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Two cw Raman lines at 603.0 nm (2p2→1s4) and 659.9 nm (2p2→1s2), generated when cw dye-laser
radiation is mode matched to the 588.2-nm (1s5→2p2) transition of NeI in a commercial He-Ne laser cavity,
can both show optically bistable switching simultaneously with the pump beam. A theoretical treatment based
on a semiclassical three-state Raman laser model is used to qualitatively reproduce the experimental observa-
tions and to identify the mechanisms that produce the experimental signature. Important features of the Raman
gain are characterized. These, in combination with the phase-shift properties of the pump and Raman fields, are
used to explain the switching behavior.

PACS number~s!: 42.50.2p, 42.60.2v, 42.65.2k

I. INTRODUCTION

Two-photon processes possess an intrinsic nonlinear char-
acter that can be exploited in many quantum and nonlinear
optical phenomena. Arecchi and Politi@1# first suggested that
optical switching processes could be based on two-photon
absorption and subsequently the theory has attracted consid-
erable attention~e.g., @2–8#!, although experiments have
been rather fewer@9–13#. Polarization switching@14–16#
also involves two distinct photons, but in common with two-
photon absorption, it is a passive process in which the fre-
quencies of the photons are predetermined and fixed by the
input field. The Raman laser, on the other hand, is a distinc-
tively different two-photon process in that the second~i.e.,
Raman! photon establishes its own frequency by interaction
of the two-photon nonlinear response~both the gain and the
dispersion! and the cavity resonance condition. In a series of
papers, Harrison and co-workers@17–20# have studied both
experimental and theoretical aspects of the dynamics, bista-
bility, and switching of Raman lasers and an experiment has
also been reported by Zheng and Cao@21#. Both experiments
operated in a regime where the pump behavior could be ig-
nored and the theories used assumed negligible pump deple-
tion ~e.g.,@18–20#!.

In the present paper we report~in Sec. II! the observation
of two-photon optical switching by a neon Raman laser, op-
tically pumped close to atomic resonance by a dye laser,
mode matched to the Raman laser cavity. We have utilized
Raman gain found previously in neon between the 1s and
2p manifolds~Paschen notation! in a standard, commercial,
operating He-Ne laser@22#. In contrast to the previous Ra-
man switching observations@17,21#, our experiment involves
the pump in an essential way, and variations of the pump
intensity ~which occur mainly due to cavity resonance ef-
fects! have a major effect on the output Raman behavior. By
analyzing ~Sec. III! a theoretical model that incorporates

both pump depletion by the two-photon interaction and cav-
ity resonance effects, we are able~in Sec. IV! to identify the
key physical mechanisms and to explain their interactions
that lead to the observed switching.

II. EXPERIMENT AND RESULTS

The experimental arrangement is essentially identical to
that described in our previous work~see Fig. 2 of Ref.@22#!,
where gain on a number of Raman lines between neon 1s
and 2p manifolds was reported. A linearly polarized pump
beam from a CR-699-21 dye laser is mode matched to the
He-Ne ‘‘cell cavity’’ ~NEC GLT-172, of free spectral range
667 MHz! through its higher~0.8%! transmittance mirror
M1. In the present work the He-Ne laser cavity serves three
separate functions: supporting the standard 633-nm emission
~which does not have a scientific role in this work, although
we do use the 633-nm output to stabilize the cavity length!;
providing feedback to enable lasing at either or both Raman
wavelengths of 603.0 nm (2p2→1s4) and 659.9 nm
(2p2→1s2); and acting as a ‘‘buildup cavity’’ in which the
optical pump nonlinearly, and near-resonantly, drives the
single-photon 588.2-nm (1s5→2p2) transition and provides
gain for the Raman lines. Under conditions of no discharge,
the cavity finesse at 588.2 nm is approximately 220. A blazed
grating (G1! just before mirrorM1 allows spatial separation
of the retroreflected dye-laser beam and the coherent emis-
sions from the cavity: the 633-nm cell-laser beam and the
Raman lasing lines. A further grating (G2! permits spatial
separation of the beams emerging from the lower transmit-
tance~0.01%! mirror M2. Using the 633-nm cell-laser beam
diffracted by gratingG1 and standard locking techniques, the
cell cavity is frequency stabilized to an enclosed reference
cavity, which is itself locked to a frequency-stabilized He-Ne
reference laser. A Brewster plate mounted in the reference
cavity on a scanning galvanometer passes only the cell-laser
beam, so the cell-cavity resonance frequency can be scanned
under its gain profile—using a heating wire for thermal ex-
pansion control—by having it track the reference cavity. The
time constant of the locking loop is several seconds. A
photovoltaic-mediated interaction with the 633-nm line
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meant that locking was upset when the dye laser was tuned
for more than a few seconds to a cavity resonance near the
1s5→2p2 line. However, this did not prevent locking during
frequency scans of the dye laser across a number of cavity
profiles, which are the experimental results of main interest.
Presumably, the reduction in the time for which the circulat-
ing pump intensity was large and the relatively rapid passage
through cavity resonances meant that the locking assumed an
average, stable, configuration.

