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Two-photon bistable switching of an optically pumped atomic neon Raman laser

X.-W. Xia,* W. J. Sandle, R. J. Balladhand D. M. Warrington
Physics Department, University of Otago, Dunedin, New Zealand
(Received 1 August 1995

Two cw Raman lines at 603.0 nm j2— 1s,) and 659.9 nm (B,—1s,), generated when cw dye-laser
radiation is mode matched to the 588.2-nns{-+ 2p,) transition of Ne 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 numbegs): 42.50—p, 42.60-v, 42.65-k

[. INTRODUCTION both pump depletion by the two-photon interaction and cav-
ity resonance effects, we are alfie Sec. 1\) to identify the
Two-photon processes possess an intrinsic nonlinear chakey physical mechanisms and to explain their interactions
acter that can be exploited in many quantum and nonlineathat lead to the observed switching.
optical phenomena. Arecchi and PoJiti first suggested that
optical switching processes could be based on two-photon

absorption and subsequently the theory has attracted consid- Il. EXPERIMENT AND RESULTS
erable attention(e.g., [2—8]), although experiments have
been rather fewef9—-13). Polarization switching14-16 The experimental arrangement is essentially identical to

also involves two distinct photons, but in common with two- that described in our previous wofkee Fig. 2 of Ref[22]),
photon absorption, it is a passive process in which the frewhere gain on a number of Raman lines between neon 1
quencies of the photons are predetermined and fixed by thend 2 manifolds was reported. A linearly polarized pump
input field. The Raman laser, on the other hand, is a distincbeam from a CR-699-21 dye laser is mode matched to the
tively different two-photon process in that the secdnd.,  He-Ne “cell cavity” (NEC GLT-172, of free spectral range
Raman photon establishes its own frequency by interactions67 MH2) through its higher(0.8% transmittance mirror

of the two-photon nonlinear respondoth the gain and the V1. In the present work the He-Ne laser cavity serves three
dispersion and the cavity resonance condition. In a series ofseparate functions: supporting the standard 633-nm emission
papers, Harrison and co-workelrs7—-2Q have studied both hich does not have a scientific role in this work, although
experimental and theoretical aspects of the dynamics, bistd;a 4o use the 633-nm output to stabilize the cavity lehgth

bility, and switching of Raman lasers and an exper_iment haﬁroviding feedback to enable lasing at either or both Raman
also been reported by Zheng and ¢aa|. Both experiments wavelengths of 603.0 nm (®—1s,) and 659.9 nm
operated in a regime where the pump behavior could be ig; ' 4 :

nored and the theories used assumed negligible pump deplgz—p.zﬂlszx and ac_tmg as a "buildup cavity” in Wh'c.h the
tion (e.g.,[18—20). optical pump nonlinearly, and near-resonantly, drives the

In the present paper we repdit Sec. I) the observation single-photon 588.2—nm §—2p,) tran.s_ition and prgvides
of two-photon optical switching by a neon Raman laser, op-92in for. thg Raman lines. Und'er condlt!ons of no discharge,
tically pumped close to atomic resonance by a dye lasefD€ cavity finesse at 588.2 nm is approximately 220. A blazed
mode matched to the Raman laser cavity. We have utilizegrating (G1) just before mirroM 1 allows spatial separation
Raman gain found previously in neon between tiseand  ©f the retroreflected dye-laser beam and the coherent emis-
2p manifolds(Paschen notatiorin a standard, commercial, sions from the cavity: the 633-nm cell-laser beam and the
operating He-Ne lasd22]. In contrast to the previous Ra- Raman lasing lines. A further gratings@) permits spatial
man switching observatiori47,21], our experiment involves separation of the beams emerging from the lower transmit-
the pump in an essential way, and variations of the pumpance(0.01%9 mirror M 2. Using the 633-nm cell-laser beam
intensity (which occur mainly due to cavity resonance ef- diffracted by gratings1 and standard locking techniques, the
fectg have a major effect on the output Raman behavior. Bycell cavity is frequency stabilized to an enclosed reference
analyzing (Sec. Il) a theoretical model that incorporates 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
*Present address: Photodynamic Research Center, The Institute ld@am, so the cell-cavity resonance frequency can be scanned
Physical and Chemical Research, 19-1399 Koeji, Nagamachiinder its gain profile—using a heating wire for thermal ex-

Aoba-ku, Sendai, Miyagi 980, Japan. pansion control—by having it track the reference cavity. The
'On leave at Physics Department, Faculties, Australian Nationalime constant of the locking loop is several seconds. A
University, Canberra, Australia. photovoltaic-mediated interaction with the 633-nm line

1050-2947/96/5@)/2641(9)/$10.00 53 2641 © 1996 The American Physical Society



2642

XIA, SANDLE, BALLAGH, AND WARRINGTON 53

Raman output power(arb.)

