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Bichromatic emission in a ring dye laser
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We have performed an experimental study of a high-Q Rhodamine 66 ring dye laser and have
0

measured bichromatic emission with wavelength spacings as large as 110 A when the laser operated
bidirectionally. The bichromatic emission vanished at all excitations when the laser was forced into
unidirectional operation using a Faraday isolator. However, when a weak reflected beam was al-

lowed to make a single pass in the direction opposite to that allowed by the Faraday device, bi-

chromatic emission is recovered at the higher pump powers. The experiments show that no discon-
tinuities occur in the intracavity power as a function of excitation and that the intracavity fields

which are completely consistent with the measured thresho1ds are not capable of producing Rabi
splittings larger than a few angstroms. In addition, we have observed no structure in the spontane-

0
ous emission spectrum of the dye when the bichromatic emission (80-A splitting) was present in the
laser mode. We have been able to quantitatively fit the threshold and wavelengths of the bichromatic
emission using a distributed feedback mode analysis with a cavity-mode-induced susceptibility grat-
ing.

INTRODUCTION

Recently, there have been several theoretical and ex-
perimental studies of homogeneously broadened lasers
which exhibit multichromatic emission. Theoretical
conjectures which lead to multichromaticity are the
self-pulsing behavior of the on-resonance Maxwell-Bloch
equations (single-mode laser in the bad cavity limit with

yt~/yt &0.20), the good cavity Risken-Nummedal insta-
bility, ' the interaction of semiclassical atoms with two
intense laser modes in the good cavity limit, and the evo-
lution of new mode solutions which find their origin in a
distributed feedback mode generated by a cavity-mode-
induced grating. '

Experimental investigations on the self-pulsing NH3
laser have been performed which suggest that the

~~
/p J (0.2 1 regime has been found and that the hetero-

dyne laser spectra are a verification of the single-mode
theory. It is not clear, however, that this regime is acces-
sible since the required ratio of y~~ to yz would be unlikely
in a polar symmetric top molecule and the gain in these
systems is not due solely to single-photon processes. '

Experimental observations of stable bichromatic emis-
sion in dye lasers have been reported by Hillman et al.
Other more recent work reporting similar results has also
appeared. " The experiments report large bichromatic
emission splittings (20—175 A) and have been interpreted
as being the effects of a strong two-mode interaction of a
radiation field with a semiclassical atom. These effects re-
quire intensities on the order of 50 MW/cm in order to
achieve Rabi splittings of 50—80 A. These values of intra-
cavity powers are significantly higher than those one
might expect to find in a single-transverse-mode dye laser
pumped by a few watts of cw argon-ion laser power.

Furthermore, the theory which is presented to account for
the bichromatic emission utilizes a T~ /T2 ratio of 10 in-
stead of the accepted value of 5&&10 . ' Calculations of
the susceptibility using the expressions derived in Ref. 10,
the T~ /T2 ratio of 5 X 10, and an intensity of 50
MW/cm leads to only a central population pulsation dip
of width T& in the usual power-broadend susceptibility
curve.

In this paper we present experimental measurements
on a high-Q Rhodamine 6G ring dye laser which was
found to exhibit bichromatic emission with splittings on
the order of 15—110 A while operating in the range of
2 —10 times above threshold in the bidirectional mode.
The laser thresholds were lower than any reported in
Refs. 8 —11 indicating a higher Q in our system and the
ability to further exceed the first laser threshold in our
experiments. Experiments were performed with the in-
sertion of a low-loss Faraday isolator (loss approximately
1.25%) in order to examine the effects of saturation grat-
ings on the bichromatic emission. The results showed
that the bichromatic emission was completely eliminated
in the operating range 1 —10 times above threshold.

When a weak reflection from an intracavity element
was allowed to make a single pass through the active part
of the jet in a direction opposite to that allowed by the
Faraday rotator, bichromatic emission is recovered at high
pump powers (5—7 W). This is believed to be a conse-
quence of a Bragg grating which appears when the weak
beam is sent through the active medium.

In addition, the side light fluorescence of the jet was
spectrally examined in order to search for sideband split-
tings similar to those found in Na atoms in a strong reso-
nant field. ' Those splittings have been theoretically pre-
dicted for atoms interacting with resonant fields capable
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of producing Rabi frequencies of the order T2 '. ' ' No
evidence of splittings or a fluorescence line-shape change
was found when the laser was 2 —10 times above threshold
and exhibiting bichromatic emissions with 80-A splittings.
This we will show is consistent with the low powers mea-
sured in our cavity.

