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Abstract An intracavity pumped SrWO4 anti-Stokes

Raman laser is realized by placing an inclined SrWO4

Raman cavity in a Q-switched Nd:YAG fundamental

cavity. This structure is used to achieve non-collinear

phase matching between the fundamental, the first-order

Stokes and the first-order anti-Stokes waves. The maxi-

mum forward and backward first anti-Stokes outputs are

0.683 and 0.667 mJ, respectively, and the corresponding

first anti-Stokes pulse widths are both 3.3 ns. A rate

equation model is set up to simulate the output energies

and temporal characteristics of these pulses. The stimu-

lated results are in agreement with the experimental ones

on the whole.

1 Introduction

Stimulated Raman scattering (SRS) is a significant method

to obtain new laser wavelengths through nonlinear fre-

quency conversion. With the emergence of excellent

Raman crystals, solid-state Raman lasers have received

much attention for the high Raman gain, compactness,

good mechanical and thermal properties of these crystals

[1–5]. Besides, Raman fiber laser sources with potential

applications in optical communication [6] and medical

optics [7, 8] also attract numerous concerns. Almost all

these works have concentrated on the Stokes process. The

frequency up-conversion in anti-Stokes process is a nec-

essary supplement for the down-conversion in Stokes

process. The generation of anti-Stokes waves can be an

effective way to expand the spectral range of coherent light

sources.

In most works, the anti-Stokes waves were generated by

focusing ultrashort laser pulses into Raman crystals [9–12].

However, this focusing technique provides little control of

the output spectrum and the output beam quality. An

alternative approach is generating anti-Stokes waves in

photonic crystal fibers, which has also attracted a lot of

attention [13–15]. Nevertheless, the relatively low energy

is not well suitable for most practical applications.

In 2004, A. A. Grasiuk et al. [16] realized effective first

anti-Stokes generation at 511 nm using a two-stage Raman

frequency converter. In the first stage, the first Stokes wave

(wavelength 555 nm) was produced by pumping a potas-

sium gadolinium tungstate (KGW) crystal with a small

amount of the fundamental wave (wavelength 530 nm;

pulse duration 20 ps). In the second stage, the first Stokes

wave and the remaining fundamental wave were synchro-

nously focused into another KGW crystal. On the condition

of non-collinear phase matching between the fundamental,
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the first Stokes and the first anti-Stokes waves, the first

anti-Stokes energy obtained was 8 lJ.

To achieve a more compact anti-Stokes laser source, in

2009, R. P. Mildren et al. [17] investigated a solid-state

external cavity anti-Stokes Raman laser with a nanosecond

pump laser and one KGW crystal. By parametric interac-

tion between the fundamental (wavelength 532 nm; pulse

duration 8 ns) and the generated first Stokes (wavelength

559 nm) beams, the maximum first anti-Stokes (wave-

length 508 nm; pulse duration 4 ns) energy of 270 lJ was

obtained.

The first anti-Stokes generation is a four-wave mixing

(FWM) process [18], which depends on the intensities of

both the fundamental wave and the SRS-generated first

Stokes wave. In contrast to the extracavity pumped anti-

Stokes Raman laser, intracavity pumped anti-Stokes sys-

tems have more advantages. The high intracavity funda-

mental wave intensity is propitious to the nonlinear

conversion in the SRS and the FWM. And the intracavity

anti-Stokes system uses round trips of the fundamental

wave inside the Raman cavity. As far as we know, there are

no relevant reports on either the theoretical model or the

experimental research of the intracavity anti-Stokes Raman

laser.

In this paper, an intracavity Q-switched Nd:YAG/

SrWO4 anti-Stokes laser is achieved. The spectral, the

temporal and the phase-matching characteristics of the

fundamental, the first Stokes and the first anti-Stokes out-

puts are studied. The maximum forward and backward first

anti-Stokes energies are obtained to be 0.683 and 0.667 mJ,

respectively, with the same pulse width 3.3 ns. In the

theory part, we analyze the intracavity anti-Stokes laser

based on rate equations, which are modified by adding

additional terms to describe the conversion from the fun-

damental and the first Stokes waves to the first anti-Stokes

wave. Numerically solving these equations, the temporal

pulse shapes are simulated and the first anti-Stokes output

energies are calculated. The stimulated results agree with

the experimental ones on the whole.