E§9.9 nm

T

(a)

| I.l | l. N IHIHHIH || l Ll |603I»0nm

20

1

-18 -16 -14 -12 -10 -8 -6 -4

-2

T

Raman output power{arb.)

()

659.9 nm

L,

L 1 L L L 1

-20

L
i

2 0 -8 -6 -4

Raman output power(arb.)

659.9 nm |

603.0 nm

|
n
o

Raman output power(arb.)

.

-20

__ .“.II'III.J.Ll.“l‘.'.é“‘

L :
-18 -16 -14 -12 -10 -8 -
Laser-atom frequency detuning (GHz)

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. Initiallysee Fig. 1a)] the 659.9-nm output is
suppressed and the 603.3 nm appears almost every time the
pump field builds at a cavity resonanc@he 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 procegslhen, for a cavity length increased
by approximately thre€588.2 nm wavelengthgFig. 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-
creasdgFig. 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 patbermn
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 condifese Eqg.
(19)], thus requiring that the initial-to-final-staté‘two-
photon”) frequency separatiow,, [see Fig. )] 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-

FIG. 1. Simultaneous measurements of output powers for thectly, because the two frequency splittings are incommensu-

two observed Raman lines at 603.0 and 659.9 nm when the pumyte. However, frequency pulling effects associated with the
frequency is swept across a number of cavity resonances immediign|inear interactions provide a measure of flexibility and in

ately below the 588.2-nm atomic-line center. The cavity length i”'fact play a major role in determining the Raman behavior, as
creases successively by a few wavelengths for each step in trwe discuss in Sec. IV.

progression from@) to (d); all other conditions remain the same.

) We now turn to a brief sur itchi
Input power, 100 mW, neon discharge current, 4.8 mA. vey 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-
meant that locking was upset when the dye laser was tunecient dye laser power, normal optical bistability, very similar
for more than a few seconds to a cavity resonance near the that obtained in Ref.23], results. The next most simple
1s5— 2p, line. However, this did not prevent locking during switching involves a single Raman lasing line. Figufa)2
frequency scans of the dye laser across a number of caviilfustrates a case where only the 603.0-nm line is lasing and
profiles, which are the experimental results of main interestFig. 2(b) where the only line lasing is 659.9 nm. These cor-
Presumably, the reduction in the time for which the circulat-respond to nearly exact two-photon resonance in each indi-
ing pump intensity was large and the relatively rapid passageidual case: the Raman line “turns on” when the pump
through cavity resonances meant that the locking assumed dailds up to a critical threshold and “turns off” abruptly as
average, stable, configuration. the pump switches to the lower branch. There is some, but
An associated problem that arose was the difficulty ofnot pronounced, evidence of the intracavity pump power be-
establishing precise, absolute values of the cavity opticaing modified as the Raman field switches on.
length. As we shall see below, measuring laser detuning from Modification to the pumpis pronounced in the case
the nearest cavity resonance, which is the usual cavity lengtbhown in Fig. 3. Here the Raman line is not initially resonant
requirement for determining switching behavior, provides in-with the cavity, but is pulled into resonance by the two-
sufficient information to predict behavior in this present ex-photon interaction. Further discussion is given in Sec. IV,
periment. where the mechanisms involved are outlined in some detail.
In Fig. 1 we present a typical set of Raman outputs afFinally, in Fig. 4 we show a case where the Raman lines may
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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.

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 atdaig. 5a)] is confined
betweenz=0 andL inside a ring cavity of length. [Fig.

5(b)] with input and output mirrors each of reflectariRand
transmittance (} R) The electric field inside the cavity is

L L 1 ) L L L L
-134 -1335 -133 -1325 -132 -1315 -131 -13.05
Laser-atom frequency detuning (GHz)

FIG. 2. Forward and backward frequency scanning showing si-
multaneous optical bistable switching fe®) both the pump and
Raman 603.0-nm emission with pump input power 106 mW (@nd
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).

simultaneously coexist. The cavity length is such as to some-
what favor the generation of the 603.0-nm line, but as the = S
pump frequency is further tuned, the 659.9-nm line can alsoe
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.

