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We report the observation of cw coherent anti-Stokes emission from a

non-resonant cw Raman laser in H2.  The anti-Stokes emission is co-linear with the pump

and Stokes beams with a gaussian spatial profile. The external anti-Stokes to Stokes

power ratio is 26.3ppm when the laser cavity is tuned to the center of the Raman

resonance and higher for slight detuning from line center.  A steady-state theory is

presented which accurately describes the anti-Stokes behavior as a function of output

Stokes power and detuning from the Raman resonance.



1. Introduction

Using the high optical power build-up within a high finesse cavity (HFC), it is

now possible to study multi-photon nonlinear processes using low power continuous

wave (cw) lasers for the driving fields.  In particular, stimulated Raman scattering has

recently been used to create non-resonant cw Raman lasers with pump thresholds on the

order of 1mW [1-6].   In the previous work, HFCs allowed incident pump photons to

generate red-shifted Stokes photons via molecular vibration in H2.

Although these studies were limited to Stokes emission, additional parametric

processes are also possible.  Specifically, the four-photon coherent Raman anti-Stokes

process has traditionally accompanied observation of Stokes emission in the high power

regime[7-11].  Figure-1 illustrates the four-wave mixing process in which coherent anti-

Stokes is produced.   In the high-power pulsed regime, the observed anti-Stokes emission

commonly exhibits a ring spatial pattern due to phase matching requirements between the

pump, and the produced Stokes and anti-Stokes photons [12]. However, in cw Raman

lasers, the strict HFC spatial mode selection allows only one spatial mode of the pump

and the Stokes fields to resonate.  To maximize the overlap of the pump and Stokes

beams for gain purposes, fundamental Gaussian spatial modes are chosen, thereby

prohibiting high-angle coherent anti-Stokes emission [1-6].  In this paper we characterize

the properties of this emission with respect to the emitted Stokes power and the detuning

from the Raman resonance.

This paper is organized in the following manner.  Section 2 extends the cw

Raman laser equations of reference 4 to include coherent anti-Stokes emission and

examines the resulting steady-state limits.  The effects of tuning the pump laser frequency



are also treated numerically in this section.  Section 3 provides experimental verification

of the presented steady-state theory, and section 4 contains some concluding remarks.

2. Theory

 Using equations 1-4 of Ref. 13 (see also Ref. 12) and assuming a well-established

polarization (dQ/dt=0), we extend the time-dependent cw Raman equations of Refs. 4 and

14 to include the four-wave mixing process for coherent anti-Stokes emission. This yields

the following time dependent equations describing the fields inside the HFC:
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Ep, Es, and Eas are the pump, Stokes, and anti-Stokes fields, and ωp, ωs, and ωas are the

pump, Stokes and anti-Stokes angular frequencies.  Equation 3 describes the growth of

the anti-Stokes field inside the HFC.   The last term of equation 3 is due to the four-wave

mixing process, where the negative sign denotes an 180º phase difference between the

anti-Stokes field and the four-wave driving term.  Coupling of the pump and Stokes fields

to the anti-Stokes field, including phase-matching, for the four-wave mixing process is

represented by W
asC 4 .    The second term of equation 3 attenuates the anti-Stokes field as

seen in reference 12.  This is a result of the normal Raman process where the anti-Stokes

photon scatters inelastically to produce a photon at the pump frequency.  Equations 1 and

2 are identical to the cw Raman laser equations of reference 4 with the four-wave mixing

anti-Stokes process included.



The losses due to the mirrors are given by Lp, Ls, and Las for the pump, Stokes and

anti-Stokes frequencies respectively with the following functional form:
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 is the cavity length, c is the speed of light, and R is the power reflectivity of the

cavity mirrors at a given frequency.  The rate at which the pump field enters the cavity is

given by ),( tEK
inp , as a function of the incident pump field 

inpE .  The gains for the two-

photon Raman processes are denoted by sG  and pG  for the Stokes and pump beams

respectively.  These gains are slightly different due to the different pumping field

frequencies.  We use the Lorentzian nature of the Raman linewidth to give the following

detuning dependence of the Raman gain:
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where ∆ is the detuning  from the Raman resonance and Γ is the FWHM of the Raman

resonance.  Note when ∆ is set to zero (line center) we recover the standard Raman gain,

G.

