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Modeling of Continuous Wave Intracavity
Raman Lasers

David J. Spence, Peter Dekker, and Helen M. Pask

Abstract—We present results from a simple numerical model
simulating continuous wave (CW) intracavity Raman lasers and
intracavity-doubled Raman lasers, which will guide optimization
of experimental devices. We show that the laser efficiently converts
the incident pump power into the fundamental photons, allowing
us to derive simple expressions for the Raman threshold and total
efficiency. The model shows that the behavior of the laser can be
described as a function of two coupling parameters, and enhanced
efficiency may be achieved by strongly increasing these coupling
parameters for the Raman and doubling processes.

Index Terms—Frequency conversion, numerical modeling,
Raman lasers, solid-state lasers, stimulated Raman scattering
(SRS).

I. INTRODUCTION

CRYSTALLINE Raman lasers, based mainly on standard
neodymium-doped laser materials, have significantly in-

creased access to the spectral region between 1.1 and 1.5 µm
as well as to the yellow orange spectral region through fre-
quency doubling of the Stokes output or pumping of the Raman
material with frequency-doubled Nd lasers. A wide variety of
experimental configurations have been employed, including in-
tracavity Raman lasers, external resonator Raman lasers, and
Raman generators (primarily used for ultrashort pulse pump
lasers). Several recent reviews [1]–[3] provide an overview of
the field, which has grown strongly over the past five to ten years.

Before 2004, all reported crystalline Raman lasers had been
pulsed devices, and it was believed that the high-peak powers
required to reach the threshold for stimulated Raman scattering
(SRS) necessitated a Q-switched fundamental laser as the pump
source. The first continuous wave (CW) crystalline Raman laser
was reported by Grabtchikov [4] using an external Raman res-
onator pumped by an Ar+ laser at 514 nm. Three subsequent
papers [5]–[7] reported CW Raman laser action using intracav-
ity resonator configurations and diode laser pump sources. Most
recently, a CW intracavity frequency-doubled Raman laser gen-
erating 704 mW at 588 nm has been reported, operating with an
efficiency of up to 5.1% [8]. These CW lasers are simple and
versatile, and by choosing different laser and Raman crystals
offer flexible wavelength output in the IR and visible spectral
regions. A variety of applications are envisioned, for example, in
ophthalmology, biomedicine, display technologies, and remote
sensing.
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Understanding the physics that underpins these lasers is crit-
ical to building efficient robust devices with output matched to
particular applications. There are numerous models of external
resonator Raman lasers pumped by pulsed [9] and CW [10], [11]
lasers as well as treatments of CW external resonator doubled
Raman lasers [12]. Intracavity Raman lasers are more complex
due to the strong coupling between the fundamental and Stokes
fields and the population inversion in the laser crystal. Modeling
work for these lasers has been directed toward Q-switched and
pulse-pumped lasers [13]–[15].

In this paper, we outline the key design considerations for
achieving efficient CW intracavity Raman laser action and use
a simple numerical model to investigate the interplay between
the various design parameters. Given the range of output powers
(milliwatt to watt range), which may be required for different
applications, and the range of possible pump sources, laser ma-
terials, Raman crystals, and optional doubling crystals, which
may be selected, the model provides a basis for quantitative
design, analysis, and optimization.

The paper is organized as follows. In Section II, we discuss
the operation of CW intracavity Raman lasers and their de-
sign. In Section III, we summarize the results of experimental
devices reported by Dekker [8], since in various parts of this
paper, comparisons are made with the results of the model. In
Section IV, the model is described along with its assumptions
and limitations, and modeling results are presented in Section V.
We present in Section VI a discussion of the implications of
the model results for the design of CW intracavity Raman and
intracavity-doubled Raman lasers.

II. DESIGN CONSIDERATIONS FOR CW INTRACAVITY

RAMAN LASERS

Intracavity Raman lasers involve two simultaneous optical
processes within an optical cavity: generation of the fundamen-
tal radiation in the laser crystal and SRS in the Raman crystal.
(In the case of a self-Raman crystal, both of these processes take
place in a single crystal.) In the case of an intracavity frequency-
doubled Raman laser, we must also consider a third coupled
optical process: second-harmonic generation (SHG). Efficient
laser operation requires each of these optical processes to be
correctly balanced to produce the optimum overall efficiency.