35
a
5
o}

lll. THEORY

semiclassical three-state model[Fig. 5a)] for the coupled  Raman 603.0- and 659.9-nm lines simultaneously with the pump

the sum of pumpZ,(r,t) and Ramart (r,t) fields

Z(rt)=2Z,(r, )+ £.(r,1)

={g,Ep(r,t)exd —i(wpt—ky2)]
+ & E,(r,t)exd —i(w,t—k,z)]}+c.c.,

(1)

Awan 659.9 nm

/Man 603.0 nm

Mp 588.2 nm

-7 -6.9 -6.8 -6.7
Laser-atom frequency detuning (GHz)

Raman-pump system in which, like Uppal, Harrison, and Lus88.2-nm transmission. The 603.0-nm Raman radiation has a wider
[24] for the on-resonant case, pump depletion is includedprofile and turns on at a lower frequency than the 659.9-nm line.
Our treatment, however, is not confined to a resonant situarump input power, 121 mW; neon discharge current, 4.5 mA.
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2 3
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=Tt yi+2y, 2I'1+ = y1—2y,
SO:_ 3 ) S]_: 3 ’

Fl+ 2r2+ ’yl+ 2')/2

52:_ 3 . (4)

k. and k, are the optical-dipole dephasing rates for the
pump and Raman transitions respectively;and vy, are the
population decay rates from the upper level 3 to the lower
levels 1 and 2]'; andT', 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 ratex;, and time is in units ORIZl.

ture atoms with decay rates and detunings. The frequency separa- e note that the full density-matrix equations and the
tions between levels 2 and 1, 3 and 1, and 3 and 2 are, respective@nalytical solutions for a closed three-level system have been

wy, w31, andws,. (b) Unidirectional ring-cavity model.

whereg, and &, are unit vectors indicating polarization di-

rections anck, andk, are the vacuum wave vectors associ-

ated with the pump and Raman frequendigs- w,/c and
ki=w,/c.
Eo(r,t) andE(r,t) are slowly varying field envelopes.

The pump and Raman frequency detunings from their re

spective atomic transitiond = w,— wz; and A, = o, — w3z,
are shown in Fig. &) together with the nominal two-photon
detuning from exact two-photon resonande =A,—A

=wy— (wp— ;). It is assumed that each field mode inter-
acts with a single optical transition, so that the couplings o

the fields with the atomic dipoleg,s (=(1|u|3)) and uys3
(=(2|u|3)) are characterized simply bighe two complex
half-Rabi frequencigs

B=psz &E, Ih. 2

equations can be written
terms of slowly varying, off-diagonal elements
EBlzexqi(wpt_kpZ)]pSlv pa=exdi(ot—k2)]pz, and

p21=expli[ (wp— w)t—(k,—k)Z]}p,1 and population differ-

enceSDiJ-Zp“—p“- as

a= M3q* épEp/hy

The density-matrix

p31=— (k1—i1A)pz—iaDs+iBpa, (39
paz=— (k2= 1A;)pz—iBD3y+iaps, (3b)
pr=—[1=i(A=A)]py—iapi+iB*ps, (30

Da;=4 Im(a* pay) +2 IM(B* pap) + g+ 11D a1+ ,D s,

(3d)

D32:2 Im(a*;53l)+4 Im(B*Z)32)+SO+le3l+SZD3fi )
3e

where we have set

The positive-frequency complex amplitudes

in

given by Ryan and Lawandf25]. The total macroscopic
polarization is

AzZ,t)=N Tr(pup)
= N{M13f~)3lexr[ =i (wpt - kpz)]
+ pogpsexXd —i(w,t—k.2)]}+c.c.,

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

©)

ffields become

da L. .

a=—1<a+lglp31+lq)1a+xas (6)
and

qp = KBTiGaDarti(Pa+A")B. @)

Herek is the cavity decay ratén units of k1,) and the gain
parameterg, (for pump andg, (for Raman are defined by

gi:2KKiCi, (8)
where the cooperativities are
c=-20t 12 9

with «aq; the weak-field, resonant absorption coefficients for
(homogeneously broadenegump and Raman transitions