An associated problem that arose was the difficulty of
establishing precise, absolute values of the cavity optical
length. As we shall see below, measuring laser detuning from
the nearest cavity resonance, which is the usual cavity length
requirement for determining switching behavior, provides in-
sufficient information to predict behavior in this present ex-
periment.

In Fig. 1 we present a typical set of Raman outputs at

603.0 and 659.9 nm occurring as the dye laser is frequency
scanned by about 20 GHz immediately below the 588.2-nm
line center. The only change between the four separate sets
of data is that the cavity length is adjusted by a total of less
than ten wavelengths of the 588.2-nm line. It can be seen that
the change of cavity length has a dramatic effect on the Ra-
man outputs and is one of the main features of our experi-
mental results. Initially@see Fig. 1~a!# the 659.9-nm output is
suppressed and the 603.3 nm appears almost every time the
pump field builds at a cavity resonance.~The secondary
small peaks in the center region of the plot are from off-axis
modes that have not been completely suppressed in the
mode-matching process.! Then, for a cavity length increased
by approximately three~588.2 nm! wavelengths@Fig. 1~b!#,
the 659.9-nm line begins to appear, while the envelope at
603.0 nm is moved down in frequency. The next length in-
crease@Fig. 1~c!# leads to the 603.0-nm emission being sup-
pressed and the 659.9-nm lasing at almost every cavity reso-
nance; finally@Fig. 1~d!#, the 603.0 nm reappears and the
659.9 nm shifts down in frequency. Further cavity length
increases lead to an approximate repetition of the pattern~but
with different periods for appearance of the two Raman
wavelengths!.

At the simplest level, the appearance and disappearance
of the Raman ‘‘combs’’ as cavity length is changed can be
easily understood. For stimulated Raman emission to occur,
the pump laser must be tuned to one of the longitudinal
modes of the cavity and the Raman must be near resonant to
another. As a first approximation, the Raman frequency is
determined by the two-photon resonance condition@see Eq.
~19!#, thus requiring that the initial-to-final-state~‘‘two-
photon’’! frequency separationv21 @see Fig. 5~a!# be an in-
tegral number of free spectral ranges of the cavity. For both
Raman lines to simultaneously lase, both of the correspond-
ing two-photon frequency splittings should simultaneously
‘‘resonate’’ with the cavity. In theory, this cannot occur ex-
actly, because the two frequency splittings are incommensu-
rate. However, frequency pulling effects associated with the
nonlinear interactions provide a measure of flexibility and in
fact play a major role in determining the Raman behavior, as
we discuss in Sec. IV.

We now turn to a brief survey of the types of switching
that can occur. First, if cavity length and laser-atom detuning
are chosen to avoid Raman lasing altogether, then for suffi-
cient dye laser power, normal optical bistability, very similar
to that obtained in Ref.@23#, results. The next most simple
switching involves a single Raman lasing line. Figure 2~a!
illustrates a case where only the 603.0-nm line is lasing and
Fig. 2~b! where the only line lasing is 659.9 nm. These cor-
respond to nearly exact two-photon resonance in each indi-
vidual case: the Raman line ‘‘turns on’’ when the pump
builds up to a critical threshold and ‘‘turns off’’ abruptly as
the pump switches to the lower branch. There is some, but
not pronounced, evidence of the intracavity pump power be-
ing modified as the Raman field switches on.