2 Experimental setup

The experimental configuration of the intracavity

Nd:YAG/SrWO4 anti-Stokes laser is shown in Fig. 1. We

arranged an inclined Raman cavity inside a Q-switched

fundamental cavity to satisfy the phase matching of FWM.

For the bidirectional output of the first anti-Stokes wave,

two flash-lamp-pumped Nd:YAG rods (1.0 at.% doping

concentration / 5 mm 9 60 mm) were symmetrically

placed on both sides of the Raman cavity. The rear mirror

of the fundamental cavity (M1) was high reflection (HR)

coated at 1,064 nm (R [ 99.9 %). The output coupler of

the fundamental cavity (M4) was high transmission (HT)

coated for wavelengths 950–975 nm (T [ 99 %) and par-

tial reflection coated at 1,064 nm (R = 83 %). An aperture

of 2 mm diameter was inserted near M1 to maintain single-

transverse-mode operation of the fundamental wave. The

Raman medium was an a-cut SrWO4 crystal with a size of

4 9 4 9 52 mm3. Both faces of the SrWO4 crystal were

anti-reflection (AR) coated at 1,064, 1,180 and 969 nm.

The rear mirror of the Raman cavity (M2) was coated for

HR at 1,180 nm (R [ 99 %). The output coupler of the

Raman cavity (M3) was coated for partial reflection at

1,180 nm (R = 96 %). The Raman cavity was located in a

rotation stage (Zolix, RSA100) adjusted by a motion con-

troller (Zolix, SC300-2B). The anti-Stokes laser operated at

a pulse repetition rate of 1 Hz. The fundamental cavity

length was 50 cm, and the Raman cavity length was

6.0 cm. All mirrors in this experiment were plane.

The output first anti-Stokes energies were measured by

an energy sensor (Ophir, PE9-RoHS), connected to a laser

energy meter (Ophir, NOVA II). The first anti-Stokes and

the fundamental pulses were detected by a Si photodiode

and the first Stokes pulses by an InGaAs photodiode. The

pulse temporal behaviors were recorded with a digital

phosphor oscilloscope (Tektronix, TDS3052B). The spec-

tra of the laser waves were monitored and measured by an

optical spectrum analyzer (Yokogawa, AQ6370C) of a

spectral range from 600 to 1,700 nm.
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Fig. 1 Schematic diagram of the intracavity Nd:YAG/SrWO4 anti-Stokes Raman laser
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3 Experimental results and discussion

When the angle between the fundamental wave and the first

Stokes wave (h-1) increased to approximately 0.93�,

bidirectional first anti-Stokes beams emerged, and the

maximum outputs were obtained with h-1 rising up to

about 1.90�. Corresponding to this, the optimal angle

between the fundamental wave and the first anti-Stokes

wave (h?1) was about 1.56�. These phase-matching angles

are listed in Table 1.

The phase-matching angles were also calculated using

the relation shown in Fig. 2. We compare them (also

detailed in Table 1) with the experimental values. The

calculated angles are fairly consistent with the experi-

mental ones. The minor differences are due to the deviation

in the dispersion of the crystal from the published Sell-

meier equations [19].

For the voltage applied on the flash lamp well above the

threshold of Stokes generation, the first anti-Stokes, the

fundamental, the first and the second Stokes outputs were

observed at 969.1, 1,064.2, 1,179.8 and 1,323.4 nm as

shown in the spectra of Fig. 3. The frequency shift between

them agreed well with the optical vibration modes of tet-

rahedral WO�2
4 ionic groups of SrWO4 (921 cm-1) [20].

The first Stokes and the second Stokes waves were col-

linear, with the propagation direction defined by the Raman

cavity. No apparent third Stokes wave around 1,506 nm

was detected.

