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A steady-state theory that describes the performance of a cw off-resonant Raman laser is presented. The cw
Raman laser is constructed in a nonconfocal high-finesse cavity that allows for high Raman gain with low
pump powers. Threshold values of the pump laser used to pump the cw Raman laser are predicted to be as
low as 1 mW. The maximum photon-conversion efficiency for the cw Raman laser is predicted to be 50%.
The theory is compared with experimental results from a cw Raman laser that operates with a pump wave-
length of 532 nm and a Stokes-shifted wavelength of 683 nm. A threshold pump power of 2 mW and a maxi-
mum photon-conversion efficiency of 34% = 6% was measured. With the mirrors used in the experiment,
these values correspond to the predictions from the steady-state cw Raman laser theory. The theoretical
model is then used to design cw Raman lasers operate near the maximum conversion efficiency in the 1-4-um
wavelength region. © 1998 Optical Society of America [S0740-3224(98)01106-0]
OCIS codes: 140.3550, 190.5650, 290.5860, 140.3070, 140.3480, 140.4780.

1. INTRODUCTION

With the recent advancements in mirror technology,
highly reflective mirrors coated for multiple wavelengths
with low absorption losses are now commercially avail-
able. These mirrors are currently used in high-finesse
cavities'? (HFC’s) that have finesses of 10,000—50,000.
The power inside an HFC scales approximately as the in-
put power multiplied by the finesse.?> For example, an in-
terferometer with a finesse of 50,000 and an input power
of 20 mW will have a power of 1 kW inside the cavity.
The high power inside the HFC makes it possible to ex-
ploit nonlinear processes, such as Raman scattering, with
low-power cw lasers, such as diode lasers.

Raman scattering® ™’ is an inelastic scattering process
in which a pump photon scatters off a molecule. Some of
the energy of the pump photon is left with the molecule,
causing the molecule to vibrate or rotate. The scattered
photon is less energetic than the pump photon and thus
has a longer wavelength. Raman lasers® use this inelas-
tic scattering process to create Stokes-shifted outputs.
However, because of the high pump powers needed to
generate the Raman gain for the off-resonant Raman
scattering, pulsed lasers have typically been used to
pump the Raman medium.%1°

Although cw Raman lasers have been built to operate
near a molecular or atomic resonance!'"!* where the Ra-
man gain is large, these lasers are tunable only over a
narrow region near the molecular or atomic resonance.
Furthermore, the pump wavelength needed for these cw
Raman lasers is dictated by the energy-level structure of
the molecule or atom.

Building a ¢w Raman laser in a HFC allows one to
pump a Raman system far off the molecular or atomic
resonance, because the high pump powers inside the HFC
that result from the highly reflective mirrors translate to
large Raman gains. A cw Raman laser that is built far
off the molecular or atomic resonance has advantages
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over the cw Raman laser built near a molecular or atomic
resonance. These advantages include a large range of
pump wavelengths that can drive the Raman laser, which
corresponds to a large tuning range.

With room-temperature diodes, Raman scattering in a
HFC can be used to create lasers in the hard-to-reach 1—
4-pm wavelength region of the spectrum. Figure 1 shows
the available room-temperature diode lasers and the
Raman-shifted wavelengths that these lasers can reach in
various Raman active media. These cw Raman lasers
can find immediate applications in spectroscopy because
many atmospheric molecules'®!7 and pollutants'”'® have
strong absorptions in the 1-4-um wavelength region of
the spectrum.

In this paper a steady-state theory is presented that de-
scribes the output Stokes power as a function of the input
pump power for a cw Raman laser built in a nonconfocal
HFC. This theory models the performance of the cw Ra-
man laser, including the threshold condition and the
Stokes power-conversion efficiency. From this theory a
relatively simple method for designing a cw Raman laser
that operates near the maximum conversion efficiency is
presented.

Experimental results from a cw Raman laser are pre-
sented. The output Stokes power was measured as a
function of the input pump power and is compared with
that predicted by the steady-state theory. The experi-
mental results compare favorably with the predictions
from the theory presented in this paper.