It is at first sight surprising that CW diode powers of a few
watts are sufficient to reach Raman threshold in these devices.
In order to provide sufficient round-trip Raman gain, we require
intracavity fundamental intensities of the order of 1 MW/cm2.
Given a typical beam radius of 150 µm in the Raman crystal, this
corresponds to intracavity powers of the order of 0.5 kW. We can
think of diode pumping of a laser crystal as an efficient means to
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couple the broadband diode pump power into a high-Q cavity,
resulting in a cavity enhanced, narrowband fundamental field.
The lasing process also serves to convert the low beam quality
output from the laser diode (that may be of order of 100 times
diffraction limited, particularly for higher power diodes) into
a far higher beam quality intracavity fundamental radiation,
permitting tight focusing in the Raman crystal. In this way,
the low-power diode radiation is transformed into an intense
intracavity field that is tightly focused in the Raman crystal
reaching the megawatt level.

There are a large number of complexities relating to the op-
eration of these Raman laser devices. Strong thermal lensing
occurs in both the laser and Raman crystals. The dynamics of
these thermal lenses are different, with the thermal lens power
of the laser crystal scaling with absorbed diode pump power,
and the thermal lens power in the Raman crystal scaling with
the number of Stokes photons generated [1]. Other complexities
result from the high-Q cavity for the fundamental optical field
(and also the Stokes optical field in the case of yellow genera-
tion). We find that cavity geometries that produce TEM00 output
when configured with an optimum output coupling for the fun-
damental emission will oscillate on a large number of transverse
modes when the output coupler is replaced with a high reflec-
tor. Raman beam cleanup, a well-known phenomenon which
occurs in Raman lasers [9], frequently causes the Stokes cav-
ity field to oscillate on a much smaller number of transverse
modes; the extent to which Raman beam cleanup enables high
beam quality output to be obtained depends on the details of
the resonator. Another consequence of the high-Q resonator is
that the optical fields typically become very strong, and trace
absorption in the nonlinear crystals, for example, due to small
amounts of impurity ions can become significant. We have ob-
served higher thermal loading of our Raman lasers operating in
CW mode compared to pulsed mode [6], and much stronger blue
(up-converted) emission from the KGd(WO4)2 (KGW) Raman
crystal. A final possible complexity relating to the high-optical
fields is that nonlinear effects such as self-focusing or multi-
photon absorption may become significant, although this has
not been observed.

III. REVIEW OF SELECTED EXPERIMENTAL DEVICES

Here, we summarize the reports of CW crystalline intracavity
Raman lasers by Dekker et al. [8]; these lasers are used as a basis
for comparison throughout this paper. This work was chosen for
comparison because there are experimental data available for
two different sets of mirrors as well as data for both operation
in the IR as well as with a doubling crystal for yellow output.

The lasers consisted of a plane–plane cavity containing a
10-mm-long Nd:GdVO4 laser crystal (a-cut, 0.3 at.% Nd), and
a 25-mm-long KGW crystal (cut for propagation along the NP

axis). A 10-mm-long lithium triborate (LBO) crystal cut for
doubling the Stokes radiation was added for operation at 588 nm.
All crystals were antireflection (AR)-coated for the 1064–1200
nm radiation. The cavity length was 45 mm for IR operation and
was increased to 62 mm when the doubling crystal was added.
For this cavity, the significant thermal lens in the laser crystal

is responsible for making the laser cavity stable. The laser was
pumped through one end mirror by a CW laser diode emitting
at 808 nm.

Configured as a simple intracavity Raman laser, with each
end mirror transmitting 0.1% at 1064 nm and 0.4% at 1176 nm
(mirror set 1), the laser reached the fundamental threshold for
0.7 W of pump power, and reached the Raman threshold at
6.6 W. For a pump power of 20.4 W, an output of 1.56 W at
1176 nm was generated from the output mirror with a similar
output from the other mirror. For the purposes of comparing this
output with our model, we consider this to be equivalent to a
total output of 3.1 W for a total Stokes output coupling of 0.8%.

Using the same mirrors and adding a doubling crystal near
the cavity waist, the Raman threshold was increased slightly to
6.9 W, and for a pump power of 17.6 W, the laser generated
320 mW of output at 588 nm through the end mirror near the
doubling crystal. The doubled radiation emitted in the other
direction inside the laser cavity was absorbed by the laser crystal;
clearly, a more complex cavity incorporating a dichroic mirror or
polarized could make use of this output. Changing to mirrors that
transmitted approximately 0.005% at 1064 and 1176 nm (mirror
set 2) decreased the Raman threshold to 2.5 W and increased
the 588-nm output to 704 mW for 15.5 W of pump power.

IV. DESCRIPTION OF THE MODEL

The introduction above has emphasized the extremely com-
plex nature of intracavity Raman lasers. A comprehensive model
attempting to accurately match experimental results would have
to include high-order transverse modes, thermal lensing, spec-
tral effects, polarization effects, and losses for high-order modes,
which would rely on poorly known constants and experimental
parameters.