Figure 4 shows the forward and the backward output

energies of the first anti-Stokes wave with respect to the

pumping voltage. The forward first anti-Stokes energy

shared the same variation trend with the backward coun-

terpart and reached up to 0.683 mJ under the voltage of

775 V. The maximum backward one obtained was

0.667 mJ under the same pumping voltage.

The typical temporal behaviors of the laser pulses are

shown in Fig. 5, in order to investigate the pulse temporal

characteristics such as the pulse shapes, the pulse widths

and the temporal correlation between pulses. The first anti-

Stokes and the fundamental pulses are detected by the Si

photodiode, and the first Stokes pulse is detected by the

InGaAs photodiode. Therefore, the pulse profiles are not in

scale with the respective pulse energies. The generation of

the first Stokes wave occurred near the peak of the funda-

mental pulse. The first anti-Stokes pulse was just generated

during the overlapping of the fundamental and the first

Table 1 The measured phase-matching angles compared with the

calculated values

Output beam ki Wavelength

(nm)

Experimental

angle hi (�)

Calculated

angle hi (�)

First anti-Stokes

k?1

969.1 h?1 = 1.54 ± 0.05 h?1 = 1.56

Fundamental k0 1,064.2 h0 = 0.00 ± 0.05 h0 = 0

First Stokes k-1 1,179.8 h-1 = 1.92 ± 0.15 h-1 = 1.90

+1-1

lk lk

asksk

Fig. 2 Phase matching diagram for the first anti-Stokes generation.

kas, kl and ks are the first anti-Stokes, the fundamental and the first

Stokes wave vectors, respectively

Fig. 3 The spectra of the first

anti-Stokes, the fundamental,

the first and the second Stokes

outputs of the intracavity

Nd:YAG/SrWO4 anti-Stokes

Raman laser
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Stokes waves, which was in accordance with the FWM

process. The pulse widths of the first anti-Stokes, the fun-

damental and the first Stokes waves were 3.3, 11.4 and

4.1 ns, respectively. No apparent difference was observed

between the forward and backward temporal characteristics.

4 Theory

4.1 Rate equations for intracavity anti-Stokes lasers

In the intracavity anti-Stokes laser, the Raman cavity is

placed inside the fundamental cavity. The first and the

second Stokes waves oscillate in the Raman cavity, and the

fundamental wave oscillate in the fundamental cavity.

In this paper, we assume the photon densities of the

fundamental, the first anti-Stokes, the first Stokes and the

second Stokes beams to be of plane-wave spatial distri-

bution. And for flash-lamp-pumped lasers with gain media

like Nd:YAG, the initial population inversion density n(0)

can be considered to be uniform [21].

The walk-off angles between the fundamental and the

Stokes waves are 1.04� and 1.90� inside and outside the

SrWO4 crystal, respectively. Considering the symmetry of

the Raman cavity, the maximal departure between the

fundamental and the first Stokes beams is \0.5 mm in the

SrWO4 crystal. The walk-off between the fundamental and

the first anti-Stokes beams is smaller. Thus, it is reasonable

to regard the first anti-stokes, the fundamental, the first and

the second Stokes waves as collinear.

By taking the conversion from the fundamental and the

first Stokes waves to the first anti-Stokes wave into account

and considering the variation of the second Stokes photon

density, the rate equations of actively Q-switched intra-

cavity Raman lasers in Ref. [22] are modified as

d/l tð Þ
dt
¼ 2rn tð Þ/l tð ÞL

tr
� 2g�hxsc/r tð Þ/s tð ÞLR

trs

� /l tð Þ
tr= La�l � ln Rlð Þ½ � �

d/l tð Þ
dt

�
�
�
�
FWM

; ð1aÞ

d/s tð Þ
dt
¼ 2g1�hxsc/r tð Þ/s tð ÞLR � 2g1�hxs2c/s tð Þ/s2 tð ÞLR

trs

� /s tð Þ
trs= La�s � ln Rsð Þ½ � þ Ksp/r tð Þ þ d/s tð Þ

dt

�
�
�
�
FWM

;

