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Abstract:

In this paper we present a time-dependent theory that describes the continuous wave (cw)

Raman laser in H2.  The time-dependent theory is compared to existing theories and

threshold measurements are taken.  The relative intensity noise of the pump and Stokes

beams is measured and found to be in agreement with the predictions of the presented

theory.  The Raman laser decreases the relative intensity noise of the pump beam by

34dB/Hz at a frequency of 30kHz.  In addition the spectral heterodyne beat-note

linewidth of the continuous wave Raman laser is measured to be 8kHz.
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Introduction

Recent experimental [1,2] and theoretical [2,3] studies have been conducted in

non-resonant Raman scattering using a continuous wave (cw) laser pump source.  These

studies have been made possible by developments in mirror coating technology which

have led to the availability of low loss, high reflectivity mirrors.  With reflectivities

approaching 99.995% for multiple wavelengths, high finesse cavities (HFCs) can be

constructed with finesses of 50,000 and higher [4,5].  When resonant, the circulating

power inside a HFC is roughly the finesse times the optical power at the entrance of the

cavity.  Thus, stimulated Raman scattering can be studied with relatively low power cw

lasers.

Raman scattering occurs when an incident photon interacts with a molecule (or an

atom) and generates a red-shifted photon (Stokes) resulting from the conservation of

energy when the excitation in the molecule occurs.  The molecular excitation can be

vibrational, rotational, or electronic.  In references 1-3 non-resonant vibrational Raman

scattering in H2 was studied, and thresholds on the order of a mill i-watt were observed.

With low cost diode lasers, cw Raman lasers covering the spectrum from the visible to

the near IR (~4µm) are possible.

Possible applications of the cw Raman laser will be in laser frequency synthesis

and high-resolution spectroscopy.  Two attributes that were not discussed in references 1-

3 but are critical to the applicabil ity of the source are its spectral purity and amplitude

noise.  In this paper we address the amplitude noise of the cw Raman laser both

experimentally and theoretically.  In addition the spectral linewidth and stabil ity of the

source are measured.
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This paper is organized in the following manner.  Section 2 develops the time-

dependent cw Raman laser equations.  Section 3 examines the steady-state limits of these

equations and compares the results to previous theories.  Section 4 solves the time-

dependent equations to predict the temporal dynamics of the cw Raman laser as seen by

relaxation oscillations as well as the relative intensity noise (RIN).  Section 5 provides

the experimental verification of the time dependent theory.  Section 6 studies the free-

running linewidth of the cw Raman laser.  Section 7 contains some concluding remarks,

and an appendix is provided to discuss the particular difficulties in phase/frequency

locking of the pump laser to the Raman cavity due to the Raman process.

2.       Time-dependent Raman Laser Equations

Theoretical studies have been conducted predicting the effects of using a non-

classical pump source for a non-resonant cw Raman laser [6].  These studies predict that

a photon number squeezed pump source will produce a photon number squeezed Stokes

output.  In addition, preliminary theoretical studies have been performed on a cw Raman

in H2 [2,3,7].  However, the theories presented in references 2,3 and 7 are steady-state

theories which lack the time dependence to predict the relaxation oscill ations seen at high

pump powers in references 1 and 2.

Behavior seen in a quasi-cw Raman laser in NH3 has been described

mathematically [8].  Using the equations derived in reference 8 with the additional

assumptions that the time rate of change of the population is zero and the coherence

between the ground and vibrational state is well established [9], we arrive at an equation

that describes the growth of the Stokes field.  However, the assumption that the pump
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field is not depleted is no longer valid, so a pump equation also needs to be included.