In this paper, we instead study a simplified model in order to
determine the trends that underlie this complex behavior. Such a
model does not give perfect agreement with experimental mea-
surements, but does reveal the interplay between the many free
parameters of Raman lasers and is a valuable tool for exploring
the regimes in which efficient operation is feasible. We aim to
address broad questions: do the experimental lasers operate with
too little or too much Raman conversion per round trip? What
is the interplay between the strength of the Raman conversion
and the Stokes output coupling? What is the interplay between
the strength of Raman conversion and the strength of frequency
doubling in a doubled Raman laser? Are the residual losses im-
portant? What scope is there for improving these lasers? We find
that the simple model can give us insight into these fundamental
questions.

Fig. 1 shows schematically the model laser considered in this
paper. We consider a cavity containing a laser crystal pumped
by a CW laser diode, a Raman crystal, and optionally a doubling
crystal. We model beams with top-hat transverse profiles, and
instead of modeling the laser for a specific cavity configuration,
the behavior of the laser is calculated for specific spot radii
provided for each of the active elements in the cavity. The spot
radius can have a different value in each element, but the radius
is assumed to be constant within each of the elements. The pump
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Fig. 1. Schematic diagram of an intracavity-doubled Raman laser.

radiation is also considered to propagate with a constant radius
in the laser crystal.

By modeling the laser behavior as a function of crystal spot
sizes, we can investigate and understand the underlying behavior
of the laser. Once regimes for the best laser performance have
been identified, one can then address the separate problem of
designing a cavity to realize those spot sizes in each crystal; this
cavity design process is not addressed in this paper.

The differential equations to describe the laser are determined
using the method described by Degnan [16]. We assume that all
of the interactions (laser gain, Raman gain, frequency doubling,
losses, and mirror transmissions) are spread smoothly through-
out the cavity and occur simultaneously. Such a method is ap-
propriate provided the single-pass gain/loss of each interaction
is small. If this is true, then the order of interactions is not im-
portant, and it is acceptable to instead model all the interactions
simultaneously. The equations governing the round-trip change
in the power in each field are used to estimate a smoothed
time derivative for that field. This results in one equation for
each of the fundamental field and the Stokes field, plus one for
the population inversion; these equations can be solved for the
steady-state solution for CW pumping. The resulting equations
for an intracavity-doubled Raman laser are

dPF

dt
=

cσGN ∗PF lL
l

− cPF PSgRlR
lARλF /λS

− cPF (TF + LF )
2l

(1)

dPS

dt
=

cPF PSgRlR
lAR

− ckl2DP 2
S

lAD
− cPS(TS + LS)

2l
(2)

dN ∗

dt
=

PP λP

hcALlL
− 2λF σGN ∗PF

hcAL
− N ∗

τL
(3)

k =
2π2d2

eff

ε0cn3
Dλ2

D

(4)

l = [lC + lL(nL − 1) + lR(nR − 1) + lD(nD − 1)] (5)

in which N ∗ is the laser crystal inversion density, PF , PS

are fundamental and Stokes intracavity powers, respectively,
TF , LF and TS , LS are the output coupling transmissions
and round-trip losses for the fundamental and Stokes fields,
respectively. In the laser, Raman, and doubling crystals:
AL, AR, AD are the spot areas (with corresponding spot radii
rL, rR, rD), lL, lR, lD are the crystal lengths, and nL, nR, nD

TABLE I
PARAMETER VALUES FOR ND:GDVO4, KGW (901 CM−1 SHIFT), AND LBO

(TYPE I DOUBLING USING NONCRITICAL PHASE MATCHING)

are the crystal refractive indices (assumed equal at all wave-
lengths). lC is the cavity length, l is the optical cavity length,
σL,τL are the laser crystal emission cross section and upper
level lifetime, gR is the stimulated Raman gain coefficient, PP

is the incident diode pump power, λP , λF , λS , λD are the wave-
lengths of the pump, fundamental, Stokes, and doubled-Stokes
radiation, respectively, and deff is the effective nonlinearity of
the doubling crystal. From the one-way intracavity powers we
can define the output powers as

P out
F = PF TF (6)

P out
S = PSTS (7)

P out
D =

kl2DP 2
STD

AD
(8)

where TD is the transmission of the output mirror for doubled
Stokes radiation. The key assumptions made in this model are
as follows. We assume that the pump energy is completely ab-
sorbed by the laser crystal (an accurate assumption for most
experiments), and the pumped volume and laser mode overlap
perfectly, as do the fundamental, Stokes, and doubled Stokes
modes in the cavity. We neglect the spontaneous emission and
spontaneous Raman scattering into the cavity mode (these terms
would be required in order to solve for the time-dependent be-
havior of the laser.) We assume perfect phase matching in the
doubling crystal for doubling the Stokes radiation, and the fun-
damental field is not doubled. The doubled Stokes radiation is
not resonated in the cavity; we, therefore, do not need to model
the doubled Stokes field in the cavity, but simply represent the
doubling as a loss to the Stokes field.