For the steady-state limit, the time derivatives of the electric fields in equations 1-

3 are set to zero.  We can then solve for the steady-state values of the pump, Stokes and

anti-Stokes fields.  However, since the measured Stokes to anti-Stokes power ratio was

on the order of 10-100 ppm, we use the steady-state results of reference 4 for the pump

and Stokes steady-state fields. This essentially assumes the anti-Stokes field generation



does not significantly affect the pump and Stokes fields.  Thus, using equation 3 we

arrive at the following expression for the anti-Stokes field:
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Assuming the reflectivity of the HFC mirrors at the anti-Stokes frequency is small

(R<90%) (
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>> ), equation 6 can be reduced to the following expression

for the anti-Stokes field inside of the HFC:
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To find the fields outside one end of the Raman cavity we multiply by asT
2

1
 where Tas

is the power transmission of the mirrors at the anti-Stokes wavelength since light can

escape from either of two identical mirrors.  The anti-Stokes field exiting the HFC

therefore takes the following form:
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Although it appears the process is more eff icient for higher anti-Stokes mirror

reflectivities (lower mirror losses, Las), the field exiting the cavity is also scaled down by

the transmission of the mirrors at the anti-Stokes frequency, thereby partially null ifying

this effect.  This is expected since the anti-Stokes generation is not a stimulated process.

The anti-Stokes field can be converted into power using the following equation[4,15,16]:

AE
2

0

0

2

1

µ
ε

=Π  (9)



with the scaled area, A, for both the pump and the Stokes fields given by:
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where 
�

is the length of the cavity and b is the confocal parameter of the beam.  Using

equations 7-10 we can calculate the ratio of the anti-Stokes power to Stokes power for the

four-wave mixing process:
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Equation 11 relates the coupling parameter, W
asC 4 , to the anti-Stokes to Stokes power

ratio, %as.

Figure-2 shows the predictions of equations 8-10 for constant pump frequency

and a variable input pump power [17].  Note that the anti-Stokes power grows linearly

with the Stokes power.  This is a result of the self-limiting of the pump power inside the

cavity above the Stokes laser threshold [4].  The measured ratio of the anti-Stokes to the

Stokes power is 26 ppm on the Raman line center, which can be used to empirically

determine the parameter W
asC 4  in equation 7. The ratio of W

asC 4 to Gs is 0.47.  For perfect

phase-matching this ratio becomes 1, thus for our configuration (equation 11), the anti-

Stokes emission can be increased by a factor of 4.  Figure-3 shows the predictions of

equations 8-10 for a variable pump frequency and a constant input pump power of

3.3mW[17].  The anti-Stokes radiation is predicted to increase as the pump laser

frequency is detuned to either side of the Raman resonance.  This effect is due to the

decreased Raman gain relative to the line-center value, which raises the cw Raman laser

threshold.  The resulting increased intra-cavity pump power initially increases the anti-



Stokes emission for detuning from line center.  Eventually, the decreased Stokes emission

dominates and the anti-Stokes generation falls as seen in figure-3.

Interferometric effects of the cavity at the anti-Stokes frequency can be accounted

for by including the following cavity factor:
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difference between the Raman line-center and the anti-Stokes cavity resonance and ∆ is

the tuning of the pump frequency from the Raman line-center[18].

3. Experimental Apparatus

Figure-4 shows the experimental apparatus used to produce anti-Stokes emission.

The cw Raman laser was optically pumped by a frequency-doubled Nd:YAG laser with

single mode operation at 532nm with up to 200mW of optical power.  Two Faraday

isolators were used to minimize optical feedback to the pump laser.  The beam was sent

through a resonant phase modulator to place sidebands on the carrier frequency that were

used for phase/frequency locking of the HFC and the pump laser.  The phase and

frequency of the laser were externally controlled by an electro-optic modulator (EOM)

and acousto-optic modulator (AOM) [19].  The optical beam was passed through a lens

pair for mode-matching the beam into the HFC.  A half-wave plate and a polarizing

beamsplitter (PBS) provided a variable attenuator for the pump power.  A subsequent

quarter-wave plate allowed the reflected beam from the HFC to be monitored for an error

signal.  A fast photodetector was used to measure the beat signal produced by the



reflected carrier frequency, sidebands and the leaked field from the HFC.  The beat signal

was given 30dB of gain before it was mixed to dc to produce the error signal.  The error

signal entered the servo, which sent slow corrections (DC-1kHz) to a piezo electric

transducer (PZT) used to control the spacing of the HFC mirrors.  Intermediate

frequencies were sent to the AOM (10Hz-180kHz), while fast corrections were sent to the

EOM (DC-800kHz).  A small portion of the beam was diverted by a glass slide to

monitor the pump power. In addition, the pump laser’s frequency was monitored by a

Burleigh wavemeter.  A prism was used to spatially separate the pump (532nm), Stokes

(683nm) and anti-Stokes (436nm) beams at the exit of the cavity.  Photodetectors were

used to monitor the powers of the output beams.

Figure-5 shows the measured anti-Stokes emission as a function of Stokes power

produced for a constant pump frequency when the HFC is tuned to the Raman line center.