In the next sections we will describe the experiments,
and the results which we obtained. In addition, we offer a
theory based on a new mode-structure hierarchy which
may explain our observations.

DESCRIPTION OF THE EXPERIMENTS

The experiments were carried out on a modified Spectra
Physics 380 ring dye laser. The laser is a figure eight ring
with a 200-pm-thick free-flowing dye jet of 2)&10 M
solution of Rhodamine 6G in ethylene glycol. The jet is
at the center of two curved mirrors which produce an
average focused Gaussian beam spot radius of approxi-
mately 10—15 pm at the laser wavelength. In addition
there is a pump focusing mirror which concentrates the
argon-ion laser pump beam to a spot radius of about the
same size as the laser mode beam waist. The multiline
argon-ion pump laser is an actively power stabilized Spec-
tra Physics Model 2020-05 with a range of 0—5 W. It
should be noted, however, that over the course of the ex-
periments, several new laser tubes were required. The
new tubes were capable of delivering as much as 9 W of
output for several days following installation. Each of the
ring dye laser mirrors was controlled by two Starrett Inc.
micrometers with +2.0-pm positioning resolution.

The laser was operated in a totally sealed-off cavity
containing only the dye jet, an astigmatism compensator
(optional), and mirrors with the highest reflectivity coat-
ings commercially available. The mirrors had a measured
power transmitivity of T = 10 in the wavelength range
5700—6100 A. The transmitivity of the mirror out of
which the power measurement was made was measured at
an angle of 8 (position in the cavity) against a National
Bureau of Standards blank in a dry nitrogen pumped
spectrophotometer. These values were obtained from ab-
sorbance measurements and therefore result in a max-

ARGON LASER Mp

I'4N'Big

RADIOMETER

FIG. 1. Experimental apparatus for bichromatic emission:
M1,M2, M3, M4 are laser cavity mirrors, 125 cm is the total
cavity length, FR represents the Faraday isolator, PD the photo-
diode, A the astigmatism-compensating Brewster angle rhomb, J
the dye jet, and Mp the pump focusing mirror.

imum reflectivity. This is acceptable as we are interested
in estimating the highest possible values for the intracavity
fields. Using the measured output power in a given direc-
tion, the maximum possible intracavity power associated
with that beam was directly found by dividing by the
transmitivity factor T = 10 . In addition to this tech-
nique, intracavity powers were measured using calibrated
intracavity scattering. The measurements were performed
in the presence of the average dusty environment using
two overlapping copropagating beams (the intracavity
laser beam and an external beam of known power).

Some of the experiments were performed with the inser-
tion of a Faraday isolator to ensure unidirectional opera-
tion. The Faraday rotator had an insertion loss of about
1.25% which doubled the oscillation threshold pump
power of the sealed-off cavity. The dye laser was
modified with external reflectors to allow for the simul-
taneous monitoring of the wavelength output and the
power coupled out in each direction of the ring. The
wavelength measurements were performed using a Jarrel-

0
Ash monochromator with a resolution of 1.5 A and a S-
20 photomultiplier tube. The measurements of the power
coupled out were performed using two independently cali-
brated radiometers (Coherent 210 and Laser Precision
RK3440 meter/RP538 head). In addition, fast p i n--
diodes were used to study the temporal output, in order
to ensure that any bichromatic emission wavelengths ob-
served were simultaneously present and not an instability
phenomenon between wavelengths. The laser cavity and
the external measurement hardware are shown in Fig. 1.

ANALYSIS OF THE DYE LASER ABOVE THRESHOLD

Among the critical parameters needed for the elucida-
tion of the bichromatic state or any instability
phenomenon are the gain and saturation behavior of the
laser under study. A knowledge of the gain and the
number of times above threshold the excitation produces
are paramount to establishing an experimental
correspondence between a theory and reality. The satu-
ration behavior and in particular the saturation intensity
are required to determine intramedium intensities. This
is a critical parameter in our case if one is to discrim-
inate between effects due to intense fields such as those
claimed in Refs. 8 —10 and other effects which lead to bi-
chromatic emission.

The gain of conventional flowing dye jet dye lasers is
known to be linearly proportional to pump power. ' '
This behavior allows us to equate the ratio of unsaturated
gain to the threshold gain to the ratio of pump power to
threshold pump power. When only the astigmatism com-
pensator (Brewster angle rhomb, 1% loss) was in the
sealed-off cavity, the threshold pump power was found to
be 0.35 W. This low threshold allowed us to access an
excitation regime as large as ten times above threshold.