V. RESULTS

In this paper, we solve the model equations for their steady-
state values for constant pump power PP , appropriate for com-
parison with the output of experimental CW lasers. The laser
configurations simulated are based on the work of Dekker [8].
Table I lists the relevant material parameters appropriate for
these devices.
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We also require estimates of the parameters of the laser res-
onator; we estimate the TEM00 spot radius in the laser crystal
to be 150 µm, the spot size in the Raman crystal to be 125 µm,
and the round-trip losses at the fundamental and Stokes wave-
lengths to be 1%. The spot sizes are estimated by measuring the
spot size and M2 value of the output beam of the experimen-
tal devices. These estimates apply to both the simple Raman
laser and the doubled Raman laser configurations; the addition
of the doubling crystal to the cavity had very little effect of the
threshold of the laser. While there is some uncertainty about the
exact value of the parameters, we aim here to determine broad
trends rather than provide precise numerical predictions; these
estimates are sufficient for our purpose.

A. Threshold for Stokes Oscillation

Designing a Raman laser to have a low Raman threshold is
vital for achieving high efficiency and allows the use low-power
pump diodes.

The fundamental field strength in the laser cavity builds to
very high levels as the pump power is raised toward the Raman
threshold, since the fundamental field experiences a cavity with
a very high-Q. For most cavity designs, the intensity of the
fundamental field at the Raman threshold is much greater than
the saturation intensity for the laser material; for Nd:GdVO4,
the saturation intensity is just 2.5 kW·cm−2.In this regime, the
diode pump energy supplied to the laser crystal is then efficiently
converted to the fundamental radiation, and power loss to spon-
taneous emission is low. We can simplify the model equations
by neglecting τL to obtain an analytic expression for the diode
pump power required to reach the Stokes threshold

PP =
AR

gRlR

λF

λP

(TS + LS)(TF + LF )
2

. (9)

Note that the same threshold formula applies equally to
intracavity-doubled Raman lasers: addition of the doubling crys-
tal in the cavity does not affect the Raman threshold, except for
any additional passive round-trip losses, since at Raman thresh-
old, the Stokes field is very small and the doubling crystal does
not deplete the Raman field.

Equation (9) is valid provided the total intensity of the fun-
damental field at Raman threshold (and above) is much greater
than the saturation intensity of the laser transition; this condition
is equivalent to the following condition relating the mode areas
in laser and Raman crystals:

AL � AR

[
(TS + LS)λLσLτL

hcgRlR

]
. (10)

We can evaluate the condition in (10) for the lasers used
by Dekker, to obtain AL � 580AR for mirror set 1 (TF =
0.2%,TS = 0.8%) and AL � 290AR for mirror set 2 (TF =
0.005%, TS = 0.005%). These inequalities are well satisfied
for the Dekker’s lasers, and so, neglecting τL is justified, and
the approximation for the Raman threshold given by (9) is valid
for the lasers under consideration. Equation (9) gives for mirror
set 2 a Raman threshold of 2.6 W compared to the measured
threshold of 2.5 W. For mirror set 1, (9) gives a Raman threshold

of 5.6 W compared to the measured threshold of 6.6 W for the
simple Raman laser and 6.9 W for the doubled Raman.

An important point revealed by (9) is that the mode area in
the laser crystal AL does not affect the threshold. Provided rL is
matched to the pump spot size, increasing rL to up to five times
larger than rR will still satisfy (10) for mirror set 2, and so, will
not affect the threshold. This is significant for the laser design,
since it is problematic to focus the radiation from pump diodes to
very small spots owing to their poor beam quality. With a cavity
design that achieves a small spot size in the Raman crystal and
a far larger spot size in the laser crystal, we can achieve lower
Raman thresholds without requiring a pump laser diode with
improved beam quality.

Equation (9) indicates that reducing losses for the fundamen-
tal and Stokes radiation can strongly reduce the Raman thresh-
old. With cavity design to further reduce the spot size in the
Raman crystal, there is scope for reducing the Raman thresh-
old for these lasers to a few hundred milliwatts. Demidovich
et al. have made significant progress in this direction [5]. They
have achieved a threshold of 1.15 W for a self-Raman laser
using Nd:KGW. This is achieved by a combination of using a
longer Raman crystal, a smaller mode size in the cavity, im-
proved matching between the diode pump spot and the TEM00

mode, and reducing the cavity losses by reducing the number of
intracavity elements and directly coating dielectric mirrors on
the crystal.