The paper is organized as follows. In Section 2 we
present the details of the theory used to describe a cw Ra-
man laser built in a HFC. In Section 3 we examine the
output Stokes power and the reflected and the transmit-
ted pump powers as functions of the input pump power as
well as the threshold condition. In Section 4 the conver-
sion efficiency for the cw Raman laser is studied. In Sec-
tion 5 the theoretical model is compared with the experi-
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Fig. 1. Wavelengths for the available room-temperature laser
diodes and the wavelengths these diodes can be shifted to by use
of Raman scattering in different Raman media. By use of the
available room-temperature diode lasers as pump sources, cw
Raman lasers can be built to cover the 1-4-um spectral region.

mental performance of a cw Raman laser. In Section 6
we present a simple procedure for designing cw Raman
lasers that perform at or near the maximum conversion
efficiency. Finally, in Section 7, some concluding re-
marks are made.

2. THEORY

The cw Raman laser consists of an HFC filled with a Ra-
man active medium, such as Hy,. The HFC has two
highly reflective mirrors (R > 99.98%) with low absorp-
tion loss [A < 15 parts per million (ppm)] and is set up in
a nonconfocal cavity configuration with a mirror separa-
tion distance /, which is smaller than the radius of curva-
ture of the mirrors, R,,. In this section a steady-state
theory that describes the output Stokes power as a func-
tion of the input pump power for a cw Raman laser is de-
veloped.
The Stokes field is written as!®

Eg(z, t) = /2 Eg(t)exp(—iwgt)u(z) + c.c., (1)

where c.c. stands for the complex conjugate and Eg(¢) is
the slowly varying envelope of the Stokes field, is a com-
plex function of time, and includes the phase information.
Here wg is the frequency of the Stokes field, and u(z) con-

tains the spatial information and is written as'®

u(z) = sin(kz), (2)
where

ke = N;T ‘-q, 3)

where ¢ is the speed of light, Q) is the resonant frequency
of the HFC cavity that is close to but not necessarily equal
to the Stokes frequency wg, and N is an integer. The po-
larization at the Stokes frequency is written in a similar
manner as'®

pg(z, t) = Yepg(t)exp(—iwgt)u(z) + c.c., (4)

where () is the complex slowly varying envelope of the
polarization.

The wave equation that describes the growth of the
slowly varying Stokes field Eg(¢) is'®
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IEg(t)

. 1 g
e —i(Q — wg)Eg(t) + 5t ps(t), (5)

where € is the dielectric permeability of the Raman active
medium. To understand the Raman gain, we next de-
velop an expression for pg(¢), the slowly varying envelope
of the polarization that oscillates near the Stokes fre-
quency.

The polarization can be written as'®

1 (!
9s(t) = 2Zexp(iogt) 37 Lu*(z)Tr(Pp)dZ, (6)

where M = [L|u(z)|?dz and is a normalization factor, p is
the density matrix, and p is the polarization matrix
where the p,,, element of the matrix is p,,, = ex,,,
= e{m|x|n). Here e is the electronic charge and Tr(pp)
stands for the trace of the matrix product of the density
matrix and polarization matrix.

The Raman system for H, is a three level system with
level |1) the ground state, level |2) the first excited elec-
tronic state, and level |3) the first excited vibrational
level. The trace of the product of the density matrix and
the polarization matrix is given by

Tr(pp) = e(x21p12 + X51p21 + X33p93 + Xagpsa).  (7)

In Eq. (7), only the py3 term will oscillate such that pg(¢)
is slowly varying. Assuming that the HFC is on reso-
nance so that )} = wg and using the equations for the
density-matrix elements, one can use Eqs. (5—7) to obtain

IE 5(t)
ot

= G|E,(t)|*Es(2), (8)

where G g represents the gain at the Stokes frequency and
depends on the medium’s parameters. One can write Eq.
(8) in terms of the Stokes power by multiplying by E%(t)
and noting that |Eg(#)|? is proportional to the Stokes
power. The result is

(7_t = 2GSHpHS - Lsns, (9)
where I15(II,,) is the Stokes (pump) power inside the HFC
and Lg is phenomenologically added to account for losses
of the Stokes power that are due to transmission through
the mirrors.

The gain (Gg) can be found when we compare Eq. (9)
with Ref. 20 (with Lg = 0). The result is that

Go = c |4a, tan~1(1/b) (10)
ST21 AgtN, ]
where «, is the plane-wave gain coefficient,?>?2 p

= [I(2R,, — 1)]"? is the confocal parameter of the HFC,
and Ag(\,) is the Stokes (pump) wavelength.