N|M13|2wp _N|I‘~23|2wr
——P g

SOCﬁ K1 (10)

ap1— .
01 SocﬁKz

®, is the laser-cavity detuningn units of x;,) defined by

q)lzwp_wcpi (11)
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where o, is the empty-cavity resonance frequency nearest

0 wp . 10
The detuning of the Raman frequency from its nearest 3 8 (@
cavity frequencyw,, is (v, — w¢;), but sincew, is free to £ g
vary, we defineD, as g al
[«3
¢2:(wp_a0ﬁ_0%n (12 E 2
which represents the cavity detuning of the nominal Raman ot ‘““HL“ n " : : : n
frequencyw,— w,y in units of k3,. We remark that the va- =700 -600 -500 -400 -300 -200 -100 ©
lidity of Egs. (6) and (7) requires thaib; and®,+ A’ are
both small compared to a free spectral range. Finally, from 2
the input pump half-Rabi frequenay iy, (outside the cav- § 15}
ity) we obtain the scaled input field iﬁ
E 1
as= inpu/ V1I—R. (13 ‘E’OS | |
For reference, we note that the output fields are obtained o ol
from the cavity fields via agyp=aV1l—R and 700 600 —So0 250 —avo 200 100
Boutput:ﬁ V1-R.
IV. NUMERICAL RESULTS AND DISCUSSION . 2 S
© L
Equations(3), (6), and(7) are the basic equations of our %1‘5
model and we have solved these to obtain steady-state sys- E 1
tem behavior using theuTo bifurcation-analysis software c
packagd 28]. We shall see that the simulation reproduces the £05F
Raman-comb behavior of Fig.(hich is the main signature < ol
of the experimentand enables us to understand the mecha- - .
nisms responsible for the behavior seen in Figs. 1-3. We ~700 600 -500 400 -300 200 ~100
begin, in Fig. 6, by presenting the results of simulations in
which a pump field of constant input intensity is frequency 2
scanned through a number of cavity resonances from well § 15} (d)
below to just above pump-atom resonance. Parameters have %
been chosen to relate the model closely to the experiment for § 1
603-nm Raman emission, as discussed in the Appendix. g
Three separate scan simulations were performed, corre- %0'5 | '
sponding to successively increasing the cavity round-trip & ol

lengthL by two pump wavelengths each time. Note that the
value of @, for a givenA is unchanged and also that, for a
given cavity length®,— @, is constant across all peaks of Laser—atom frequency detuning, A
an entire frequency scan. Thus we can represent the effect of

the cavity length change by setting the cavity detunitags
A=-400) to ®;,=—-2.0 and ®,=3.3 in the first scan,

¢,=-2.0 an(_'jCD2=2.5_ in the second scan, anig, = —2.0 amplitude|«| (essentially unchanged for each sgah) the intra-
and ®,=1.7 in the third.[The change in®, per pump-  cayity Raman amplitudés| for the caseb,=—2.0 andd,=3.3,
wavelength increase ib is the free spectral rangén units  (¢) the Raman amplitude for the cadg = —2.0 and®,=2.5, and
of k315 times the factor (£ \pymp/Aramad-] The output  (d) the Raman amplitude for the cagg = — 2.0 and®,=1.7. The
pump amplitude for the first scan is shown in Figa)eand & values are each referenced fo=—400 and in every case
the broad feature of the power broadened atomic response i§=10.3, k;=1.1, x,=0.9, y,=0.04, ,=0.02,T';=8.9x 10",
seen in the decreasing peak transmission as the pump scans=1.07x10 3, x=0.03, g;=1200, andg,= 1500.
towards resonance. At the level of detail shown in the figure,
the pump output-frequency combs for the second and third N
scans do not differ appreciably from the first and hence are 7="i01pa/a. (14)
not repeated. ThRamanamplitudes, however, change dra-
matically from the first scariFig. 6(b)] to the third [Fig. , . ,
6(d)], showing the considerable sensitivity of Raman Iasmg'n terms of 5, the steady-state equation for the intracavity
range to cavity length, thus confirming that the theory reproPUMP field is given by the implicit equation
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 |a|2= K ad?, (15)
pump field as [k+Re(7)]P+[D,— |m(n)]2' s

-700 -600 -500 -400 -300 -200 -100 O

FIG. 6. Theoretical simulations of pump frequency scans corre-
sponding to three different cavity length®) the intracavity pump
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so that it is evident that Rey) is the loss coefficient and
Im(#5) the dispersive phase shifor frequency pulling for
the pump field. We may similarly define a coupling coeffi- 0.1
cient for the Raman field as < 0.08-
£0.