B. Efficiency of CW Intracavity Raman Lasers

We now consider the parameters that determine the efficiency
of an intracavity Raman laser. The parameters that we can con-
trol are the Stokes output coupling, spot size in the Raman
crystal, and the choice of Raman crystal length and material.

The overall efficiency of a Raman laser may be split into three
sequential efficiencies. Firstly, the diode pump power deposited
in the laser crystal must be efficiently extracted into the funda-
mental laser field. Secondly, the fundamental photons must be
converted efficiently to Stokes photons, and finally, the Stokes
photons must be efficiently coupled out of the cavity into the
output beam. In practice, this means that the round-trip conver-
sion from the fundamental to Stokes photons should be well in
excess of the fundamental field cavity losses; too high a con-
version, however, prevents the fundamental field from building
up to a sufficient level to efficiently extract the energy in the
population inversion (this occurs if (10) is not satisfied). The
Stokes output coupling should also be well in excess of the
cavity losses for the Stokes field; too high an output coupling
prevents the Stokes field from building up to achieve efficient
Raman conversion and results in a high Raman threshold.

Fig. 2 shows how the calculated total efficiency (P out
S /PP )

of a Raman laser depends on the Raman spot size and the Stokes
output coupling. The following parameters were used based on
the work of Dekker: a 10-mm Nd:GdVO4 laser crystal with a
diode pump radius and mode radius in the crystal of 150 µm;
a 25-mm KGW Raman crystal; (LF + TF ) = 1.2%; and LS =
1%. The diode pump power incident on the laser crystal is 15 W.
The material parameters are given in Table I.
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Fig. 2. Output efficiency P out
S /PP for a simple Raman laser as a function

of Stokes output coupling and spot radius in the Raman crystal. An equivalent
ordinate in terms of the nonlinear Raman coupling κR = PP gR lR/AR is also
shown. Calculation used a 150-µm spot in the laser crystal, 1% round-trip
losses for fundamental and Stokes radiation, and a 0.2% output coupling for the
fundamental radiation. The diode pump power was 15 W.

The key feature of Fig. 2 is the strong increase in output
efficiency as Raman spot size is reduced—for the best efficiency,
the cavity should be designed to minimize the Raman spot size.
The Raman process provides the useful conversion of power
from the fundamental field to the Stokes field, and so can be
thought of as the output coupling for the fundamental laser.
Here, this effective output coupling is lower than its optimum
value for the entire parameter range. The shape of the graph
is determined predominantly by the best balance between a
low Stokes output coupling that enhances the Stokes field and
increases the output coupling for the fundamental, and a high
Stokes output coupling that achieves efficient extraction of the
Stokes field from the cavity. As the Raman spot size is reduced,
the optimal output coupling is shifted to higher values, and
overall higher efficiencies are achieved.

Dekker operated the laser with a spot size of the order of
125 µm in the Raman crystal with a total output coupling of
0.8% including the output from both laser end mirrors. The
corresponding point in Fig. 2 is marked by the white cross;
we estimate from the model an efficiency of 20% compared
with an experimental efficiency of 13% for 15 W of diode
pump power. The intracavity power at the fundamental and
Stokes wavelengths are both approximately 800 W. It is clear
that strong improvements to the experimental efficiency will
likely be achieved by decreasing the spot size in the Raman
crystal while simultaneously increasing the output coupling for
the Stokes field.

Fig. 2 can be used to predict more than just the dependence
of the efficiency on Raman spot size. The spot size, Raman
coefficient, and Raman crystal length appear in the model equa-
tions always in the term gRlR/AR (note that while lR appears
implicitly in the optical cavity length l, the cavity length does
not affect the steady-state solutions). Doubling either the crystal

length or the Raman gain coefficient has, therefore, an exactly
equivalent effect of decreasing the spot radius by

√
2.

We can determine a simple analytic expression for the over-
all efficiency again using the assumption that we may neglect
spontaneous emission from the laser crystal. The fundamental
field is clamped at its value at the Raman threshold for higher
pump powers, and so, (10) is the still the correct condition for
this assumption to be valid above the Raman threshold. We can
deduce that

POUT
S /PP =

TS

(TS + LS)
λP

λS
− TS(TF + LF )

2
λF

λS

AR

PP gRlR
(11)

where the expression is valid for diode pump powers PP in
excess of the Raman threshold defined by (9). The first term
in (11) represents the limiting maximum efficiency that can be
obtained, set by the overall quantum efficiency and the fraction
of generated Stokes photons that are usefully coupled out of the
cavity. The second term determines how closely the laser system
approaches this theoretical maximum. With this approximation,
we may state that the efficiency is determined by the Raman
coupling parameter κR = PP gRlR/AR. This is a unitless pa-
rameter; a similar nonlinear coupling parameter was introduced
in the analysis of external cavity doubled Raman lasers by Koch
et al. [12]. The graph of Fig. 2 is shown with a right-hand side
axis labeled in terms of κR. The effect on the efficiency of dou-
bling the diode pump power is, thus, closely approximated by
considering a spot radius decreased by

√
2.