This is done similar to the method outlined in references 2 and 8 with optical pumping

phenomenologically added.  To further simpli fy the equations, the pump and Stokes

fields are assumed to be resonant with the optical cavity.  As a result we have the

following time dependent equations which describe fields inside the Raman laser cavity.
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Ep (Es) is the pump (Stokes) field, and ωp (ωs) is the pump (Stokes) frequency.  The

losses due to the mirrors at the pump (Stokes) frequency are given by Lp (Ls).  The gain

of the Raman system is given by G, and the cavity is optically pumped by K (
inpE ,t)

where 
inpE is the pump field incident on the HFC.  The Raman gain, G, for the Stokes

field is [10]:
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where α is the plane-wave gain coeff icient and c is the speed of light, 2λp/(λp+λs), is a

mode fill ing parameter which accounts for the focusing of the beams where λp(s) is the

wavelength of the pump (Stokes) beam [11].  A standing wave is formed inside the HFC

instead of a traveling wave, so a spatial average was performed that reduced the gain by a

factor of 2 [12].  By setting G and K(ω,t) equal to zero in equations 1 and 2, we arrive at

the following expression for mirror losses Lp and Ls.
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where �  is the length of the cavity and 
)()( bfspR  is the reflectivity of the front (back)

mirror at the pump (Stokes) wavelength.  To determine the optical pumping constant,

K(
inpE ,t), we set the gain, G, equal to zero in equation (1).  We then solve the

inhomogeneous differential equation with the appropriate boundary conditions.  This

results in K(
inpE ,t) taking the following form [13]:

inin pfpp ET
c
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where the transmission of the front mirror at the pump wavelength, 
fpT , is needed to

write equation (5) in terms of 
inpE .  Figure-1 shows the results of numerically integrating

the Raman laser equations 1 and 2  [14].  The pump field inside the cavity increases with

time until the threshold of the Raman laser is reached.  The Stokes field then grows and a

relaxation oscillation is observed which is damped rapidly.  The steady-state values for

the pump and the Stokes fields are then reached.

3. Steady-State limit of Raman Laser Equations

In the steady state, equations 1 and 2 are set to zero, and we solve for the pump

and Stokes fields.  This results in the following expressions for the steady-state pump

field, 
sspE , and Stokes field, 

sssE  inside the Raman cavity,
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Equation 6 is independent of the pumping constant, K, so once the cw Raman laser

threshold is reached the pump power inside the HFC remains constant.  The threshold
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occurs when the Stokes field amplitude becomes real valued (K=LpEp). Using equations

5-7 we can express the required pump field incident on the Raman cavity for threshold

as:

GT

L

c

L
E

f

thresin

p

sp
p

�
=

,
. (8)

To find the fields outside of the Raman cavity we multiply by T
2

1
 since light can

escape from either of two mirrors.  The fields exiting the HFC therefore take the

following form.
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where the first term on the right side of equation 9a accounts for the reflected incident

pump field. While expressions 9-10 do not explicitly show a dependence on absorptions

and scattering losses, the expressions do depend on the R (reflectivity) and the T

(transmission) of the mirrors, and these values must satisfy R+T+A=1.  Thus, the

absorption dependence is implicit in the expressions.

The pump and the Stokes fields can be converted into powers by the following

equation:
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with the scaled area, A, for both the pump and the Stokes fields given by [11,15]:
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where 
�

is the length of the cavity and b is the confocal parameter of the beam.  Figure-2

shows the predictions of equations 9-10 with the predictions of references 2 and 3

overlaid [14].  We see that the steady-state predictions of the current theory are in good

agreement with previous steady-state theories.

4.  Relaxation oscillations and Relative Intensity Noise (RIN)

Figure-1 shows the relaxation oscill ation damping out in the absence of noise to

drive the oscillation.  To see the effect of intensity noise on the output of the cw Raman

laser a noise term is added into equation 1, giving the following modified cw Raman laser

equations:
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where ω is the angular frequency of the noise and β is the amplitude of the oscillation

relative to the incident pump field.  These equations are numerically integrated for

various pump powers and angular noise frequencies allowing for calculation of the

amplitude noise.

The amplitude noise of a laser is commonly expressed in terms of RIN.  Noise

predicted by equations 13 and 14 is converted to RIN according to the following

equation:
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where rmsEδ  is the field RMS noise and ssE  is the steady-state value of the field at the

output of the cw Raman laser.

Since the HFC can add noise via converting frequency deviations into intensity

noise, the RINoutput of the pump and Stokes beams were normalized to the pump RIN at

the exit of the HFC below threshold for measurement purposes.  Thus the normalized

RIN for the pump (Stokes) is given by:

( ) ))((log2040 1010)( )(
ωβ prmsoutputSP CLogRIN

SP
−⋅−=∆   (16)

where 
2

ββ =rms  and )(ωpC is the frequency response of the HFC for the pump beam.