L~ (O]
7= —192032/B, (16) £ 0.06-

0.124

E
in terms of which the Raman gain coefficient for the medium & 0.04+
is given by —Re(%,) and the Raman phase shifir fre- 0.024
quency pulling is given by Im(z,).

In the absence of the Raman figd=0 (which applies,
for example, in the far wings of the first sgahe pump
undergoes the familiar “two-state” optical bistability, with
an expression fow in the steady state, which can be shown
from Eqgs.(3), (4), and(14) to have the two-state form

A
. A
= g1(k1+iA) ‘
B T, 2ky(T1+2T5,+7y,) -398
2, A2 1 1t 27 Y2), 5
K5+ A 1+—)+ o
A W e

7

The behavior of the frequency scan for the two-state case has
been discussed in detail by Sandle and Gallag®@lr How-

-399¢}

ever, with the three-state model, Raman lasing occurs when —400!
there is sufficient gain at a frequeneay , which is resonant A
(under the effect of the frequency pullingvith a cavity r
mode. Formally, this can be seen from the equationdpor
Eq. (7), at steady state, which gives —401¢
—Re(7)=« (183
-402 : : .
and -402 -401 -400 -399 -398
A= A=Im(y) =~ ®,, (18b) A
where the latter is equivalent @, = w.,+Im(7,). To un- —0.42, (c) o~
derstand the implications of Eq&.8a and(18b), it is useful —0.44 A.‘.:‘-“‘\\
to consider the main characteristics of the Raman response | ::_::‘:::::::\\\:::
function. Perhaps the single most important feature is that 2—0.4& /,,fﬁ}“:\‘::\\::‘\:::‘:\\
Raman gain will occur only whehA| is sufficiently large 048 ///////////\\\\

1
/ %

/
W

i
//224//

Raman Phas
|
o
o

19

r

A A+sgr(A) VAZ+(2|al)?

The latter equation expresses the condition (fega) reso-
nance in the two-photon pump-Raman process between the
ac Stark-shifted level 1 and the bare level 2. In Fi@) The
Raman gain is plotted as a function &f and A, in the
vicinity of A= —400. We have used the same atomic-decay- A
rate parameters as in Fig. 6 and have chosen4 and
B=10"°. The main feature is that the gain extends away . .
from the line A, =A [i.e., Eq. (19) when |A|>|a|] by a FIG. 7. Raman response as a function of pump detumra_md
width determined largely by the Raman-coherence decay ra{éiman detuglngéer. with fixed pump and Raman amplitudes
s ) . . a=4.0 andB=10"°: (@) Raman gain(b) paths where the Raman
«12 (Which is 1 in the present scalingn Fig. 7(b), a contour gain is equal to the cavity loss, arid) Raman phase shift. The

pIot_ traces the p_a'_[h in the\( A)) plan_e where gain equalsf atomic and cavity decay rates are as in Fig. 6.
cavity loss and it is at one of these lines that Raman lasing

will begin. The Raman phase shift for the region correspond- The detailed features of the onset of Raman lasing can be
ing to Fig. &) is shown in Fig. 7c). We note also that the understood by referring to Fig. 8, where a theoretical scan for
pump phase shift Img) is slowly varying in theA,A, region  a single-cavity profile in the regioA = —400 is given, with

of these graphs and has a value close-.6. system parameters the same as in Fig. 6. We have chosen
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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

. n intracavity pump field amplitude~1 or larger for the de-
401 -400 -399 cay rate parameters we have chosen. Above this value of
a, the maximum gain is relatively constant, but the value of
|A| at which it occurs depends almost linearly an For
example, the maximum gain fak=2 is 0.26 and occurs
near|A|=90, while for«= 8, the maximum gain is 0.30 and
occurs neafA|=330. Clearly, then, Raman lasing cannot
occur in the very far wings of the line, since the largest
intracavity pump amplitude possibte; cannot produce suf-
ficient gain. Near the center of the comb scaa., near the
single-photon pump resonance frequentyere is insuffi-

-
[=]

Pump Amplitude
g2 & o o

Q
N

w

o
T
s

(=]