We can also find an expression for the loss term by set-
ting the gain in Eq. (9) to zero. The Stokes power is then

But since this is the power inside the HFC, Ilg
= RIlIg(0) after a single pass that occurs in a time ¢
= [/c. Thus the loss Lg is

Lg = —(c/DIn(R). (12)
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In the steady-state limit, dllg/d¢ = 0, and this allows
us to write a condition for the pump power inside the
HFC, 11,, as

Lgl(Ag + \p)

= 13
P dcag tan"1(1/b) (13)

Now consider the picture for the HFC shown in Fig. (2).
The incident pump field is E, r is the field reflectivity of
the mirrors, ¢ is the field transmission of the mirrors, and
d is the field depletion factor that accounts for the conver-
sion of the pump field to the Stokes field inside the HFC.
The depletion factor can range between 0 and 1.

Summing the pump field inside the HFC and squaring
this sum leads to a result for the pump power inside the
HFC. This result is

In P ) (14)

PN - R

where P, is the input pump power, T' = ¢2 is the trans-
mission of the mirrors, and R = r2 is the reflectivity of
the mirrors. In the steady-state approximation, the
pump field reaches its steady-state value, and this is then
converted to a Stokes field so that d is included only once
per pass in this model. From Egs. (13) and (14), a condi-
tion which describes the depletion factor is reached:

g2 Ls - R 1
- 2Gg T Py

If d as calculated from Eq. (15) is larger than 1, then the
Stokes losses are greater than the Stokes gain, and no
conversion to Stokes will occur. In this case d is set to its
upper limit of 1.

We can find the transmitted and the reflected pump
powers by summing the reflected and the transmitted
fields in Fig. (2). This leads to the total pump power out-
side the HFC, P, , and is

(15)

P Py|R T 1 ’ dT )* (16)
= — — +
PO IR 1-R| )
2
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Fig. 2. Schematic diagram of fields reflected from, and trans-
mitted through and between, the mirrors of the HFC.
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where the first term on the right-hand side of Eq. (16) is
the reflected pump power, while the second term is the
transmitted pump power.

We can also find the absorption of the pump power at
the two mirrors by summing the fields at each mirror,
squaring to get the power, and multiplying by the mirror
absorption A. The absorption of the pump power by the
mirrors, A, is

d*TR d*T
+ .
(1-R?* (1-R)

A=APy|1 + (17)

The output Stokes power can now be found from energy
conservation. The input pump power is P,, while the
unconverted pump power outside the HFC is P,. The
amount of pump power lost to absorption is A. So the to-
tal converted Stokes power is

Pg = (N /Ng)(Py — P, — A), (18)

p
where the ratio of the wavelengths is used to scale the
power at the pump wavelength to that at the Stokes
wavelength.

3. THRESHOLD AND OUTPUT POWERS

The Raman medium used for the calculations in this sec-
tion and for the rest of the paper is H,, which has a Ra-
man shift?® of 4155 cm™!. Unless otherwise stated, the
cavity length is / = 3 cm and the mirror radius of curva-
ture is R,, = 100 cm. The Raman plane-wave gain
coefficient??? for a pump wavelength of N\, = 532 nm
(795 nm, 1330 nm, 1550 nm) is a, = 2.5 X 107° cm/W

(1.4 X 107° cm/W, 0.53 X 107? em/W, 0.36 x 107°
cm/W).

The depletion factor d accounts for the amount of con-
version of pump power to Stokes power inside the HFC
and is defined by Eq. (15). The depletion factor ranges
from 1 to 0, with d = 1 corresponding to no Stokes con-
version and d = 0 corresponding to maximum Stokes
conversion inside the HFC. When Eq. (15) is greater
than 1, the losses of the HFC at the Stokes wavelength
are greater than the Stokes gain, and the cw Raman laser
is below threshold. In this case, d is set to its upper limit
of 1. The threshold condition for a cw Raman laser is
thus

Ls (1= \R)®

PO(t’h) = 2GS T ’

(19)

where Py(th) is the minimum input pump power that is
required for the Stokes conversion to start for the cw Ra-
man laser.