Therefore, the normalized RIN of the pump (Stokes) beam, )(SP∆ , allows for general

statements about the reduction or addition of ampli tude noise by just the Raman process.

The functional dependence of P∆  and S∆  on the noise frequency, 
π

ω
2

, is calculated by

using equations 13-16 [14].

Figure 3 shows the results of this calculation for the normalized RIN of the pump

(Stokes), )(SP∆ , for a pump power of four times the threshold of the Raman laser. The

normalized RIN of the Stokes beam, S∆ , is seen to increase up to a noise frequency of

125kHz where the relaxation oscillation frequency is reached.  Furthermore, for noise

frequencies above the relaxation oscillation frequency, the response of the HFC at the

Stokes wavelength reduces S∆ .  The Stokes RIN at the relaxation oscillation frequency is

seen to be 17 dB/Hz larger than the input pump RIN.
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The calculated normalized RIN of the pump beam, P∆ , is also shown in figure 3.

Due to the self-limiting nature of the pump beam (equation 6), P∆  is expected to

decrease with respect to the input pump beam.  However, the medium has a resonance

due to relaxation oscillations, seen in S∆ of figure 3, which causes an increase in P∆  near

the relaxation oscillation resonance. Thus, for noise frequencies below the relaxation

oscill ation resonance, P∆  initially increases with the noise frequency until the relaxation

oscill ation is reached, then P∆  levels off for larger noise frequencies as shown in

figure-3.

Figure 4 shows the calculated dependence of the relaxation oscillation frequency

on pump power of the Raman laser.  The relaxation oscillation frequency is calculated by

solving equations 13-16 for various pump powers and selecting the frequency

corresponding to the maximum of S∆ .  The relaxation oscillation frequency of the

Raman laser is seen to increase with pump power, but increases much more slowly when

it reaches the Stokes cavity linewidth.  The Stokes cavity linewidth is reached at a pump

power of approximately four times threshold.  For large pump powers, the relaxation

oscill ation frequency levels off to approximately twice the Stokes cavity linewidth.

5. Experimental Apparatus

 Figure-5 shows the experimental apparatus used to measure the threshold, and

RIN of the cw Raman laser.  The device was pumped by a frequency doubled Nd:YAG

with output powers up to 200mW.  The output of this Nd:YAG laser was at 532nm and

was sent through two faraday isolators to minimize feedback to the Nd:YAG laser.  The

beam was then passed though a resonant phase modular to place sidebands on the carrier

frequency required for phase/frequency locking of the cavity and the pump beam.  An
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electro-optic modular (EOM) in conjunction with an acousto-optic modular (AOM)

provided external phase/frequency tuning of the laser frequency [16].  A half-wave plate

with a downstream polarizing beamsplitter (PBS) provided a variable pump power.  The

beam then traveled though a two-element lens pair to mode match the pump beam to

cavity.    A PBS in conjunction with a quarter-wave plate allowed for the monitoring of

the reflected beam for phase/frequency locking.  A fast photo-detector was used to

measure the error signal.  A low-noise ampli fier gave the signal 30dB of gain before it

was mixed to dc.  The error-signal entered the servo, which sent the slow corrections

(DC-1kHz) to a piezo-electric transducer (PZT) used to control the spacing of the HFC

mirrors. The intermediate frequencies were sent to the AOM (10Hz-180kHz), while the

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 at the front of the cavity.  A prism

was used to spatially separate the pump (532nm) and the Stokes (683nm) beams at the

exit of the cavity. The photo-detector signals were split.  The dc signals were sent to

digital voltmeters to measure to the output powers while the ac signals (>10Hz) were

given a transimpedence gain of 30dB and the RINs of the pump and Stokes beams were

measured by RF spectrum analyzers.