Raman Amplitude

-402 -401 -400 -399 cient pump amplitude to produce Raman gain. We note too
that even fore=1, Raman gain turns to loss fpA|<39.
Laser—atom frequency detuning, A The key element in determining the extent of the Raman

comb is the relative phase shift between the pump and the
FIG. 8. Theoretical plot ofa) pump amplitudgd | and(b) Ra- Raman fields. For Raman lasing, these are constrained by
man amplitude| 3| versus pump laser frequency. The solid line Eq.(18), as we can see by noting that at the frequency where
indicates a stable branch, the dot-dashed line an unstable brandfie Raman field begins to lase, the pump phase shift
and the dotted lines are the solutions corresponding to zero Ramdm(7)~®,, so that Eq(18b) becomes
output. The threshold points for Raman lasing are indicated by

circles. Parameters are as in Fig. 6, except the reference cavity L
detunings areb,;=—2.0 andd,=—1.3 atA = —400. A=A = A~Im(a,) =Im(7) + Pofrser, (20

®,=—2.0 and®,=—1.3 (at A= —400) and since the un- Where® s (=1 —P5) is fixed for a given cavity length.
saturated frequency pulling for the pump-i<2.8, the cavity ~The pump and Raman phase sifts at maximum Raman gain
begins to transmit the pump in the vicinity df,=—3.0  are plotted as a function of pump detuning in Fig. 9, for two
(.e., A=—401). As the laser frequency increases and thdlifferent values of pump amplitude. The pump phase shift
intracavity pump intensity grows, the frequency pulling be-follows essentially the two-state forfwith the proviso that
gins to bleach, so the intensity grows more slowly with fre-the effective intensity is enhanced by optical pumping to
quency than it would with a linear refractive index. In the State 2; see Ref29]) and so decreases as\lat large|A|
absence of Raman emission, the pump follows the dottetef. EQ. (17)]. The Raman phase shift also falls inversely
line. This characteristic tilted shape, familiar from two-stateWith A. So, for fixed value of pump power, the phase-shift
bistability studieg23], allows the cavity to produce different difference [Im(7,) —Im(#)] becomes small at largeA|;
peak pump-transmission intensities depending on the dire@ventually the ternd yue; dominates in Eq(20) for A’. The
tion of the frequency scan. In the present case, the dotted lingidth of the gain curve in theX,A,) plane, however, deter-
represents an unstable solution; the stable solution is for Rdnines how largeA” may be, as illustrated in Fig.(@). For
man lasing beginning at the pump detuning of aboutgiven pump power the Raman gain decreasdd pbecomes
A~ —400.7 ande~4. At this frequencyd,~—2.7 and Ra- large, so that the curves where gain equals [63g. 7(b)]
man lasing begins at the point marked by the circle in Figapproach each other ant’ must become smalkFor ex-
7(b), where the corresponding Raman phase $sife Fig. ample, witha=1.5, A’ may be in the range of approxi-
7(c)] allows the given Raman frequency to satisfy the pulledmately +1.6 to —1.6 nearA = —120, but only in the range
cavity condition Eq(18). The pump phase shift is dependent of +0.7 to —0.7 nearA= —240.) Thus, in the case of Fig.
on the Raman intensity and as the Raman intensity grow$(b), where® 4= —5.3, we see that the Raman field can
the pump phase shift suffers accelerated bleaching, with theirn on at low pump power atA=-—100, while at
effect that the pump is further from its dressed resonance andl= — 240 the diminished phase-shift difference prevents it
its transmission decreases for an interval. The Raman gaifrom doing so. Even though at largg| larger pump powers
however, decreases with increasing Raman intensity and ase available than at line center, somewhat offsetting the
the Raman intensity settles to near its maximum value, thabove effect, Fig. @) shows that there is a corresponding
pump phase bleaching slows and the intracavity pump intersignificant further bleaching of the phase-shift difference:
sity begins to grow again. The effect of this increasing pumpRaman lasing at largéA| is forbidden for larged gee:.
field is to strongly alter the Raman phase shift a value Clearly, Raman lasing can begin there with sufficiently high
Im(7,)~—1], so that eventually the Raman field is no pump power if the magnitude b4 is sufficiently small
longer near a dressed cavity resonance and is not supportdds in Figs. &) and &d)].
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0 . . i . . sity plays an important role in the phenomena observed.
A theoretical analysis based on an earlier three-state Ra-

. "2 ] man laser modele.g., see Ref[20]), which gqualitatively
% | e P - ] reproduces the experimental results, has enabled us to iden-
o Tee Ll tify the mechanisms controlling the switching. Some impor-
& -6f RN 1 tant features of the Raman gain, and the behavior of the
a 8 @) S~ pump and Raman phase shifts, have been characterized by

=l AR examining the Raman-response functions in the presence of

-10 the prescribed fields. These properties were then used to ex-

—400 -850 ~300 -250 -200 -150 -100 plain physically the details of both the single-cavity profile

0 _ , i , i switching and the overall behavior of the Raman frequency
combs.