Modification to the pumpis pronounced in the case
shown in Fig. 3. Here the Raman line is not initially resonant
with the cavity, but is pulled into resonance by the two-
photon interaction. Further discussion is given in Sec. IV,
where the mechanisms involved are outlined in some detail.
Finally, in Fig. 4 we show a case where the Raman lines may

FIG. 1. Simultaneous measurements of output powers for the
two observed Raman lines at 603.0 and 659.9 nm when the pump
frequency is swept across a number of cavity resonances immedi-
ately below the 588.2-nm atomic-line center. The cavity length in-
creases successively by a few wavelengths for each step in the
progression from~a! to ~d!; all other conditions remain the same.
Input power, 100 mW; neon discharge current, 4.8 mA.
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simultaneously coexist. The cavity length is such as to some-
what favor the generation of the 603.0-nm line, but as the
pump frequency is further tuned, the 659.9-nm line can also
become near resonant with its corresponding cavity reso-
nance and shows behavior similar to Fig. 2. Figure 4 shows
clearly how the intracavity pump power can be modified,
with the pump profile showing a deep valley after the
603.3-nm Raman emission turns on. On the other hand, di-
rect competition between the two Raman lines, other than
mediated via pump depletion, does not appear to be particu-
larly significant.

III. THEORY

In order to understand the above results, we consider a
semiclassical three-stateL model@Fig. 5~a!# for the coupled
Raman-pump system in which, like Uppal, Harrison, and Lu
@24# for the on-resonant case, pump depletion is included.
Our treatment, however, is not confined to a resonant situa-

tion. A single Raman line only is modeled; we expect cou-
pling between different Raman outputs to be relatively un-
important, so that the two-Raman case could be considered
as two independent Raman processes. A gas of homoge-
neously broadened three-state atoms@Fig. 5~a!# is confined
betweenz50 andL inside a ring cavity of lengthL @Fig.
5~b!# with input and output mirrors each of reflectanceR and
transmittance (12R). The electric field inside the cavity is
the sum of pumpEp(r ,t) and RamanE r(r ,t) fields

E~r ,t !5Ep~r ,t !1E r~r ,t !

5$«̂pEp~r ,t !exp@2 i ~vpt2kpz!#

1«̂rEr~r ,t !exp@2 i ~v r t2krz!#%1c.c., ~1!
FIG. 2. Forward and backward frequency scanning showing si-

multaneous optical bistable switching for~a! both the pump and
Raman 603.0-nm emission with pump input power 106 mW and~b!
both the pump and Raman 659.9-nm emission with pump input
power 131 mW. Both the cavity length and laser-atom detuning
differ between~a! and ~b!.

FIG. 3. Forward and backward frequency scanning showing si-
multaneous optical bistable switching and hysteresis for both the
pump transmission and the Raman 603.0-nm emission under con-
ditions of significant pump depletion. Pump input power, 164 mW;
neon discharge current, 4.8 mA.

FIG. 4. Forward frequency scan showing switching for both
Raman 603.0- and 659.9-nm lines simultaneously with the pump
588.2-nm transmission. The 603.0-nm Raman radiation has a wider
profile and turns on at a lower frequency than the 659.9-nm line.
Pump input power, 121 mW; neon discharge current, 4.5 mA.
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where «̂p and «̂r are unit vectors indicating polarization di-
rections andkp andkr are the vacuum wave vectors associ-
ated with the pump and Raman frequencieskp5vp /c and
kr5v r /c. The positive-frequency complex amplitudes
Ep(r ,t) andEr(r ,t) are slowly varying field envelopes.

The pump and Raman frequency detunings from their re-
spective atomic transitionsD5vp2v31 and D r5v r2v32
are shown in Fig. 5~a! together with the nominal two-photon
detuning from exact two-photon resonanceD85D r2D
5v212(vp2v r). It is assumed that each field mode inter-
acts with a single optical transition, so that the couplings of
the fields with the atomic dipolesm13 (5^1umu3&) andm23
(5^2umu3&) are characterized simply by~the two complex
half-Rabi frequencies!

a5m31•«̂pEp /\, b5m32•«̂rEr /\. ~2!