The measurement of output power versus pump power
for the bidirectional dye laser operating with both the
sealed-off cavity (5930 A) and the conventional output
coupler (3% output coupling at 6160 A) are shown in
Figs. 2(a) and 2(b). The output powers, spot size in the
jet, and the ratio of pump power to threshold pump
power imply that for the homogeneously broadened dye
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laser, the saturation intensity of the dye is of the order of
250 kW/cm2.

This value is in good agreement with many models of
dye lasers. Typical five-level models give values of the
order of 400 kW/cm which when refined to include the
excited singlet-singlet absorption lead to values of the or-
der of 300 kW/cm . ' A detailed experimental study of
our ring dye laser with retroreflection and the myriad of
theoretical treatments of dye lasers indicate that typical
flowing dye jet lasers (rhodamine 66) have intensity-
gain —length products on the order of (0.04—1.5)P where
P is the argon laser pump power. ' With these values
one would have to have a laser with less than 0.3%
losses. This requirement alone would require an envi-
ronment with less than ten dust particles per cubic cen-
timeter in the optical path. ' In view of these arguments
it would be extremely dificult for a sealed-off rhodamine
ring dye laser pumped by a few watts of pump power
from an argon-ion laser to produce more than 1 —3 W of
intracavity power and medium intensities greater than
1 —5 MW/cm . '

In the next section we will show that the measured in-
tracavity power of our sealed-off dye laser, which has ex-

hibited dramatic bichromatic splittings in a low-order
Gaussian mode, is consistent with the arguments we have
presented.

EXPERIMENTS ON THE INTRACAVITY POWER
OF THE SEALED-OFF RING LASER

Experiments were performed to measure the intracavity
power of the sealed-off ring laser as a function of excita-
tion when it was operating in the lowest-order Gaussian
transverse mode. Two measurement methods were uti-
lized to obtain the intracavity circulating power: (1) direct
radiometric measurements of the transmitted output beam
and (2) calibrated intracavity scattering using overlapping
reference and ring laser beams.

The output power from the sealed-off cavity was quite
low and had to be measured radiometrically. The output
powers emitted through the characterized mirror de-
scribed in the previous section ranged from 10—600 pW.
Using the measured total transmitivity (including scatter-
ing and absorption) of the mirror, we were able to esti-
mate the maximum obtainable circulating intracavity
powers to be of the order of 3 W. Figs. 3(a) and 3(b)
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FIG. 2. Dye output power vs pump power (a) with sealed
cavity (0.016% transmission) and (b) with output coupler as M4
(3% transmission).

FIG. 3. Intracavity power vs pump power as calculated using
output power and measured transmitivity for the sealed-off cavi-
ty (a) operating bidirectionally and (b) operating unidirectionally
with the insertion of a Faraday isolator.



1762 N. M. LAWANDY, R. SOHRAB AFZAL, AND W. S. RABINOVICH 36

show the maximum intracavity power as a function of
pump power for the case of bidirectional and unidirec-
tional operation, respectively, at a wavelength of 5890 A.
The cycling up and down of the input pump power
showed no discontinuities and revealed no hysteresis
within the resolution of the experimental measurements.

A separate, more direct measurement of the intracavity
power was performed using light scattering. The mea-
surement was undertaken with the normally present dusty
environment of the laser cavity using two overlapping
beams. One beam from the argon laser served as a cali-
bration beam while the other was the intracavity beam
under investigation. This technique enables us to measure
both the reference and signal beam without realignment of
the measuring apparatus and also allows for the same
scattering particles (dust) to interact with both beams.
The experiment utilized for the direct scattering measure-
ments is shown in Fig. 4. It should be pointed out that
such a time-averaged measurement is likely to be more ac-
curate than Rayleigh scattering since a complete removal
of dust is required to have a reasonable calibration be-
tween any external measurement and an internal measure-
ment. '

The results of the scattering measurements indicated in-
tracavity circulating powers which were of the same order
of magnitude but always smaller than those found from
the external power measurements. This is satisfying in
view of the previously stated fact that the transmitivity
measurement of the reflector only serves to generate an
upper bound on the Q of the cavity.