As predicted by equations 6-8, the measured anti-Stokes power is observed to depend

linearly on the generated Stokes power.  A linear fit of the data was performed and the

ratio of the anti-Stokes power to the Stokes power was measured to be 26 ppm.  From

this ratio, the anti-Stokes coupling coeff icient, W
asC 4 , was determined and used to fit the

remaining data for this paper.  Figure 6 shows the anti-Stokes emission as a function of

pump power on line center.  Fitting this dependence allows determination of the

following experimental parameters: mirror reflectivities (transmissions) of 0.99979

(156ppm), 0.99977 (162ppm), and 0.24 (0.76) for the pump, Stokes, and anti-Stokes

wavelengths respectively[20].  The measured Raman linewidth was 610MHz (FWHM),

which corresponds to ~12 atm. of H2[21].  The cavity length was 7.7 cm, the radius of

curvature of the mirrors was 25cm, and the plane-wave gain coeff icient was



91095.2 −×=α cm/W[22].  The Raman laser had a threshold of 830µW.  Deviations from

the theoretical fits at larger pump powers may result from the thermal heating of the gas

due to the Raman process[6].  The parameters used in the fits for figures 5 and 6 are used

for the remainder of this paper.

 Figure-7 shows the measured anti-Stokes emission as a function of detuning from

the Raman resonance.  Also shown in the figure, as dashed and solid lines respectively,

are the theoretical predictions for detuning with and without adjustment for the anti-

Stokes cavity interference effects. Parameters for the overlaid theoretical plots were

obtained using the fits of figures-5 and 6 with a pump power of 2.92mW.  The

predictions of the theory including the anti-Stokes interference effects are in good

agreement with the experimental data presented.  For this theory, the anti-Stokes cavity

resonance frequency was shifted by 100MHz relative to the Raman line center, which

gives the asymmetry in theoretical fit.  The power reflectivity of the mirrors at the anti-

Stokes wavelength was 24%.

The detuning of the pump laser from the Raman resonance was limited to

±500MHz for two reasons.   First, due to the double resonance requirement, the pump

and the Stokes frequencies tune in the same direction, but at different rates.[23]  For

example, to tune across the Raman linewidth by an amount of 1GHz, the pump laser

needs to be tuned 4.5GHz.  Second, for a large detuning from the Raman linewidth the

Raman laser can experience a mode-hop between adjacent transverse modes of the

HFC.[23]

The spatial profile of the anti-Stokes emission on the Raman line center is shown

in figure-8.  The output was Gaussian, not a ring as typically seen. A narrow-band optical



filter caused the fringes in the spatial profile.  The HFC behaves like a spatial filter and

only allows one spatial mode of the pump and the Stokes beams to resonate.  The

experimental apparatus in this paper was configured such that the HFC was doubly

resonant at the pump and Stokes wavelengths with fundamental Gaussian spatial profiles.

The configuration therefore does not allow highly divergent Stokes rays to resonate.

Higher order Stokes spatial modes may produce more efficient coupling of the pump and

Stokes beams to the anti-Stokes beam, but this phenomenon was not investigated in the

paper.  Co-linear emission of anti-Stokes has been observed where self-induced phase

matching in solid H2 occurred [11].  In this system the Stokes frequency was detuned far-

off the vibrational resonance which is not possible with the experimental apparatus of this

paper.

4. Conclusions

Coherent cw anti-Stokes emission was observed.  The four-wave mixing process

producing the anti-Stokes radiation was modeled and the steady-state limit of the

equations was investigated.  For a constant pump frequency the cw anti-Stokes emission

grew linearly with the Stokes output as predicted.  The effects of tuning the pump

frequency were also studied and the results are in good agreement with the presented

theory when interferometric effects are included for the generated anti-Stokes.  The cw

anti-Stokes was co-linear to with the pump and the Stokes beam with a fundamental

Gaussian spatial output.  While an external power ratio of 26.3ppm was observed, higher

ratios may be possible with a higher order, more divergent, Stokes spatial mode, or with

different phase-matching mechanisms.
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Figure Captions

1. The energy level diagram for the cw coherent anti-Stokes process.

2. The predictions of equations 7-9 for anti-Stokes emission with a constant

pump frequency with a variable pump power.  The Stokes output is overlaid to

il lustrate the linear relationship between Stokes and anti-Stokes outputs.

3. The predictions of equations 4 and 7-9 for anti-Stokes emission as a function

of detuning from the Raman linewidth at a pump power of 3.32mW.  The

predicted Stokes emission is overlaid for reference.

4. The apparatus used to create cw coherent anti-Stokes emission.

5. The output power of the cw anti-Stokes emission vs. the output Stokes power.

The linear fit gives the anti-Stokes to Stokes power ratio of 26ppm.

6. The anti-Stokes emission as a function of pump power with the predictions of

equations 7-9 overlaid.

7. The anti-Stokes emission as a function of detuning from the Raman resonance

with a pump power of 2.92mW with the predictions of equations 4 and 7-9

overlaid with (solid) and without (dashed) the interferometric effects.

8. The spatial profile of the cw anti-Stokes beam at the exit of HFC after a

narrow-band filter.
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