The density-matrix equations can be written in
terms of slowly varying, off-diagonal elements
r̃315exp@i(vpt2kpz)#r31, r̃325exp@i(vrt2krz)#r32, and
r̃215exp$i@(vp2vr)t2(kp2kr)z#%r21 and population differ-
encesDi j5r i i2r j j as

r8 3152~k12 iD!r̃312 iaD311 ibr̃21, ~3a!

r8 3252~k22 iD r !r̃322 ibD321 iar̃21* , ~3b!

r8 2152@12 i ~D2D r !#r̃212 iar̃32* 1 ib* r̃31, ~3c!

Ḋ3154 Im~a* r̃31!12 Im~b* r̃32!1r 01r 1D311r 2D32,
~3d!

Ḋ3252 Im~a* r̃31!14 Im~b* r̃32!1s01s1D311s2D32,
~3e!

where we have set

r 05
G12G222g12g2

3
, r 152

2G11G212g11g2

3
,

r 25
G112G222g12g2

3

and

s052
G12G21g112g2

3
, s15

2G11G22g122g2

3
,

s252
G112G21g112g2

3
. ~4!

k1 and k2 are the optical-dipole dephasing rates for the
pump and Raman transitions respectively;g1 andg2 are the
population decay rates from the upper level 3 to the lower
levels 1 and 2;G1 andG2 are the population transfer rates
from level 1 to 2 and from 2 to 1, respectively. All rates and
frequencies are scaled with respect to the Raman coherence
decay ratek12 and time is in units ofk12

21 .
We note that the full density-matrix equations and the

analytical solutions for a closed three-level system have been
given by Ryan and Lawandy@25#. The total macroscopic
polarization is

P ~z,t !5N Tr~mr!

5N$m13r̃31exp@2 i ~vpt2kpz!#

1m23r̃32exp@2 i ~v r t2krz!#%1c.c., ~5!

whereN is the atomic density.
Using the slowly varying envelope approximation and the

cavity mean-field assumption ~e.g., Refs. @26,27#! the
Maxwell-Bloch equations for the pump and Raman cavity
fields become

da

dt
52ka1 ig1r̃311 iF1a1kas ~6!

and

db

dt
52kb1 ig2r̃321 i ~F21D8!b. ~7!

Herek is the cavity decay rate~in units ofk12) and the gain
parametersg1 ~for pump! andg2 ~for Raman! are defined by

gi52kk iCi , ~8!

where the cooperativities are

Ci5
a0iL

4~12R!
~ i51,2!, ~9!

with a0i the weak-field, resonant absorption coefficients for
~homogeneously broadened! pump and Raman transitions

a015
Num13u2vp

«0c\k1
, a025

Num23u2v r

«0c\k2
. ~10!

F1 is the laser-cavity detuning~in units ofk12) defined by

F15vp2vcp , ~11!

FIG. 5. Three-state Raman laser model.~a! Three-stateL struc-
ture atoms with decay rates and detunings. The frequency separa-
tions between levels 2 and 1, 3 and 1, and 3 and 2 are, respectively,
v21, v31, andv32. ~b! Unidirectional ring-cavity model.
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wherevcp is the empty-cavity resonance frequency nearest
to vp .

The detuning of the Raman frequency from its nearest
cavity frequencyvcr is (v r2vcr), but sincev r is free to
vary, we defineF2 as

F25~vp2v21!2vcr , ~12!

which represents the cavity detuning of the nominal Raman
frequencyvp2v21 in units of k12. We remark that the va-
lidity of Eqs. ~6! and ~7! requires thatF1 andF21D8 are
both small compared to a free spectral range. Finally, from
the input pump half-Rabi frequencya input ~outside the cav-
ity! we obtain the scaled input field

as5a input/A12R. ~13!

For reference, we note that the output fields are obtained
from the cavity fields via aoutput5aA12R and
boutput5bA12R.