With 2.4 W of pump power (threshold in this case was
0.5 W) and a calibration beam power of 0.48 W, the raw
data indicated an internal power of 0.48 W at the dye
laser wavelength circulating inside the cavity. This value
must be corrected by the relative 90 Mie scattering
cross-section dependence on wavelength since the calibra-

0

tion beam is at 4880 A and the laser emission is at 5970
0
A. ' The correction factor assuming an average dust par-
ticle diameter of 20 pm leads to a factor of 1.3 and an in-
crease in the circulating laser power, bringing the intra-
cavity power to a value of 0.62 W. This value is con-
sistent with the measurements performed by transmission

BICHROMATIC EMISSION EXPERIMENTS
WITH BIDIRECTIONAL OPERATION

The Rhodamine 6G dye laser output was examined
spectrally with a resolution of 1.5 A. The laser output
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as this intracavity power and a transmitivity of 10
leads to external powers on the order of 100 pW.

These measurements show that the two independent
methods of measuring the intracavity power are consistent
and indicate that there can be at most 1 —3 W in our
sealed-oA' dye cavity excited by pump powers of the order
of a few watts (0—6). Furthermore, we have seen no evi-
dence of discontinuities in the power of the dye laser as a
function of excitation. In the next section we will show
that these powers are completely consistent with the satu-
ration intensities of 100—400 kW/cm .
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FIG. 4. Experimental apparatus to measure intracavity power
from scattering: M1,M2, M3, M4 are laser cavity mirrors, 125
cm is the total cavity length, L represents the Argon laser refer-
ence beam focusing lens (focal length 40 cm), PMT the pho-
tomultiplier tube, J the dye jet, and Mp the pump focusing mir-
ror.
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FIG. 5. (a) Bichromatic splitting vs intracavity power. (b)
Same as (a) but with altered intracavity dispersion.
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FIG. 6. Newton's rings formed by the thermal lensing effect when the laser was in its lowest-order transverse mode and operating
0

bidirectionally with an 80-A splitting.

was sent through a diffuser before entering the monochro-
mator in order to eliminate any spatial ghost effects which
could appear as spectral structure. The results of a typ&-

cal experiment to measure the spectral output versus in-
tracavity power are shown in Figs. 5(a) and 5(b). The
measurements in Fig. 5 were undertaken in order to mea-
sure the bichromatic separation as well as to search for
chromatic hysteresis. Within the resolution of the experi-
ments we were able to measure large splittings but again

found no evidence of hysteresis. Figure 5(b) shows bi-
chromatic emission when slight changes in the intracavity
dispersions are affected. This type of sensitivity to disper-
sion has also recently been reported by Koch et al.

In order to ensure that the laser was operating in a sin-
gle transverse mode at all times (including the regime of
bichromatic behavior), qualitative and quantitative mea-
surements of the transverse-mode profile were performed.
Qualitatively, the intensity pattern was studied using the
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FIG. 7. Transverse beam profile with and without bichromat-
ic output.

FIG. 8. Resonance fluorescence spectrum with a bichromatic
0

splitting of 80-A on the laser mode.
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Newton's rings which formed when the output beam
traversed a thermal lensing plastic. The rings which
reflect a high degree of mode symmetry are shown in Fig.
6. In addition, the far-field transverse-mode profile of the
laser was scanned with the laser operating monochromati-
cally and with the laser operating bichromatically. The
superimposed transverse-mode profiles are shown in Fig.
7.

fluorescence spectrum was identical when the laser was
running unidirectionally with the higher circulating power
and when it was operating bidirectionally and exhibiting
an 80-A bichromatic emission on the laser mode. The
fluorescence spectrum was void of structure and is shown
in Fig. 8. This result is not surprising since the actual in-
tracavity powers could only produce Rabi splittings on
the order of a few angstroms.

EXPERIMENTS WITH FORCED UNIDIRECTIONAL
OPERATION

INDIRECT MEASUREMENTS
OF THE SUSCEPTIBILITY GRATINGS

In order to unambiguously test for the effects of satu-
ration gratings on the bichromatic emission, we operated
the high-g ring laser with an intracavity antireflection-
coated Faraday isolator to force unidirectional opera-
tion. When the laser was operated with the Faraday iso-
lator and the astigmatism-compensating Brewster angle
rhomb, the threshold pump power increased to about 0.7
W. These experiments were operated with as much as 9
W of pump power bringing the laser to an excitation
which is 12 times above threshold. In every experiment
that we performed with forced unidirectional operation,
there was no bichromatic emission.