ð1bÞ
dn tð Þ

dt
¼ �ccrn tð Þ/l tð Þ � n tð Þ

sg

; ð1cÞ

d/s2 tð Þ
dt

¼ 2g2�hxs2c/s tð Þ/s2 tð ÞLR

trs

� /s2 tð Þ
trs= La�s2 � ln Rs2ð Þ½ �

þ Ksp2/s tð Þ;
ð1dÞ

where /l(t) and /r(t) are the fundamental photon densities

in the gain medium and in the Raman medium, respec-

tively. Because of the continuity of energy flux inside the

resonator, the fundamental photon densities satisfy the

relation W2
l /l tð Þ ¼ W2

r /r tð Þ, where Wl and Wr are the beam

radii of the fundamental wave in the gain medium and in

the Raman medium. /s(t) and /s2(t) are the first and the

second Stokes photon densities in the Raman medium;

n(t) is the population inversion density. xl, xs and xs2 are

the fundamental, the first and the second Stokes angular

frequencies, respectively; g is the Raman gain coefficient

for the fundamental wave; g1=(xs/xl)g and g2 = (xs2/

xl)g are the Raman gain coefficients for the first and the

second Stokes waves; Ksp and Ksp2 are the spontaneous

Raman scattering factors of the first and the second Stokes.

h is the Planck constant with �h = h/(2p); c is the light

speed in vacuum; L and LR are the lengths of the gain

medium and the Raman crystal, respectively; c is the

Fig. 4 Dependences of the bidirectional output first anti-Stokes

energies on the pumping voltage. Curves correspond to different

propagation directions as follows: A Forward. B Backward

Fig. 5 Pulse profiles of the first anti-Stokes, the fundamental and the

first Stokes waves
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inversion reduction factor of the gain medium; r is the

stimulated emission cross section of the gain medium; sg is

the fluorescence lifetime of the upper level in the gain

medium. tr is the round-trip transit time of the fundamental

wave, and trs is the round-trip transit time of the first and

the second Stokes waves, ignoring the small optical path

difference between them. La-l, La-s and La-s2 are the

intrinsic losses of the fundamental, the first Stokes and the

second Stokes waves; Rl is the reflectivity of the funda-

mental output coupler (M4 in Fig. 1) at the fundamental

wavelength; Rs and Rs2 are the reflectivities of the Raman

output coupler (M3 in Fig. 1) at the first and the second

Stokes wavelengths. d/l(t)/dt|FWM is the loss rate of the

fundamental photon density caused by the FWM. d/s(t)/

dt|FWM is the generation rate of the first Stokes photon

density caused by the same process.

4.2 First anti-Stokes intensity and single-pulse energy

In the slowly varying amplitude approximation, the spatial

evolution of the forward first anti-Stokes field amplitude

Eas is given by [23]

dEas

dz
¼ ixas

2nasce0

Pð3ÞðxasÞe�ikasz; ð2Þ

where the polarization coefficient is defined through the

expression

Pð3Þ xasð Þ ¼ 6e0v
3ð Þ

R xas; xl;�xl;xasð ÞjElj2Ease
ikasz

þ3e0v
3ð Þ

F xas; xl;xl;�xsð ÞE2
l E�s ei 2kl�ksð Þz

; ð3Þ

where the first item of P(3)(xas) represents the loss of the

first anti-Stokes wave caused by its conversion to the

fundamental wave, and the second item represents the first

anti-Stokes generation caused by the FWM. kas, kl and ks

are the first anti-Stokes, the fundamental and the first

Stokes wave vectors, respectively; El and Es are the

fundamental and the first Stokes field amplitudes; nas is the

refractive index of the first anti-Stokes wave; xas is the first

anti-Stokes angular frequency; e0 is the permittivity of free

space. v 3ð Þ
R xasð Þ is the anti-Stokes Raman susceptibility,

and v 3ð Þ
F xasð Þ is the anti-Stokes FWM susceptibility.