IV. NUMERICAL RESULTS AND DISCUSSION

Equations~3!, ~6!, and~7! are the basic equations of our
model and we have solved these to obtain steady-state sys-
tem behavior using theAUTO bifurcation-analysis software
package@28#. We shall see that the simulation reproduces the
Raman-comb behavior of Fig. 1~which is the main signature
of the experiment! and enables us to understand the mecha-
nisms responsible for the behavior seen in Figs. 1–3. We
begin, in Fig. 6, by presenting the results of simulations in
which a pump field of constant input intensity is frequency
scanned through a number of cavity resonances from well
below to just above pump-atom resonance. Parameters have
been chosen to relate the model closely to the experiment for
603-nm Raman emission, as discussed in the Appendix.
Three separate scan simulations were performed, corre-
sponding to successively increasing the cavity round-trip
lengthL by two pump wavelengths each time. Note that the
value ofF1 for a givenD is unchanged and also that, for a
given cavity length,F12F2 is constant across all peaks of
an entire frequency scan. Thus we can represent the effect of
the cavity length change by setting the cavity detunings~at
D52400) to F1522.0 andF253.3 in the first scan,
F1522.0 andF252.5 in the second scan, andF1522.0
and F251.7 in the third. @The change inF2 per pump-
wavelength increase inL is the free spectral range~in units
of k12) times the factor (12lpump/lRaman).# The output
pump amplitude for the first scan is shown in Fig. 6~a! and
the broad feature of the power broadened atomic response is
seen in the decreasing peak transmission as the pump scans
towards resonance. At the level of detail shown in the figure,
the pumpoutput-frequency combs for the second and third
scans do not differ appreciably from the first and hence are
not repeated. TheRamanamplitudes, however, change dra-
matically from the first scan@Fig. 6~b!# to the third @Fig.
6~d!#, showing the considerable sensitivity of Raman lasing
range to cavity length, thus confirming that the theory repro-
duces the main features of the experiment.

In order to understand the main physical mechanisms at
play, it is convenient to define a coupling coefficient for the
pump field as

h52 ig1r̃31/a. ~14!

In terms ofh, the steady-state equation for the intracavity
pump field is given by the implicit equation

uau25
k2

@k1Re~h!#21@F12Im~h!#2
uasu2, ~15!

FIG. 6. Theoretical simulations of pump frequency scans corre-
sponding to three different cavity lengths:~a! the intracavity pump
amplitudeuau ~essentially unchanged for each scan!, ~b! the intra-
cavity Raman amplitudeubu for the caseF1522.0 andF253.3,
~c! the Raman amplitude for the caseF1522.0 andF252.5, and
~d! the Raman amplitude for the caseF1522.0 andF251.7. The
F values are each referenced toD52400 and in every case
as510.3, k151.1, k250.9, g150.04, g250.02, G158.931025,
G251.0731023, k50.03, g151200, andg251500.
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so that it is evident that Re(h) is the loss coefficient and
Im(h) the dispersive phase shift~or frequency pulling! for
the pump field. We may similarly define a coupling coeffi-
cient for the Raman field as

h r52 ig2r̃32/b, ~16!

in terms of which the Raman gain coefficient for the medium
is given by2Re(h r) and the Raman phase shift~or fre-
quency pulling! is given by Im(h r).

In the absence of the Raman fieldb50 ~which applies,
for example, in the far wings of the first scan!, the pump
undergoes the familiar ‘‘two-state’’ optical bistability, with
an expression forh in the steady state, which can be shown
from Eqs.~3!, ~4!, and~14! to have the two-state form

h5
g1~k11 iD!

~k1
21D2!S 11

G1

G2
D1

2k1~G112G21g2!

G2~g11g2!
uau2

.

~17!

The behavior of the frequency scan for the two-state case has
been discussed in detail by Sandle and Gallagher@23#. How-
ever, with the three-state model, Raman lasing occurs when
there is sufficient gain at a frequencyv r , which is resonant
~under the effect of the frequency pulling! with a cavity
mode. Formally, this can be seen from the equation forḃ,
Eq. ~7!, at steady state, which gives

2Re~h r !5k ~18a!

and

D r2D5Im~h r !2F2 , ~18b!

where the latter is equivalent tov r5vcr1Im(h r). To un-
derstand the implications of Eqs.~18a! and~18b!, it is useful
to consider the main characteristics of the Raman response
function. Perhaps the single most important feature is that
Raman gain will occur only whenuDu is sufficiently large
and when

D r'
D1sgn~D!AD21~2uau!2

2
. ~19!