Figure 6 shows the output Stokes power as a function of input pump power, and

figure 7 shows the photon conversion efficiency as a function of pump power. The

threshold of the cw Raman laser is 640±30µW [17], and the maximum conversion

eff iciency is 27±3% at 2.6mW of pump power [18].  The theoretical fit was obtained

using equations 9-10 and using mirror reflectivities (transmissions) of 0.99980 (156ppm)

and 0.99977 (163ppm) for the pump and Stokes wavelengths, respectively [19].  The



11

Raman cell was filled to 10atm. with H2 which gave a Raman linewidth of 510MHz

(FWHM) [20].  The cavity length was 7.68cm, the radius of curvature of the mirrors was

25cm, and 91045.3 −×=α cm/W [21].  Deviations from the theoretical fits at larger pump

powers may be caused by distortions in the HFC mirrors.  Such distortions can result

from thermal heating by the absorption of the high optical power circulating in the HFC.

Figure-8 shows the pump RIN before and after the HFC with the calculated shot

noise level for reference.  The pump RIN after the HFC is larger for two reasons: the

AOM steers the beam slightly which changes the coupling efficiency, and the HFC

converts frequency noise into amplitude noise.  Thus, we normalize the pump and the

Stokes RIN to the pump RIN at the exit of the cavity below threshold.  The pump and

Stokes RIN were measured at every data point of the threshold curve.

Figures-9a and 9b show the normalized RIN of the Stokes and pump beams at

four times the threshold of the Raman laser. The theoretical normalized RIN fits were

obtained using equations 13-16 and the parameters of the threshold fits [14].  Both the

Stokes and pump fits are in agreement with predictions of the theory.  The significant

deviations in P∆  seen in the frequency range of 0 to 20kHz are caused by instabilities in

the PZT servo. In addition, for larger pump powers (6 times threshold and larger) the

phase/frequency locking system prohibited consistent measurements of the RIN at

frequencies above the pump cavity half-width (64kHz).  Appendix A addresses the

difficulties in the phase/frequency locking at these high pump powers.

Figure-10 shows the normalized RIN of the pump and the Stokes beams at

frequency of 30kHz as a function pump power.  For small pump powers the normalized

RIN for the Stokes was 30dB/Hz, and reduced to –5dB/Hz at higher pump powers.  The
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normalized pump RIN was reduced to -34dB/Hz for large pump powers, which was

45dB/Hz above the calculated shot noise level.  The theoretical RIN fits were obtained

using equations 13-16 and the parameters of the threshold fits [14].  The fits show that

the predictions of the theory for frequencies below the cavity half-width (64kHz) are

valid for all pump powers.

 6. Cw Raman Laser Linewidth

Two identical cw Raman lasers were constructed to measure the free running laser

linewidth of the device.  A simplified experimental diagram is shown in figure-11.  The

locking servo was identical to that of figure-5; however, the EOM for phase control was

absent [22].  Emissions from the two Raman lasers were overlapped and a RF spectrum

analyzer and a precision frequency counter measured the beat signal.  Figure 12 shows

the spectrum analyzer output for a 10ms sweep.  The FWHM of the beat signal was

measured to be 8kHz in a resolution bandwidth of 2.9kHz.  The Schawlow-Townes laser

linewidth is ~10mHz for the cw Raman laser. Deviations from this limit were caused by

vibrations experienced by the HFC [23] and were not due the Raman process.  Thus, for a

well i solated HFC the cw Raman laser beat-note linewidth should reach the 10-100Hz

level.

The stability of the cw Raman laser was studied by measuring the Allan-variance.

The Allan-variance of the beat frequency is shown in figure-13, which was calculated for

a sample size of 100 for integration times of 10 seconds and smaller had a sample size of

20 for the 100 second integration time.  The Allan-variance had a peak at ~100Hz caused

by vibrations present on the optical table [23].  The Allan-variance had a minimum of

1kHz at an integration of ~1 second before long term cavity drifts took over.
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7. Conclusions

The threshold of the cw Raman laser was measured to be 640±30µW.  Α time-

dependent theory that describes the cw Raman laser was presented.  The steady-state

limit of the theory agrees well with existing theories.  The theory also predicts the

relaxation oscillations observed in references 1 and 2.  The theory predicts the structure

of the RIN for both the pump and the Stokes beams which is in agreement with

experimental results.  The heterodyne beat-note linewidth was measured to be 8kHz in a

resolution bandwidth of 2.9kHz.

Appendix A    Phase/Frequency stability requirements.