We now consider the importance of the residual round-trip
losses. Round-trip losses affect both the efficiency as well as
the threshold of Raman lasers, as shown in (9) and (11). These
losses may be due to unwanted mirror transmission and absorp-
tion, losses at intracavity surfaces, and scattering and absorption
losses in the crystals. Some of these losses may be nonlinear
and depend upon the inversion density in the laser crystal or the
strength of the fundamental or Stokes optical fields; note that
the model includes only linear losses.

Fig. 3 shows the total efficiency of a intracavity Raman laser
as a function of the fundamental and Stokes round-trip losses.
The spot radius in the Raman crystal is set to 125 µm, and the
Stokes output coupling is 2%. All other parameters are as shown
in Fig. 2 and listed in Table I.The plot shows that the losses for
the Stokes and fundamental radiation are equally important with
a strong increase in the efficiency associated with a reduction
in losses. Decreasing the round-trip losses for the fundamental
and Stokes radiation from 1% to 0.5% increases the efficiency
of Raman generation from 18% to 39%.

In summary, we can see that the route to achieve far higher
efficiencies for CW intracavity Raman lasers lies in increasing
the Raman coupling parameter while also increasing the output
coupling for Stokes radiation. Further reduction of the round-
trip losses below 1% will also bring a strong increase in the
efficiency. The spot size in the laser crystal is not important
within reason and can be designed to suit the output beam pa-
rameters of the pump diode. Similarly, the cavity length has no
effect on the steady-state behavior and can be treated as a free
parameter when designing the laser cavity.
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Fig. 3. Output efficiency P out
S /PP for a simple Raman laser as a function of

the Stokes and fundamental round-trip losses. Calculation used a 150-µm spot
in the laser crystal, 125-µm spot in the Raman crystal, a 2% output coupling for
the Stokes radiation, and a 0.2% output coupling for the fundamental radiation.
The diode pump power was 15 W.

C. Efficiency of CW Intracavity Raman Lasers With Intracavity
Frequency Doubling

We now discuss the dynamics of intracavity-doubled Raman
lasers. For such a laser, we wish to reduce the losses and mirror
output coupling transmissions for the Stokes and fundamen-
tal radiation as much as possible. The doubling process then
frequency-doubles the Stokes field, and the doubled radiation
exits the cavity through the end mirror with low loss. The ef-
fective output coupling fraction per round trip experienced by
the Stokes field is then equal to twice the single-pass conversion
efficiency of the Stokes to yellow conversion. From Fig. 2, we
see that the optimum output coupling for the Stokes radiation is
of the order of a few percent. The intensity of the Stokes field
that can be achieved in a high-Q cavity is sufficient such that a
doubling crystal can be used to provide the same effective output
coupling. A nonlinear crystal is in many ways an ideal output
coupler for a Raman laser system. At the Raman threshold,
there is no output coupling, and hence, the Raman threshold can
be extremely low. As the pumping is increased, the increasing
output coupling can enable highly efficient operation.

Fig. 4 shows the calculated total efficiency P out
D /PP of an

intracavity-doubled Raman laser as a function of the spot sizes
in the Raman and doubling crystals. The following parameters
are used: a 10-mm Nd:GdVO4 laser crystal with a diode pump
radius and mode radius in the crystal of 150 µm; a 25-mm
KGW Raman crystal; a 10-mm-long LBO crystal; LF and LS

equal to 1%; and TF and TS equal to 0.01%. The doubled
Stokes radiation generated by the crystal in the direction of the
adjacent cavity end mirror exits the cavity with 90% efficiency;
the radiation generated in the other direction is absorbed by
the laser crystal. The diode pump power incident on the laser
crystal was 15 W. These parameters are similar to the that used
by Dekker’s laser using mirror set 2. For estimated TEM00 spot
size for the Dekker’s laser of 125 µm in the KGW crystal and

Fig. 4. Output efficiency P out
S /PP for a doubled Raman laser as a func-

tion of the spot size in the doubling and Raman crystal. Equivalent or-
dinate and abscissa values in terms of the nonlinear Raman coupling pa-
rameter (κR = PP gR lR/AR ) and nonlinear doubling coupling parameter
(κD = PP kl2D/AD ) are also shown. Calculation used a 150- µm spot in the
laser crystal, 1.0% round-trip losses for the fundamental and Stokes radiation,
and TD = 90% . The diode pump power was 15 W.

