced, and using the discrete
components allows more options in thermal management. The
highest average power achieved to date for diode-pumped intra-
cavity Raman lasers, i.e., 2.6 and 3.0 W have also been reported
for first-Stokes outputs of Nd:YAG/LI and BN lasers [15], [18],
respectively. Although KGW has considerably lower steady-
state gain than BN, its superior thermal characteristics make it
much more tolerant to thermal loading, resulting in order-of-
magnitude weaker thermal lensing than either LI or BN. We
have obtained first Stokes output powers (1176 or 1158 nm)
of around 1.9 W at 10% conversion efficiency, limited by the
availability of mirrors optimized for near infrared Stokes out-
put; we predict higher powers (e.g., around 4–5 W) should
be achievable with appropriate mirrors. High average powers
(1.6 W) at diode Stokes conversion efficiency of 16.9% have
also been reported recently for an Nd:YAG/BW laser with active
Q-switching. Problems with thermal loading were not observed
(BW and KGW have similar thermal properties) but optical
damage due to self-focussing was encountered and may limit
further power scaling [65]. Notable powers have also been re-
ported [62], [63] for self-Raman lasers based on diode-pumped
Nd:YVO4 with active Q-switching. Also, 1.5 and 1.2 W re-
spectively were obtained for the first-Stokes lines at 1176 and
1525 nm from the 1064- and 1342-nm fundamentals obtained
with appropriate mirror selection. High thermal loading of the
laser/Raman crystal resulted in strong thermal lensing and other
effects attributed to temperature-dependent broadening of the
Raman linewidth.

The effects of thermal lensing in both the laser and Raman
crystal on the efficiency of intracavity Raman lasers have been
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TABLE III
PERFORMANCE OF SELECTED INTRACAVITY CRYSTALLINE RAMAN LASERS, INCLUDING SELF-RAMAN LASERS

Fig. 2. Ray-trace for intracavity Nd:YAG/LI Raman laser for laser operation
on the fundamental only (trace 1) and for operation on the fundamental and
first-Stokes (trace 2).

discussed in detail by Pask [18]. To achieve high average power
and high efficiency, it is necessary to design the laser resonator
such that cavity mode sizes give good matching to the diode-
pump mode in the laser crystal and maintain the necessary high
intensities in the Raman crystal (both in the same place in the
case of self-Raman lasers). Fig. 2 gives an example of a res-
onator, which is stable and has good mode-matching in the
absence of thermal loading of the Raman crystal (in this case of
LI) but for which the mode size at the laser crystal (Nd:YAG)
rapidly expands (resulting in poor pump mode-matching and

ultimately leading to resonator instability) as a strong negative
thermal lens in the Raman crystal forms due to SRS heating.

The complex spatial and temporal interactions between the
fundamental and Stokes fields within intracavity Raman lasers
commonly result in gain-switching, self-mode-locking, and
chaotic self-pulsation on the one hand, and Raman beam clean-
up (manifests in a single-transverse-mode Raman output for
multi-transverse-mode pump) on the other. These have been
analyzed by Band et al. [70] in the case of temporal instabili-
ties (see also Murray et al. [71]), and Murray et al. [72] in the
case of Raman beam clean-up in crystalline Raman lasers, and
examples of both effects are shown by Pask [18]. In the experi-
ence of the authors, stable, reproducible, and reliable operation
of Q-switched intracavity Raman lasers operating at multiwatt
average powers is not difficult to achieve.

VIII. INTRACAVITY FREQUENCY-DOUBLED RAMAN LASERS

FOR VISIBLE OUTPUT

While the pulsed output from Raman lasers in their differ-
ent configurations can be externally frequency-doubled, for the
aforementioned diode-pumped intracavity Raman lasers, this
generally results in quite low overall optical conversion effi-
ciency. Intracavity SHG (or SFG) of the Stokes lines in in-
tracavity Raman lasers takes advantage of the high circulating

Authorized licensed use limited to: MACQUARIE UNIV. Downloaded on December 14, 2008 at 18:17 from IEEE Xplore.  Restrictions apply.



PIPER AND PASK: CRYSTALLINE RAMAN LASERS 701

Fig. 3. Intracavity frequency-doubled crystalline Raman lasers.

Stokes power for efficient nonlinear conversion to the visible.
Effectively, the SHG/SFG acts as nonlinear coupling of the
Stokes field via the visible output. Intracavity SFG allows addi-
tional wavelengths to be generated by mixing of the fundamen-
tal and the first-Stokes, the first- and second-Stokes, or other
combinations.