The latter equation expresses the condition for~near! reso-
nance in the two-photon pump-Raman process between the
ac Stark-shifted level 1 and the bare level 2. In Fig. 7~a! the
Raman gain is plotted as a function ofD and D r in the
vicinity of D52400. We have used the same atomic-decay-
rate parameters as in Fig. 6 and have chosena54 and
b51026. The main feature is that the gain extends away
from the lineD r5D @i.e., Eq. ~19! when uDu@uau] by a
width determined largely by the Raman-coherence decay rate
k12 ~which is 1 in the present scaling!. In Fig. 7~b!, a contour
plot traces the path in the (D, D r) plane where gain equals
cavity loss and it is at one of these lines that Raman lasing
will begin. The Raman phase shift for the region correspond-
ing to Fig. 7~a! is shown in Fig. 7~c!. We note also that the
pump phase shift Im(h) is slowly varying in theD,D r region
of these graphs and has a value close to22.6.

The detailed features of the onset of Raman lasing can be
understood by referring to Fig. 8, where a theoretical scan for
a single-cavity profile in the regionD52400 is given, with
system parameters the same as in Fig. 6. We have chosen

FIG. 7. Raman response as a function of pump detuningD and
Raman detuningD r with fixed pump and Raman amplitudes
a54.0 andb51026: ~a! Raman gain,~b! paths where the Raman
gain is equal to the cavity loss, and~c! Raman phase shift. The
atomic and cavity decay rates are as in Fig. 6.
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F1522.0 andF2521.3 ~at D52400) and since the un-
saturated frequency pulling for the pump is22.8, the cavity
begins to transmit the pump in the vicinity ofF1523.0
~i.e., D52401). As the laser frequency increases and the
intracavity pump intensity grows, the frequency pulling be-
gins to bleach, so the intensity grows more slowly with fre-
quency than it would with a linear refractive index. In the
absence of Raman emission, the pump follows the dotted
line. This characteristic tilted shape, familiar from two-state
bistability studies@23#, allows the cavity to produce different
peak pump-transmission intensities depending on the direc-
tion of the frequency scan. In the present case, the dotted line
represents an unstable solution; the stable solution is for Ra-
man lasing beginning at the pump detuning of about
D'2400.7 anda'4. At this frequency,F1'22.7 and Ra-
man lasing begins at the point marked by the circle in Fig.
7~b!, where the corresponding Raman phase shift@see Fig.
7~c!# allows the given Raman frequency to satisfy the pulled
cavity condition Eq.~18!. The pump phase shift is dependent
on the Raman intensity and as the Raman intensity grows,
the pump phase shift suffers accelerated bleaching, with the
effect that the pump is further from its dressed resonance and
its transmission decreases for an interval. The Raman gain,
however, decreases with increasing Raman intensity and as
the Raman intensity settles to near its maximum value, the
pump phase bleaching slows and the intracavity pump inten-
sity begins to grow again. The effect of this increasing pump
field is to strongly alter the Raman phase shift@to a value
Im(h r)'21], so that eventually the Raman field is no
longer near a dressed cavity resonance and is not supported.

When the Raman ceases, the pump also ceases because in the
absence of the Raman field the pump phase shift is not suf-
ficiently bleached to allow the pump to be supported by the
cavity at this frequency. Each of the features discussed here
can be seen clearly in the experimental plot of Fig. 3.

The mechanisms discussed above provide the basis for
understanding the form of the Raman frequency combs.
First, there must be sufficient Raman gain, which requires an
intracavity pump field amplitudea'1 or larger for the de-
cay rate parameters we have chosen. Above this value of
a, the maximum gain is relatively constant, but the value of
uDu at which it occurs depends almost linearly ona. For
example, the maximum gain fora52 is 0.26 and occurs
nearuDu590, while fora58, the maximum gain is 0.30 and
occurs nearuDu5330. Clearly, then, Raman lasing cannot
occur in the very far wings of the line, since the largest
intracavity pump amplitude possibleas cannot produce suf-
ficient gain. Near the center of the comb scan~i.e., near the
single-photon pump resonance frequency! there is insuffi-
cient pump amplitude to produce Raman gain. We note too
that even fora51, Raman gain turns to loss foruDu,39.