~2¢ Finally, it is worth mentioning that different wavelengths
£ _al connecting the 4 levels to the P levels have been used as
% pump beams and all of the observed Raman lasing [i2&s
J(:‘@ -6} have shown simultaneously optical-bistable behavior with
o gl the pump transmission.
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and switching phenomena have been seen in the numerical
modeling[30] and further exploration of these behaviors will APPENDIX: PARAMETER ESTIMATION
be presented elsewhere.

The estimation of the parameters for the model we use is
V. CONCLUSIONS not §traightf.orward.l Neon has been Fhe subject of much in-
vestigation in atomic and laser physics for many years and

We have observed and characterized properties of the Ralthough many broadening and transfer rates have been mea-
man lasing that occurs between the metastablievels and  sured, some key parameters for our work have proved diffi-
the 20 manifold of neon, by using a commercial He-Ne lasercult to obtain because definitive measurements do not yet
driven by an external dye laser. Simultaneous bistable opticappear to have been made. Furthermore, our model ignores a
switching of the pump and up to two different Raman wave-number of important features of the experiment such as in-
lengths has been seen, with a signature strongly dependembmogeneous broadening in the gaseous medium and the
on the absolute cavity length. In contrast to most of the preGaussian and standing-wave intensity distribution of the la-
vious work on Raman lasingvhere the pump amplitude is ser modes. It is well knowffor example, in optical bistabil-
held constant in our work modification of the pump inten- ity) that even where optical switching behaviorgsalita-

TABLE |. Parameters for the neorsd— 2p,—1s, Raman transition.

Parameters Estimated Reference As used for the modeling
Kip 10-60 MHz [33] 1.0

k1 (2p,—1s5) 35.5 MHz [34,35 1.1

Ky (2p,—1s,) 37.6 MHz 0.9

v1 (2p,—1ss) 1.75 MHz [36] 0.04

v5 (2p,—1s,) 0.75 MHz 0.02

I'; (1ss—1sy) 0.17 kHz [37,39 8.9x10°°

I, (1s4—1s5) 2.08 kHz 10.% 104

01 (2p,—1ss) 1155 [39] 1200

g, (2p,—1sy,) 511 1500

K 1.5 MHz 0.03
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tively unchanged by these simplifications there can be aumber of consecutive resonant modes. The analysis in Sec.
substantial influence on the “effective-parameter” valuesV shows that the nonlinear interaction complicates this argu-
that allow the model to best reproduce the observed nonlinment; however, this estimate gives a reasonable lower limit
ear behaviof31]. In addition, different physical processes of 10 MHz (HWHM) at 3 Torr of He. An estimate for the
can emerge when the level degeneracy is taken into accounfpper limit on «;, can be obtained from the sum of the
an example is Raman polarization flippif@2]. Our aim in  hajf-widths of the %, and s states, which can be approxi-
this paper is therefore to show that with reasonable values Gfated by the widths associated with thes-Pp, and k,-

the parameters, the model qualitatively reproduces the e@pz optical dipoles. Saoudi, Lerminiaux, and Dumd64]

perimental features we report above. find a foreign-gaghelium) broadening constant of 9.3 MHz/

Perhaps the largest single difficulty is in obtaining avalueTorr for the T.-2p, transition, and we expect that a rate of
for the Iss—1s, Raman-coherence decay rate under the), .o s also reasonable for thes,42p, transition.

conditions of foreign-gas broadening by He. This is hard t . . )
measure except in the context of a Raman process[3apr oWe set forth in Table | our best estimates of the experimental
parameters, together with the valué@sormalized to the

estimates a value of 15 MHhalf-width at half maximum , ,
(HWHM)] for 6 Torr of helium from consideration of the Raman-coherence decay raig) used in the modeling.
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