v 3ð Þ
F xasð Þ is related to v 3ð Þ

R xasð Þ by [23]

v 3ð Þ
F xasð Þ ¼ 2vð3ÞR xasð Þ: ð4aÞ

v 3ð Þ
R xasð Þ is related to the Stokes Raman susceptibility

v 3ð Þ
R xsð Þ through [24]

vð3ÞR xasð Þ ¼ vð3ÞR xsð Þ�: ð4bÞ

Here, v 3ð Þ
R xsð Þ is separated into the real part and the

imaginary part as

vð3ÞR xsð Þ ¼ v
0

R xsð Þ þ iv
00

R xsð Þ: ð4cÞ

Near the Raman resonance, the real part v0R xsð Þ can be

approximated to be 0 [23], and the imaginary part v00R xsð Þ
can be calculated through [18]

g ¼ � 8pxs

e0c2nlns

v
00

R xsð Þ; ð5Þ

where ns and nl are the refractive indexes of the first Stokes

wave and the fundamental wave.

Because |Eas| is much lower than |Es|, the first item of

Eq. (3) can be neglected compared with the second one,

and the variation of the fundamental and the first Stokes

waves for the generation of the first anti-Stokes wave is

negligible too. Therefore, Eq. (2) is rewritten as

dEas

dz
¼ i3xas

2nasc
v 3ð Þ

F ðxasÞE2
l E�s ei 2kl�ksð Þz: ð6Þ

The forward first anti-Stokes energy equals to 0 at the

back end of the SrWO4 crystal and increases to the

maximum value at the front end. On the contrary, the

backward one equals to 0 at the front end of the crystal and

rises up to the highest at the back end.

Eas�forward zð Þjz¼0 ¼ 0; Eas�forward zð Þjz¼LR

¼ max Eas�forwardð Þ; ð7aÞ

Eas�backward zð Þjz¼LR
¼ 0; Eas�backward zð Þjz¼0

¼ max Eas�backwardð Þ: ð7bÞ

Considering the symmetry of the intracavity FWM, the

bidirectional first anti-Stokes energies can be regarded as

the same.

Integrating Eq. (6) from 0 to the length of the Raman

crystal LR with

Ii ¼
1

2
e0cnijEij2 i ¼ l; s; asð Þ; ð8Þ

and using the relations (4a–4c) and (5), the one-way output

first anti-Stokes intensity Ias(t) is given by

Ias tð Þ ¼ 9nsx2
asg

2L2
R

16p2nasx2
s

sinc2 Dkj jLR

2

� �
1

2
IlðtÞ

� �2

� 1

2
Is tð Þ

� �

;

ð9Þ

where Dk is the wave vector mismatch given by

Dk ¼ 2kl � kas � ks: ð10Þ

On the condition of phase matching (i.e., Dk = 0 in Eq.

(10)), Eq. (9) is rewritten as

Ias tð Þ ¼ 9nsx2
asg

2L2
R

128p2nasx2
s

I2
l tð ÞIs tð Þ: ð11Þ

By using the relation between photon densities and

optical intensities of the fundamental and the first Stokes
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waves, Ii(t) = /i(t)c�hxi, (i = l, s), the one-way output

intensity Ias(t) and the single-pulse energy Eas of the first

anti-Stokes wave can be expressed as

Ias tð Þ ¼ 9c3�h3nsx2
l x

2
asg

2L2
R

128p2nasxs

/2
l tð Þ/s tð Þ; ð12Þ

Eas ¼
Z1

0

Ias tð ÞAasdt

¼ 9c3�h3nsx2
l x

2
asg

2L2
RAas

128p2nasxs

Z1

0

/2
l tð Þ/s tð Þdt

ð13Þ

where Aas is the area of the first anti-Stokes beam.

The fundamental, the first Stokes and the second Stokes

output energies El, Es and Es2 can be expressed as

El ¼
1

2
ln

1

Rl

� �

c�hxlAl

Z1

0

/l tð Þdt; ð14aÞ

Es ¼
1

2
ln

1

Rs

� �

c�hxsAs

Z1

0

/s tð Þdt; ð14bÞ

Es2 ¼
1

2
ln

1

Rs2

� �

c�hxs2As2

Z1

0

/s2 tð Þdt; ð14cÞ

where Al, As and As2 are the beam areas of the fundamental,

the first Stokes and the second Stokes waves, respectively.