Figure 3 shows the output Stokes power as a function
of input pump power for four different pump wavelengths.
The pump wavelengths are 532 nm, which corresponds to
a frequency-doubled Nd:YAG laser; 795 nm, which corre-
sponds to diode lasers and Ti:Sapphire lasers; and 1330
and 1550 nm, which correspond to diode lasers used in
telecommunications. The mirror reflectivities used in
the calculations are R = 99.98%, and the mirror absorp-
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Fig. 3. Plot of the output Stokes power as a function of the input
pump power. Solid, dashed, dotted—dashed, and dotted curves
denote pump lasers at 532, 795, 1330, and 1550 nm, respectively,
and Stokes-shifted wavelengths of 683, 1187, 2973, and 4350 nm,
respectively. The mirror reflectivities at both the pump and the
Stokes wavelengths are 99.98%, and the mirror absorptions at
both the pump and the Stokes wavelengths are 15 ppm.
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Fig. 4. Plot of the Stokes output power (solid curve), the total
output pump power (dashed curve), the reflected pump power
(dotted—dashed curve) and the transmitted pump power (dotted
curve) for a pump wavelength of 532 nm and a Stokes-shifted
wavelength of 683 nm. The mirror reflectivities at both the
pump and the Stokes wavelengths are R = 99.95%, and the mir-
ror absorptions at both the pump and the Stokes wavelengths
are A = 50 ppm.

tions are A = 15 ppm at both the pump and the Stokes
wavelengths. The effects of mirror reflectivity and ab-
sorption are studied below. Mirrors with these reflectivi-
ties and absorptions are commercially available.?4
Thresholds range from 3 mW for a pump wavelength of
532 nm to a threshold of 72 mW for a pump wavelength of
1550 nm. One can reduce the threshold for the longer-
wavelength pump lasers by increasing the cavity length
of the HFC and thus increasing the gain.

Note in Fig. 3 that the output power levels off more
rapidly for shorter wavelengths. At first glance this may
seem surprising, but it is related to the maximum conver-
sion efficiency being dependent on the gain. For shorter
wavelengths the gain is higher, which leads to a lower
threshold and a lower-input pump power for maximum
conversion efficiency. In Section 4 we present plots of
conversion efficiency versus pump power for various re-
flectivities that show similar crossings (see Fig. 5 below,
for example).
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Figure 4 is a plot of the output Stokes power (solid
curve), the total output pump power (dashed curve), the
transmitted pump power (dotted curve), and the reflected
pump power (dotted—dashed curve) for a Raman laser
with a pump wavelength of 532 nm and a Stokes-shifted
wavelength of 683 nm as a function of the input pump
power. To show the threshold condition more clearly, we
set the mirror reflectivities at both the pump and the
Stokes wavelengths were set to R = 99.95%, and the mir-
ror absorptions at both the pump and the Stokes wave-
lengths were set to A = 50 ppm. The threshold for the
input pump power to start converting to Stokes power for
this case is 15 mW. Below this threshold, the transmit-
ted pump grows linearly with a slope of less than 1, be-
cause the mirror has some absorption. Above the thresh-
old the transmitted pump power remains at a constant
power. The reflected pump power below threshold is
small but not zero. The reason the reflected pump power
is not zero below the threshold value is that the mirror
absorption caused the initial reflected pump beam not to
be canceled by the subsequent pump beam that is leaked
out of the cavity. The Stokes power grows above thresh-
old when the pump power is converted inside the HFC.
However, as the pump power is converted to Stokes
power, the cancellation of the initially reflected pump
beam by the cavity leakage is not complete. This is the
reason that the reflected pump beam grows as the cavity
is pumped harder. The ratio of output Stokes power to
input pump power at an input pump power of 50 mW is
38%, while at 200 mW this ratio is 27%. The ratio of the
reflected pump power to input pump power at an input
pump power of 50 mW is 34%, while at an input pump
power of 200 mW this ratio is 65%. We must carefully
consider the design parameters when building a cw Ra-
man laser so that the ratio of the output Stokes power to
the input pump power is maximized while the ratio of the
reflected pump power to the input pump power is mini-
mized. This is discussed further in Sections 4 and 6.