When an intracavity glass surface was used to reflect
the strong unidirectional beam in the counterpropagating
direction for a single pass through the active dye region,
bidirectional emission occurred at high pump powers ( ) 5
W). When the weak reflected beam was slightly
misaligned, the bichromatic emission vanished. Measure-
ments of the power of the counterpropagating beam
verified that it was only seeing the saturated single-pass
gain of the jet. These experiments clearly demonstrate
that saturation gratings are necessary and are likely to be
at the heart of the bichromatic state observed in our ex-
periments.

As an additional test of the bichromatic state induced
by an atom in a strong field, we examined the fluores-
cence of the jet in order to check for structures similar to
that observed in sodium vapor experiments. ' The
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quence of effects associated with simultaneous counterpro-
pagating coherent beams. In particular, they do not
necessarily require two counterpropagating ring laser
modes but simply two counterpropagating waves, one of
which is the laser mode. Motivated by the results of the
previous experiments, we measured the counterpropagat-
ing intensities of the bidirectionally operating ring laser.
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operating at 6000 A with an output coupling of 7%.

FICs. 10. (a) The gain-length modulation of the gain medium
vs intracavity power for the sealed-off ring laser. The gain-
length modulation is calculated from the intensity with the nor-
mal saturation expression at line center. (b) Gain-length modu-
lation vs output power with and without retroreAection.
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In addition, we measured the counterpropagating intensi-
ties in the presence of a retroreflecting external mirror.
This was done in order to understand the reported results
of bichromatic emission with retroreAection. "

The experiments measuring the two intensities were
equal to within + 15%%uo unless a retroreflector was
present. The retroreflection measurements were per-
formed with an output coupling of about 5% while all
other measurements were performed using a sealed-off
cavity. The ratio of the intensities with retroreAection
was large near threshold but decreased sharply when the
laser excitation was increased due to unavoidable cou-
pling of the counterpropagating waves by intracavity
scattering. ' Figure 9 shows the counterpropagating in-
tensity ratio as a function of pump power for the laser
with retroreAection. At any time throughout the experi-
ment, if the retroreAection was blocked both beams reap-
peared with equal intensity, indicating that a field was
always present at the retroreAector. Furthermore, when
the retroreflecting mirror was moved back a narrow re-
gion of oscillation was observed.

Using the measured intensities we were able to infer the
intensity pattern in the jet in the limit that the counter-
propagating modes have the same wave vector and fre-
quency. These values were then used to calculate a gain-
length modulation depth (gain modulation depth multi-
plied by active medium length) as a function of the circu-
lating power in one direction from a standard saturation
expression for a two-level atom in a resonant field. The
results of the experimentally inferred gain-length modula-
tion as a function of intracavity power for the sealed-off
bidirectional laser (no feedback) are shown in Fig. 10(a).
Figure 10(b) shows a comparison of the gain-length prod-
uct for a 7%-output coupling laser with and without feed-
back. Detailed experimental studies of the intensity and
gain gratings in a ring dye laser with retroreAection were
also performed at several wavelengths and cavity
configurations. '

This set of experiments verifies that large gain-length
modulations are present in the bidirectional ring laser.
Furthermore, we have shown that the retroreAection effect
in a dye ring laser does not totally eliminate the counter-
propagating wave. In addition the gain-length gratings
with retroreAection increase as the laser is brought to
higher excitations and are comparable to those without
retroreAection. These experimental results indicate that
retroreAection significantly eliminates saturation gratings
in dye lasers only near threshold.

range of a low-loss dye laser. The steady-state threshold
mode structure results in coexisting modes that are spaced
by tens of angstroms. This we suggest is the origin of the
bichromatic state. The stability of these modes beyond
the first laser threshold is also studied using a Fourier
decomposed rate equation model. The coupling terms in
the dynamic model are based upon threshold longitudinal
mode profile solutions found in the steady-state results.

THRESHOLD MODE RESULTS

P = epX(cp)E (2)

and assume a periodically modulated frequency-
dependent susceptibility X(cp ):

X(co ) =Xp(co )[1+m cos(2Ppz) ],
where m is a parameter controlling the depth of the
modulation of the medium. The electric field is assumed
to have the form

Previous work on the effects of counterpropagating
fields have focused on the coupling of ring cavity modes
by the grating using constant spatial envelopes for the
modes. Work by Kogelnik and Shank, Chinn,
Streifer, Burnham, and Scifres, and Rabinovich and
Lawandy have shown that to correctly describe, ,the
modes of a periodically modulated medium it is necessary
to use spatially varying envelopes for the fields. Among
the effects that are lost when the mode envelopes are
forced to be constant are thresholds that depend upon the
grating size, the formation of a forbidden gap at the Bragg
frequency, and mode spacings that depend upon both the
cavity length and the length of the medium. In this sec-
tion we present results on the threshold longitudinal mode
structure of a periodically modulated medium with a
finite linewidth in a partially filled ring cavity.