100 µm in the LBO crystal, we predict an efficiency of 9.7%
(marked by a cross in Fig. 4). This is significantly higher than the
4.5% efficiency measured for 15 W of pump power by Dekker;
we do, however, expect the experimental laser to operate less
than optimally due mainly to the fact that the laser operates on
many transverse modes.

In a similar way as for the simple intracavity Raman laser, we
see immediately from the model equations that the efficiency
of doubled output is determined by the parameters gRlR/AR

and kl2D/AD. For the approximation that spontaneous emission
from the laser crystal can be neglected (a reasonable assumption
for the ranges plotted in Fig. 4), the efficiency can be defined as
a function of the unitless Raman and doubling coupling param-
eters κR = PP gRlR/AR and κD = PP kl2D/AD: the right-hand
side and top axes of Fig. 4 are labeled in terms of the coupling
parameters. We can then infer from Fig. 4 that the scaling be-
havior is not only a function of mode areas in the doubling and
Raman crystals, but also a function of crystal lengths, nonlinear
parameters, and diode pump power. We note that the analytic
expressions for the efficiency are too complex to directly pro-
vide insight into the laser behavior, and so, are not provided
here.

Fig. 4 reveals that for higher efficiency operation, we need
to increase both coupling parameters as much as possible. A
balance between the two is also required. If the doubling pa-
rameter is too high compared to the Raman parameter, we see
a decrease in the efficiency as the doubling crystal presents too
high a loss to the Stokes field, preventing sufficient build up of
the Stokes field for efficient conversion from the fundamental
field to the Stokes field; for too high a Raman parameter, we
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Fig. 5. Output efficiency P out
S /PP for a doubled Raman laser as a function

of the round-trip loss for the fundamental and Stokes radiation. Calculation
used a 150-µm spot in the laser crystal, 125-µm spot size in the Raman crystal,
100-µm spot size in the doubling crystal, and TD = 90%.

see a small decrease in the efficiency as the output coupling
presented to the fundamental field exceeds its optimum value.
Increasing the Raman and doubling parameters together allows
us to increase the effective output coupling for the Stokes ra-
diation while still maintaining an appropriate effective output
coupling for the fundamental photons.

We now consider the importance of the residual round-trip
losses. Fig. 5 shows the calculated efficiency of generating dou-
bled Stokes radiation as a function of losses for the Stokes and
the fundamental fields (note that for this calculation we can
count TF and TS as losses). The calculation used the same pa-
rameters as shown in Fig. 4 with the spot radius in the Raman
and doubling crystal set to 125 and 100 µm, respectively. For
these parameters, the efficiency is more sensitive to the Stokes
losses than does to the fundamental losses; this is simply be-
cause the effective output coupling for the Stokes radiation is
far lower than the optimal for most of the points plotted in
Fig. 5, and hence, additional Stokes losses are more detrimen-
tal than that for the laser modeled in Fig. 3. Dekker measured
an efficiency of 4.5% for a cavity with TF + LF = 1.01% and
TS + LS = 1.01% (mirror set 2); the model predicts 9.7% effi-
ciency (white cross, Fig. 5). For a cavity with TF + LF = 1.2%
and TS + LS = 1.8% (mirror set 1), Dekker measured an effi-
ciency of 1.6%; the model predicts 3.7% (white circle, Fig. 5).

These results highlight the importance of reducing the cavity
losses as much as possible and indicate that even at the level of
1%, losses are still strongly limiting the performance of these
lasers. If losses could be reduced further from 1% to 0.5% the
model predicts an increase in the efficiency from 10% to 19%.

In summary, by increasing the coupling parameters for the
Raman and doubling processes along with reducing the round-
trip losses, the model suggests that it should be possible to
increase the efficiency of the doubled Raman lasers to more
than 20%. Recall also that the modeled laser design only couples

half of the generated yellow photons out of the cavity. With an
improved cavity design, incorporating an intracavity polarizer
or dichroic mirror, we can approximately double the output
power of the laser. For a cavity in which the doubled Raman
photons are resonated once through the crystal, we can also
increase the doubling coupling parameter owing to the seeding
of the second-pass through the doubling crystal. In this way,
efficiencies of more than 40% may be attainable.

VI. IMPLICATIONS FOR LASER DESIGN

Here, we consider some of the implications of the results of
the model and how they can be applied to laser design.