4. CONVERSION EFFICIENCY

The Stokes power-conversion efficiency for the Raman la-
ser is defined as the ratio of the Stokes output power to
the input pump power. The Stokes power conversion ef-
ficiency, Cg, can be written from Eqgs. (16)—(18) as

o)

N, 2TR
Cs=—21T+d —_—
(1-R)

-d*1+R)
)\S 1_R

20)

The Stokes power-conversion efficiency is a function of
the depletion factor and hence a function of the input
pump power. The Stokes photon-conversion efficiency,
Con, which relates the number of output Stokes photons
to the number of input pump photons, is related to the
Stokes power-conversion efficiency by the relationship

As
Cph = )\— CS . (21)

P
Figure 5 is a plot of the Stokes photon-conversion effi-
ciency as a function of the input pump power. The mir-
ror absorptions at both the pump and the Stokes wave-
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Fig. 5. Plot of the Stokes photon-conversion efficiency as a func-
tion of input pump power. The pump (Stokes) wavelength is 532
nm (683 nm). The mirror absorptions at both the pump and the
Stokes wavelengths are A = 0 ppm. The solid, dashed, dotted—
dashed, and dotted curves were calculated, respectively, for mir-
ror reflectivities of R = 99.98%, 99.95%, 99.92%, and 99.89%.
The maximum photon-conversion efficiency for each mirror re-
flectivity is 50%.
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Fig. 6. Plot of the Stokes photon-conversion efficiency as a func-
tion of the input pump power. The pump (Stokes) wavelength is
532 nm (683 nm). The mirror reflectivities at both the pump
and the Stokes wavelengths are R = 99.95%. The solid dashed,
dotted—dashed, and dotted curves were calculated, respectively,
for mirror absorptions of A = 0, 15, 50, and 100 ppm.

lengths are set to zero, and the mirror reflectivities at
both the pump and the Stokes wavelengths range from
99.89% to 99.98%. The threshold for the Stokes conver-
sion increases as the mirror reflectivity decreases. The
conversion efficiency for each of the four mirror reflectivi-
ties reaches a peak value of C,(max) = 50% and then
falls from its peak value as the input pump is increased.
Choosing the proper mirror reflectivities for a given input
pump power is imperative to designing an efficient cw Ra-
man laser. For instance, if an input pump power of 40
mW is being used to pump the Raman laser, then the
most efficient cw Raman laser will be built with mirror re-
flectivities at R = 99.95%.

Figure 6 is a plot of the Stokes photon-conversion effi-
ciency as a function of the input pump power for various
mirror absorptions. The mirror reflectivities at both the
pump and the Stokes wavelengths are set at R
= 99.95%, and the mirror absorptions range from 0 to
100 ppm. The higher the absorption, the larger the
threshold value for the Raman conversion. Also, larger
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absorptions result in lower peak-conversion efficiencies.
Low-loss mirrors are commercially available with losses
that are due to absorption as low as 15 ppm.2*

5. EXPERIMENTAL DESCRIPTION AND
RESULTS

The experimental setup used to measure the output
Stokes power as a function of the input pump power is
similar to the experimental setup described in Ref. 25.
The pump laser wavelength is 532 nm. The Raman me-
dium used in this experiment is Hy at a pressure of 10
atm, and the Raman plane-wave gain coefficient is a,
= 25X 10°ecm/W. H, has a Raman shift of
4155 cm ™!, thus making the Raman-shifted Stokes wave-
length 683 nm. The mirror reflectivity at the pump
(Stokes) wavelength is R = 99.984% (R = 99.984%), and
the mirror absorption at the pump (Stokes) wavelength is
A = 78 ppm (A = 78 ppm). The radius of curvature of
the mirrors is R,, = 50 cm, and the cavity length is [
= 7.3 cm.

Figure 7 is a plot of the output Stokes power as a func-
tion of the input pump power. The filled circles are the
experimental measurements, and the solid curve is the

Output Stokes Power (mW)

Y T T T T T T 1
0 20 40 60 80 100 120

Input Pump Power (mW)

Fig. 7. Plot of the output Stokes power at 683 nm as a function
of the input pump power at 532 nm. Solid curve, the theoretical
predictions; filled circles, experimental measurements. The ex-
periment and the theory are in good agreement.
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Fig. 8. Plot of the Stokes photon-conversion efficiency at 683 nm
as a function of the input pump power at 532 nm. Solid curve,
the theoretical predictions; filled circles, experimental measure-
ments. A maximum Stokes photon-conversion efficiency of
34% * 5.4% is shown.
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theoretical prediction. The experiment and theory are in
good agreement. A measured threshold for the cw Ra-
man laser is 2 mW.