The key element in determining the extent of the Raman
comb is the relative phase shift between the pump and the
Raman fields. For Raman lasing, these are constrained by
Eq. ~18!, as we can see by noting that at the frequency where
the Raman field begins to lase, the pump phase shift
Im(h)'F1 , so that Eq.~18b! becomes

D85D r2D'Im~h r !2Im~h!1Foffset, ~20!

whereFoffset (5F12F2) is fixed for a given cavity length.
The pump and Raman phase sifts at maximum Raman gain
are plotted as a function of pump detuning in Fig. 9, for two
different values of pump amplitude. The pump phase shift
follows essentially the two-state form~with the proviso that
the effective intensity is enhanced by optical pumping to
state 2; see Ref.@29#! and so decreases as 1/D at largeuDu
@cf. Eq. ~17!#. The Raman phase shift also falls inversely
with D. So, for fixed value of pump power, the phase-shift
difference @Im(h r)2Im(h)] becomes small at largeuDu;
eventually the termFoffset dominates in Eq.~20! for D8. The
width of the gain curve in the (D,D r) plane, however, deter-
mines how largeD8 may be, as illustrated in Fig. 7~b!. For
given pump power the Raman gain decreases asuDu becomes
large, so that the curves where gain equals loss@Fig. 7~b!#
approach each other andD8 must become small.~For ex-
ample, witha51.5, D8 may be in the range of approxi-
mately11.6 to21.6 nearD52120, but only in the range
of 10.7 to20.7 nearD52240.) Thus, in the case of Fig.
6~b!, whereFoffset525.3, we see that the Raman field can
turn on at low pump power atD52100, while at
D52240 the diminished phase-shift difference prevents it
from doing so. Even though at largeuDu larger pump powers
are available than at line center, somewhat offsetting the
above effect, Fig. 9~b! shows that there is a corresponding
significant further bleaching of the phase-shift difference:
Raman lasing at largeuDu is forbidden for largeFoffset.
Clearly, Raman lasing can begin there with sufficiently high
pump power if the magnitude ofFoffset is sufficiently small
@as in Figs. 6~c! and 6~d!#.

FIG. 8. Theoretical plot of~a! pump amplitudeuau and ~b! Ra-
man amplitudeubu versus pump laser frequency. The solid line
indicates a stable branch, the dot-dashed line an unstable branch,
and the dotted lines are the solutions corresponding to zero Raman
output. The threshold points for Raman lasing are indicated by
circles. Parameters are as in Fig. 6, except the reference cavity
detunings areF1522.0 andF2521.3 atD52400.
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We note finally that a large variety of different bistability
and switching phenomena have been seen in the numerical
modeling@30# and further exploration of these behaviors will
be presented elsewhere.

V. CONCLUSIONS

We have observed and characterized properties of the Ra-
man lasing that occurs between the metastable 1s levels and
the 2p manifold of neon, by using a commercial He-Ne laser
driven by an external dye laser. Simultaneous bistable optical
switching of the pump and up to two different Raman wave-
lengths has been seen, with a signature strongly dependent
on the absolute cavity length. In contrast to most of the pre-
vious work on Raman lasing~where the pump amplitude is
held constant!, in our work modification of the pump inten-

sity plays an important role in the phenomena observed.
A theoretical analysis based on an earlier three-state Ra-

man laser model~e.g., see Ref.@20#!, which qualitatively
reproduces the experimental results, has enabled us to iden-
tify the mechanisms controlling the switching. Some impor-
tant features of the Raman gain, and the behavior of the
pump and Raman phase shifts, have been characterized by
examining the Raman-response functions in the presence of
the prescribed fields. These properties were then used to ex-
plain physically the details of both the single-cavity profile
switching and the overall behavior of the Raman frequency
combs.