In order to construct the stable, low amplitude noise cw Raman laser described in

this paper the following two criteria had to be met.  The servo bandwidth needed to be

larger than the HFC linewidth due to intensity dependent changes of the index of

refraction associated with the Raman process, and the amount of dc gain needed to be

larger than expected due to the self-limiting of the pump intensity inside of the HFC.

For the high pump and Stokes intensities inside the HFC, intensity dependent

changes in the index of refraction occur.  This index change affects the phase of the

reference beam created by the HFC used in optical locking, so oscillations in the pump or

the Stokes beams create oscillations in the error signal.  Relaxation oscill ations are the

predominate source for intensity noise for the cw Raman laser which occur at frequencies

at or slightly larger than the cavity linewidth.  If the bandwidth of the servo controlli ng

the system is smaller than the cavity linewidth, the relaxation oscillation is actually

driven by the control electronics.  Therefore, the bandwidth of the servo needed to be
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larger than the cavity linewidth for the relaxation oscillations to be reduced to the

predictions of the theory.

The self-limiting nature of the pump intensity inside  the HFC once the Raman

laser lases presents an additional locking difficulty. The noise of a laser is traditionally

separated into two regimes: frequency (noise slower than the HFC half-width) and phase

(noise faster than the HFC half-width) noise.  As the pump rate of the Raman laser is

increased so does the size of the error-signal in the phase regime.  However, the error

signal in the frequency regime remains constant due to the self-limiting.  Traditionally

when a laser is locked to a reference cavity the gain of the servo (feedback) is increased

until instability arises, then the gain is reduced slightly.  For the Raman process, the

instabil ity occurs in the phase regime of the noise, so as the pump rate is increased, the

gain of the servo must be decreased to maintain closed-loop stability.  However, the

reduction of the gain from the servo decreases the error-signal in the frequency regime,

reducing the long-term frequency stabil ity of the Raman laser.  This effect becomes

significant for larger pump rates; for example, operating the Raman laser at 10 times

threshold the dc gain is reduced by  20dB.  A solution is to add more dc gain below the

cavity linewidth via a compensated integrator with a corner inside the cavity half-width.
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 Figure Captions:

1. Shows the growth of the pump (solid) and Stokes (dotted) fields as a function of

time.  A relaxation oscillation occurs at ~12µs, but is damped out in one oscillation.

2. Shows a comparison of the predictions of references 2 and 3 (dashed) with the

steady-state limit of the presented time-dependent theory (solid).  The percent difference

of the theories is plotted (dash-dot).  On average the theories differ by less than 1 part per

1000.

3. The normalized RINs of the Stokes (dashed) and pump (solid) beams are shown

as a function of noise frequency at four times the threshold of the Raman laser.
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4. The relaxation oscillation frequency (solid) is shown as a function of pump

power.  The Stokes cavity linewidth (dashed) is overlaid for reference. The threshold of

the Raman laser is 640µW.

5. The experimental apparatus used to measure the threshold and the RIN of the cw

Raman laser is shown.

6. The Stokes output vs. pump power for the cw Raman laser is shown with the

theory overlaid.  The threshold was measured to be 640±30µW.

7. The photon number conversion efficiency vs. pump power for the cw Raman laser

is shown with the theory overlaid.  The maximum photon number conversion efficiency

was measured to be 27±3% at 2.6mW of pump power.

8. The RIN for the pump beam is shown before (dash) and after (solid) the HFC as a

function of frequency.  The calculated shot noise level is added for reference.

9. The normalized Stokes RIN (a) and the normalized pump RIN (b) are shown as a

function of noise frequency.  Theoretical predictions of equations 13-16 are overlaid

(dashed).

10. The measured normalized RINs of the pump (circle) and the Stokes (square)

beams at 30kHz as a function of pump power is shown.  The data is fit by the time-

dependent theory.  The pump RIN is reduced by as much as 35dB/Hz for higher pump

powers. The threshold of the Raman laser is 640µW.

11. Experimental apparatus used to measure the free-running linewidth and stabil ity

of the cw Raman laser is shown. NB denotes narrow-band.

12. Heterodyne beatnote linewidth measured by a RF spectrum analyzer.  The

linewidth of the cw Raman laser was measured to be 4kHz.
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13. The Allan variance vs. integration time is shown.  A peak due to table vibrations

is seen to occur at ~100Hz.
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