Fig. 3 shows schematics of the common resonator configu-
rations for intracavity SHG/SFG crystalline Raman lasers. The
simplest configuration [Fig. 3(a)] is merely to add the nonlin-
ear crystal into a linear intracavity Raman resonator, the output
mirror having high reflectivity at the fundamental and first-
Stokes, possibly also at the second- or higher order Stokes
wavelengths, and high transmissivity at the visible SHG/SFG
wavelengths. This configuration was used by Ammann [4] in the
first demonstration of an intracavity frequency-doubled Raman
laser, although in that case, the LI Raman crystal was also cut
for SHG/SFG from near infrared to visible, thus, filling the role
of both Raman shifter and frequency doubler. The disadvantage
of the simple two-mirror linear cavity is that the output mirror
couples only the forward-propagating SHG/SFG visible beam,
so that about half of the visible power is lost. In our own work
on intracavity frequency-doubled Raman lasers, we have used
a three-mirror folded (L-shaped) resonator [Fig. 3(b)], which
provides a high-Q for the fundamental and Stokes wavelengths,
while the visible SHG/SFG output is efficiently coupled out via
the dichroic turning mirror. We have undertaken systematic de-
sign studies of the folded laser resonator to optimize conversion
efficiency by ensuring that the mode sizes at each of the three
key components are of the correct size for efficient extraction of
the fundamental from the diode pump mode in the laser crys-
tal, efficient SRS in the Raman crystal, and efficient SHG in
the nonlinear crystal, taking account of thermal lensing in the
laser and Raman crystals at the maximum input/output powers.
Fig. 4 shows a ray-trace for the optimized resonator. It is gen-
erally true that the mode size is the highest for the laser crystal
and the lowest for the nonlinear SHG/SFG crystal for the best
laser performance.

This resonator design optimization resulted in signifi-
cant improvements to overall diode-yellow power conver-
sion efficiencies, which reached 7% for 1.4-W 578-nm out-
put from the purpose-engineered diode-pumped intracavity
Nd:YAG/LI/LBO frequency-doubled Raman laser [73]. More
recently, replacement of the LI Raman crystal with KGW and
resonator redesign, to take account of the substantially better

Fig. 4. Ray-trace for optimized resonator design for intracavity frequency-
doubled diode-pumped Nd:YAG/LI Raman laser in the presence of strong ther-
mal lensing in the laser and Raman crystals.

thermal characteristics of the latter, have resulted in yellow
(579 nm) output powers up to 1.8 W at diode-yellow conversion
efficiency 9% [16].

For intracavity frequency-doubled Raman lasers the cascaded
nature of SRS process can be utilized to generate wavelength-
selectable output at multiple wavelengths in the green yellow
red spectral regions [74]. In an intracavity Raman laser, the
fundamental optical field at 1064 nm is cavity-dumped through
the nonlinear process of SRS (as the resonator mirrors are cho-
sen to provide high-Q at the fundamental). Given sufficiently
broad mirror coatings, the fundamental, first, second, and po-
tentially higher order Stokes wavelengths can all be resonated.
This “cascading” of the SRS process in combination with a non-
linear crystal, which can be configured by angle or temperature
tuning to frequency-double the fundamental, the first Stokes, the
second Stokes, or sum the frequency of a pair of these, output
across a range of discrete visible wavelengths can be obtained.
LBO (angle- or temperature-tuned) and BBO (angle-tuned) are
both suitable choices for the nonlinear medium. In recent work
by Mildren et al. [16], we reported that by (type I) angle tuning
the intracavity LBO frequency doubler, we can switch easily
from 1.8 W at 579 nm to 0.95 W at the sum-frequency (555 nm)
to 1.7 W at 532 nm, the second-harmonic of the fundamental.
For the alternative Raman mode (901 cm−1) of KGW, switching
from 588 to 559 nm, and then from 559 to 532 nm is equally
possible, as is SFG of the first- and second-Stokes (to 606 or
621 nm, depending on the Raman mode), SHG of the second-
Stokes, and so on, depending on mirror coating tranmission.

IX. CW RAMAN LASERS

The most recent, and perhaps the most significant, develop-
ment of crystalline Raman lasers in the past three years has
been that of CW Raman lasers. Although CW fiber and semi-
conductor Raman lasers are well-known, the first CW bulk in-
sulating crystalline Raman laser was reported only in 2004 by
Grabtchikov et al. [75]. Here, a CW argon ion laser giving 10 W
at 514-nm-pumped BN Raman crystal was placed in a concen-
tric external resonator (high-finesse∼1000 for the first-Stokes at
543 nm), the pump undergoing a double-pass before exiting the
input mirror. Careful attention was paid to matching of the pump
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Fig. 5. Schematics of (a) CW intracavity Nd:YAG/KGW laser and (b) CW
intracavity Nd:GdVO4/KGW laser with intracavity frequency doubling in LBO.

mode (∼120 µm diameter) to the Stokes mode in the Raman
crystal at the maximum Raman output power, taking account
of thermal lensing in the BN due to SRS heating. Threshold
for CW first-Stokes laser operation was 2 W, and the maximum
power at 543 nm was 164 mW at 5.5-W pump.