Finally, it is worth mentioning that different wavelengths
connecting the 1s levels to the 2p levels have been used as
pump beams and all of the observed Raman lasing lines@22#
have shown simultaneously optical-bistable behavior with
the pump transmission.

ACKNOWLEDGMENTS

We are indebted to Dr. Alan McCord for assistance in
using theAUTO software package and we gratefully acknowl-
edge Dr. Art Phelps and Dr. Derek Stacey for helpful advice
and comments on the estimation for various decay rates of
neon. W.J.S. wishes to sincerely thank Dr. Peter Hannaford
and colleagues for hospitality at the CSIRO Division of Ma-
terials Science and Technology, Clayton, Victoria, Australia,
where a draft of this paper was prepared. The research is
supported by the Research Committee of the University of
Otago and the Foundation for Research, Science and Tech-
nology under Public Good Science Contract No. UOO 408.

APPENDIX: PARAMETER ESTIMATION

The estimation of the parameters for the model we use is
not straightforward. Neon has been the subject of much in-
vestigation in atomic and laser physics for many years and
although many broadening and transfer rates have been mea-
sured, some key parameters for our work have proved diffi-
cult to obtain because definitive measurements do not yet
appear to have been made. Furthermore, our model ignores a
number of important features of the experiment such as in-
homogeneous broadening in the gaseous medium and the
Gaussian and standing-wave intensity distribution of the la-
ser modes. It is well known~for example, in optical bistabil-
ity! that even where optical switching behavior isqualita-

FIG. 9. Phase shifts for the Raman field~solid line! and pump
field ~dashed line! as a function of pump detuningD for the cases
~a! a51.5 and~b! a58. In each case, the Raman amplitude is
b51026 and at each value ofD the Raman detuningD r is set to the
value that gives the maximum gain. All decay-rate parameters are
as for Fig. 6.

TABLE I. Parameters for the neon 1s5→2p2→1s4 Raman transition.

Parameters Estimated Reference As used for the modeling

k12 10–60 MHz @33# 1.0
k1 (2p2→1s5) 35.5 MHz @34,35# 1.1
k2 (2p2→1s4) 37.6 MHz 0.9
g1 (2p2→1s5) 1.75 MHz @36# 0.04
g2 (2p2→1s4) 0.75 MHz 0.02
G1 (1s5→1s4) 0.17 kHz @37,38# 8.931025

G2 (1s4→1s5) 2.08 kHz 10.731024

g1 (2p2→1s5) 1155 @39# 1200
g2 (2p2→1s4) 511 1500
k 1.5 MHz 0.03
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tively unchanged by these simplifications there can be a
substantial influence on the ‘‘effective-parameter’’ values
that allow the model to best reproduce the observed nonlin-
ear behavior@31#. In addition, different physical processes
can emerge when the level degeneracy is taken into account:
an example is Raman polarization flipping@32#. Our aim in
this paper is therefore to show that with reasonable values of
the parameters, the model qualitatively reproduces the ex-
perimental features we report above.

Perhaps the largest single difficulty is in obtaining a value
for the 1s5→1s4 Raman-coherence decay rate under the
conditions of foreign-gas broadening by He. This is hard to
measure except in the context of a Raman process. Jabr@33#
estimates a value of 15 MHz@half-width at half maximum
~HWHM!# for 6 Torr of helium from consideration of the

number of consecutive resonant modes. The analysis in Sec.
V shows that the nonlinear interaction complicates this argu-
ment; however, this estimate gives a reasonable lower limit
of 10 MHz ~HWHM! at 3 Torr of He. An estimate for the
upper limit on k12 can be obtained from the sum of the
half-widths of the 1s4 and 1s5 states, which can be approxi-
mated by the widths associated with the 1s5-2p2 and 1s4-
2p2 optical dipoles. Saoudi, Lerminiaux, and Dumont@34#
find a foreign-gas~helium! broadening constant of 9.3 MHz/
Torr for the 1s5-2p2 transition, and we expect that a rate of
10 MHz/Torr is also reasonable for the 1s4-2p2 transition.
We set forth in Table I our best estimates of the experimental
parameters, together with the values~normalized to the
Raman-coherence decay ratek12) used in the modeling.
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