For the intracavity Raman laser, the efficiency can be im-
proved by increasing the nonlinear coupling parameter in the
Raman crystal. Often we are working with a fixed pump power
and are using a specific Raman material in order to reach a
certain wavelength. In order to increase the Raman coupling
parameter, then, we need to increase the ratio lR/AR through
a combination of decreasing the mode size and increasing the
crystal length. There is, of course, a limit to improvements
reaped in this way. We must account for diffraction of the beams
and should, in fact, consider the value of 1/AR averaged over
the length of the crystal. As we focus so tightly within the crystal
that the confocal parameter of the beam waist becomes compa-
rable with the crystal length, then, we no longer maintain that
small mode radius for the whole length of the crystal. Focus-
ing more and more tightly now brings far less advantage. The
Dekker’s laser uses a 2.5-cm Raman crystal and a mode size of
125 µm with an associated confocal parameter of 9 cm. For this
case, then, there are still substantial benefits to be obtained by
either increasing the crystal length or decreasing the mode size
in the Raman crystal.

For the doubled intracavity Raman laser, we wish to increase
both the Raman and the doubling coupling parameter to im-
prove the efficiency. Increasing κD is most easily achieved in
practice by increasing the crystal length, making use of the l2D
dependence of the coupling parameter. Dekker used a 1-cm-
long LBO crystal, used for type I noncritical phase matching.
LBO crystals of up to 4 cm are routinely used for this type of
phase matching; such a crystal offers a simple way of achieving
a sixteen-fold increase in κD, equivalent to a fourfold reduction
in the doubling spot radius in Figs. 4 and 5.

To achieve efficient operation in a low number of transverse
modes, it is essential to match the cavity mode size in the laser
crystal with the spot size of the pump diode. While it is diffi-
cult to tightly focus the output from diodes that typically have
extremely poor beam quality, the model suggests that we can
operate successfully with a relatively large mode size in laser
crystal while still using a smaller mode size in the Raman crys-
tal. Designing such a cavity will enable improved matching
between the laser mode and the diode output and still achieve a
low Raman threshold and high efficiency.

Having decided on what spot sizes we would ideally like in
each of our crystals, one can begin to design a cavity. The design
must take account of the thermal lenses that are established in
the laser and Raman crystals; the strength of these lenses will
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depend on the incident pump power, and so, the cavity must be
designed for a specific range of pump powers. The length of the
cavity is not a factor for determining the threshold or efficiency
of the lasers, but is an important consideration for determining
the stability of simple two-mirror cavities. The cavities used
by Dekker and Demidovich are kept short in order to maintain
the cavity stability when the thermal lens in the laser crystal
becomes strong [5], [8]. A cavity design with a larger spot size
in the laser crystal has a second advantage that the strength of
the thermal lens for a given pump power is reduced, easing the
constraints on the cavity design. We suggest that a more complex
cavity such as a folded three- or four-mirror cavity will allow
more control over the spot sizes in each of the crystals in the
cavity and also permits cavity designs that are stable for stronger
thermal lenses. A design with optimized spot sizes in each of the
crystals combined with improved stability against the thermal
lenses will allow the lasers to be operated with greatly increased
efficiency.

Further investigation of the dominant sources of the round-trip
losses may reveal the best approach for reducing these losses;
possible approaches include coating dielectric mirrors directly
on the crystal end faces, improving the quality of the AR coat-
ings on the crystals, and investigating and reducing the scattering
losses in each of the crystals.

VII. SUMMARY

We have presented a plane wave model of intracavity Raman
lasers and intracavity-doubled Raman lasers. For most parame-
ter ranges, the power deposited in the laser crystal by the pump
laser diode is very efficiently extracted into the fundamental
laser field. We can consider the role of the laser crystal, then,
to be a means to efficiently transfer the power from the low
beam quality diode to the high beam quality, strongly cavity-
enhanced fundamental field. The threshold and efficiencies of
the intracavity Raman laser can be approximated by simple an-
alytic expressions that indicate the importance of each of the
design parameters of these lasers. One important implication is
that the pump diode spot area and mode area in the laser crystal
are not a factor for determining the Raman threshold or laser
efficiency, provided they are matched. Cavity designs with sig-
nificantly smaller spots in the Raman crystal than in the laser
crystal can lead to a laser with a low Raman threshold that can
be pumped using pump diodes with poor beam quality.

We have calculated how the efficiency of Raman and dou-
bled Raman laser system scales with the Raman and doubling
coupling parameters and with the cavity losses. For the pub-
lished intracavity Raman lasers used by Dekker, the results in-
dicate that a large increase in the Raman coupling parameter
is the best approach to achieve high-efficiency operation. For
intracavity-doubled Raman lasers, we again conclude that both
Raman and doubling coupling parameters must be increased
strongly in order to increase the laser efficiency; the parameters
must, however, be increased in tandem to maintain the opti-
mum balance between the nonlinear processes. We predict that
intracavity-doubled Raman lasers with efficiencies of the order

of 40% could be realized with new cavity designs that maximize
the coupling parameters and minimize the resonator losses.
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