The first all-solid-state (diode-pumped) crystalline Raman
laser was reported in 2005 by the same group. Demidovich
et al. [76], taking advantage of the low cavity losses afforded by
using a self-Raman laser material in an intracavity configuration,
used a 2.4-W fiber-coupled diode imaged to a 150-µm-diameter
pump mode in Nd:KGW. The input mirror, which was coated
directly on the first Nd:KGW crystal face, and the output mir-
ror had round-trip transmission losses at the fundamental (1067
nm) and first-Stokes (1181 nm) of only ∼0.14% and 0.43%,
respectively. The cavity was close to hemispherical with the
output mirror concave radius of curvature (ROC = 50 mm).
Fundamental and first-Stokes threshold were reached for diode
pump power of 55 mW and 1.15 W, respectively, and the maxi-
mum 1181-nm output of 54 mW (total from both input and out
mirrors) was reached at pump power of 2.06 W, corresponding
to diode Stokes efficiency 2.6%. Orlovitch et al. [77] have sub-
sequently reported 178-mW CW output on the first-Stokes line
(1177 nm) for a diode-pumped Nd:YVO4/PbWO4 Raman laser
with 2.3-W pump, representing substantially higher efficiency
of ∼7.7%.

Concurrently, Pask [78] has demonstrated power scaling of
a diode-pumped CW intracavity Raman laser toward the 1 W
level; the laser resonator is shown schematically in Fig. 5(a).
The output of a high-power fiber-coupled diode laser was im-
aged approximately 1:1 from the 400-µm-diameter fiber into
the Nd:YAG fundamental laser crystal through the input mirror,
which was coated directly on the flat end face of the crystal.
The Raman crystal was a 50-mm-long KGW crystal with AR-
coatings for 1064–1150 nm. The output mirror was also flat and
highly reflecting for the fundamental but 0.25% transmitting for
the first-Stokes wavelength at 1176 nm. For pump power of 20
W, the thermal lens was estimated to be +100 mm, and the
fundamental mode size in the Raman crystal (ignoring the rel-
atively weak thermal lensing in the KGW) was then calculated
to be 472 µm. For round-trip cavity loss of 1%, the intracavity
fundamental power required to reach SRS threshold was then
calculated to be ∼350 W, which is about half the value expected
for the fundamental at 20-W diode pump. In the experiments,
first-Stokes threshold was reached at 5 W, and the maximum
1176-nm output power of 800 mW was obtained at 20-W pump
corresponding to diode Stokes efficiency of ∼4%.

A further key observation of these latter experiments was that
the circulating power at the Stokes wavelength was ∼320 W,
which is sufficiently high to encourage investigation of the po-
tential for intracavity frequency doubling of the Stokes wave-
length for CW visible generation. In fact, this has now been
achieved for a diode-pumped Nd:GdVO4 laser with intracav-
ity KGW Raman and LBO frequency doubling crystals (see
Fig. 5). The flat input and output mirrors had very low loss
(tranmissivities <0.006% and <0.004%) at the fundamental
and first-Stokes, but were 95% transmitting for the 588-nm
second-harmonic of the first-Stokes. A maximum CW power at
588 nm (measured from the output mirror only) of 704 mW has
been obtained for diode pump power of 13.7 W, representing
a diode-yellow efficiency of 5.1% [37]. Strong thermal lensing
in the laser crystal prevented fully CW operation above 14-W
pump power but the potential to reach yet higher powers was
demonstrated by applying 50% duty cycle to the pump; under
these conditions, we observed 1.57-W quasi-CW power out-
put in the yellow region for 20-W quasi-CW pump power. We
believe that with improved resonator design and thermal man-
agement, CW powers in the yellow orange region of 2 W or more
are feasible at diode-visible efficiencies approaching 10%.

For lower powers, the attractions of self-Raman materials are
clear, and Omatsu et al. [79] have very recently demonstrated
92-mW CW yellow region at 588 nm, the second-harmonic of
the 1176-nm first-Stokes, from a miniature (20-mm-long) diode-
pumped Nd:YVO4 self-Raman laser with intracavity SHG in
LBO, with only 4.2-W diode pump power. High beam qual-
ity in the visible ouput (TEM00 with M2 ∼ 1.1) has been ob-
tained with good long-term power stability, though fast ampli-
tude fluctuations are apparent. We anticipate that CW intracavity
frequency-doubled self-Raman lasers can be both scaled down
to milliwatt visible powers for ∼1-W pump and up toward 1-W
for ∼10-W pump.

X. CONCLUSION

Developments of crystalline Raman lasers have expanded
rapidly in the past five years as SRS in crystals has been
adopted as a highly efficient and practical means of extending
the wavelength versatility of established laser systems. Recent
focus has been on all-solid-state Raman lasers, which lever the
capabilities of the latest generation of diode-pumped devices.
There remain many opportunities for novel developments in
high average power devices, exploiting parallels between Ra-
man lasers and diode-pumped lasers, and for efficient wave-
length extension into broader regions of the visible (blue-green)
and the ultraviolet using intracavity SHG/SFG. We believe that
CW Raman lasers also offer very exciting opportunities for
research and development, especially of a new generation of
wavelength-versatile CW visible sources. The authors believe
that there is also the potential for novel Raman laser resonator
configurations, which exploit the unique properties of Raman
lasers; two examples that emerged recently include the use of
unstable Raman resonators [45] and noncollinear fundamental
and Stokes resonators [69].
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