Figure 8 is a plot of the Stokes photon-conversion effi-
ciency as a function of the input pump power. The filled
circles are experimental points, and the solid curve is the
theoretical prediction. The maximum Stokes photon-
conversion efficiency for this experimental setup is 34%
+ 5.4%. Note that mirrors with lower reflectivities
would be needed to shift the peak conversion efficiency to
higher-input pump powers [see Fig. (5)].

6. RAMAN LASER DESIGN

The depletion factor that gives the maximum Stokes
power-conversion efficiency can be found from Eq. (20) as

p TR (1 - R)? (

= . 22
(1 - R (T? + AT) )
With no absorption (A = 0), the depletion factor that
gives the maximum Stokes power is d,., = R/(1 + R)
= 1/2 for reflectivities of R ~ 1. The maximum Stokes
power-conversion efficiency, for A = 0, can be found from
Eq. (21) with d = 1/2 to be Cg(max) = Y/2(\,/\g). This
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Fig. 9. Solid line curve, plot of the reflectivity that yields the
maximum Stokes power-conversion efficiency as a function of the
input pump power. The pump (Stokes) wavelength is 532 nm
(683 nm). Also the maximum Stokes power-conversion effi-
ciency as a function of the input pump power is shown for absorp-
tions of A = 15 ppm (dashed curve), A = 50 ppm (dotted—dashed
curve), and A = 100 ppm (dotted curve).
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Fig. 10. Same as Fig. 8, except that the pump (Stokes) wave-
length is 795 nm (1187 nm).
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Fig. 11. Same as Fig. 8, except that the pump (Stokes) wave-
length is 1330 nm (2973 nm).
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Fig. 12. Same as Fig. 8, except that the pump (Stokes) wave-
length is 1550 nm (4350 nm).

sets an upper limit on the conversion efficiency, which
will decrease only when absorption of the mirrors is not
zero. Finally, the input pump power that gives the maxi-
mum conversion efficiency, Py(max), can be found from
the relationship

Ls (1-+R)? 1

2Gg T dmax 23)

Py(max) =

The design of the Raman laser for maximum conver-
sion efficiency is governed by Egs. (22) and (23). The in-
put pump power that is governed by the pump laser needs
to be matched to the HFC with mirrors at the proper re-
flectivity and transmission so that Eqgs. (22) and (23) are
satisfied.

Figure 9 can be used to design a cw Raman laser for a
pump laser at 532 nm and a Raman medium of Hy,. The
input power of the pump laser is assumed to be known.
The mirror reflectivity that yields the maximum Stokes
power-conversion efficiency is read from the upper curve
(solid curve), and the maximum conversion efficiency is
then read from the series of three lower curves, depending
on the absorption of the mirrors. The dashed curve cor-
responds to an absorption of 15 ppm, the dotted—dashed
curve corresponds to an absorption of 50 ppm, and the
dotted curve corresponds to an absorption of 100 ppm.
Figures 10-12 are the same as Fig. 9, except the pump
lasers have wavelengths of 795 nm, 1330 nm, and 1550
nm, respectively.
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7. CONCLUSION

A steady-state theory for the off-resonant cw Raman laser
has been presented. This theory predicts a maximum
photon-conversion efficiency of 50%. For a 532-nm pump
wavelength and a 683-nm Stokes wavelength, the thresh-
old can be as low as 1 mW and the power-conversion effi-
ciency as high as 39%.

The theory was compared with measurements taken
with a cw Raman laser that has a pump of 532 nm and a
Raman medium of Hy,. The cw Raman laser had a mea-
sured threshold for the pump power of 2 mW and a maxi-
mum Stokes photon-conversion efficiency of 34%
+ 5.4%. The experiment is well modeled by the steady-
state theory.

Finally, a simple method for designing cw Raman la-
sers has been presented. These designs operate near the
maximum conversion efficiency and have threshold pow-
ers for the pump laser as low as 1 mW. These low
threshold values imply that room-temperature diode la-
sers can be used to pump the cw Raman laser. The
Raman-shifted wavelengths of these cw Raman lasers
pumped by the available room-temperature diode lasers
open up an information-rich spectroscopic region in the
mid-infrared part of the spectrum.
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