According to the photon number conservation and the

photon energy conservation in the FWM process, a first

anti-Stokes photon is generated along with the consump-

tion of two fundamental photons and the generation of a

first Stokes photon. Thus, the variation rates of the fun-

damental and the first Stokes photon densities satisfy the

following relation:

1

2
� LC

LCR

d/l

dt

�
�
�
�
FWM

¼ d/s

dt

�
�
�
�
FWM

¼ 2Ias tð Þ
�hxasLCR

; ð15Þ

where LC and LCR are the optical lengths of the fundamental

cavity and the Raman cavity, respectively. 2Ias (t) is the total

first anti-Stokes intensity in consideration of the consistency

of the forward and the backward anti-Stokes waves.

Substituting Eq. (12) into Eq. (15) and substituting the

obtained variation rates into Eqs. (1a–1d), the rate equations

can be numerically solved. Substituting /l(t) and /s(t) into

Eqs. (12) and (13), we can calculate the one-way output

intensity and the pulse energy of the first anti-Stokes wave.

4.3 Numerical calculation

We give the theoretical simulation results of the temporal

shapes and the one-way output first anti-Stokes energy for

comparison. The shapes were simulated at the pumping

voltage of 775 V as shown in Fig. 6. For showing the pulse

temporal characteristics clearly, the intensity of the first

Stokes wave was multiplied by 2, and the intensity of the

first anti-Stokes wave was multiplied by 20. The pulse

durations of the fundamental, the first Stokes and the first

anti-Stokes waves are about 15, 6.5 and 3.5 ns, respec-

tively. The one-way output energy with respect to the

pumping voltage was calculated from 500 to 850 V as

shown in Fig. 7 (Curve C). The parameters for the

numerical calculation are listed in Table 2.

We can see that the theoretical temporal characteristics

in Fig. 6 are in accordance with the experimental results

shown in Fig. 5 on the whole. The calculated one-way

output first anti-Stokes energy versus the pumping voltage

shares the same variation trend with the experimental

results. Some discrepancies can also be observed, and the

reasons may be as follows: Firstly, our theoretical model

was obtained under the collinear approximation. In the

Fig. 6 Simulated pulse profiles of the fundamental, the first Stokes

and the first anti-Stokes waves with pulse durations about 15, 6.5 and

3.5 ns, respectively

Fig. 7 Theoretical and experimental output first anti-Stokes energies

with respect to the pumping voltage. The symbols A and B are the

experimental results, and the curve C is the theoretical result
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experiment, the fundamental, the first Stokes and the first

anti-Stokes waves satisfied the non-collinear phase

matching. The walk-off angles for the non-collinear phase

matching can impact the spatial overlapping of the laser

beams. Secondly, we assumed the laser beams to be of

plane-wave spatial distribution. That is to say, the photon

densities only depended on time in the rate equation model.

In fact, they also depended on space. Thirdly, the intrinsic

losses La-l, La-s and La-s2 used in the calculation were not

very accurate. Different values of La-l, La-s and La-s2 also

influenced the calculated pulse shapes.

5 Conclusions

In summary, an intracavity Nd:YAG/SrWO4 anti-Stokes

Raman laser has been studied theoretically and

experimentally. The phase-matching conditions, the spec-

trum and the temporal characteristics of the fundamental,

the first Stokes and the first anti-Stokes waves are investi-

gated. The maximum forward and backward output ener-

gies of the first anti-Stokes wave were 0.683 and 0.667 mJ,

respectively. In addition, we derived the expressions of the

first anti-Stokes energy and optical intensity and modified

the rate equation model for intracavity anti-Stokes Raman

lasers. This model was used to analyze the performance of

this Nd:YAG/SrWO4 anti-Stokes laser. The simulated

results were consistent with the experimental ones on the

whole. This model can also be used to predict the charac-

teristics of other intracavity pumped anti-Stokes Raman

lasers.
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