The solutions derived are an extension of the coupled
mode theory of Kogelnik and Shank and include the
effects of the molecular line shape. This extension is

somewhat different in form to that of Sargent et al. but
has similar content. The full derivation of these equations
is given in Ref. 29, but we will sketch the derivation here.

We start with the scalar wave equation

d E/B —z (n /c )8 E/dt =p d P/Bt

where E is the electric field and P the polarization. We
set

TOWARDS A THEORY OF BICHROMATIC EMISSION E(z)=R (z)exP( iPpz)+S—(z)exP(iPpz), (4)
In the following section we examine the effect of the

intensity-induced Bragg grating on the mode structure
that occurs in a bidirectional ring laser. The standing
wave that occurs due to the growth of the bidirectional
ring cavity modes creates a saturation-induced grating in
the susceptibility of the dye which has precisely the right
periodicity to couple waves with frequencies within the
linewidth of the dye. Thus, the original ring cavity modes
induce a distributed feedback (DFB) medium in the ring
cavity and create a new mode structure in which ring-
DFB modes may reach threshold within the operating

where R (z) and S(z) are slowly varying envelopes.
Pp= 277/kp and A,p is the Bragg wavelength. Further ma-
nipulation results in the coupled-mode equations for the
field envelopes:

—R'+ [apg(5 —5, ) i[5+aph (—5—5, )]]R
=i (m/2)[aph(5 —5, )+iapg(5 5, )]S, (5—a)

S'+
I apg(5 —5, ) —i [5+aph (5—5, )]IS

=i (m /2)[aph (5—5, )+ iapg (5—5, ) ]R, (Sb)
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p1/3

p1/3 can be found:

+iIcLsinh(yL)(1 —p' )

(1—p'e' )(1 —p'e r )

Knowing y, we can predict the threshold gain, mode fre-

quency, and longitudinal mode patterns of the modes of a
ring-distributed feedback medium.

In addition we find a transcendental relation for the
threshold gain:

FIG. 11. Schematic of the ring laser model used for the
cavity-mode-induced bulk mode theory.

(1+p' )cosh(yL) —2p'
nL =~~L

1+p' —2p'cos?i( XL )
(10)

where ao is the gain at line center, 6 is the detuning of the
field from the Bragg frequency, 5, is the detuning of the
molecular line center from the Bragg frequency, g(5 —5, )

is a normalized Lorentzian line shape for the imaginary
part of the susceptibility, and h (5—5, ) is a normalized
line shape for the real part of the susceptibility. We define
the grating height Ir as (m /2)[aoh (5—5, )+ I'aog (5—5, )].
K is identical with the DFB coupling.

Next we apply ring boundary conditions to the fields.
A general solution to the coupled mode equations can be
written as

R (z) =rier'+r2e

S (z) =s Ie r'+sqe

(6a)

(6b)

where r1, r2, s1, and s2 are complex constants and y is
the DFB eigenvalue. Then we set

(r e
—YL/2+reer«~) =p (rie r«2+r2e r«~), (7a)

(s, er +s~e r )=p'(s, e r +s2er ), (7b)

where
—i (Po+ 6) ( 1 /f —1 )L —iPOLp'=pe

p is the lumped reflectivity of the cavity, L is the length of
the medium, and f is the filling factor of the cavity. Us-
ing these boundary conditions an eigenvalue relation for y

We have used these results to study the threshold
mode structure of the ring dye laser (Fig. 11). The line-
shape functions g (5 —5, ) and h (5 —5, ) use a dye
linewidth of approximately 250 A. The gain o.o is a
function of pump power and is determined using accept-
ed rate equation models for Rhodamine 6G. ' The
modulation parameter m, which sets the size of the in-
duced grating, is determined using the measured values
of the counterpropagating waves and the known satura-
tion intensity of Rhodamine 66. ' In addition, a disper-
sive loss modeled as a frequency dependence in p is used
to make the peak gain minus loss occur approximately
60 A off line center. Experimentally we find that the
laser oscillates 60 A off line center due to weak disper-
sion in the cavity because of the astigmatism device.
The frequency dependence in p is an attempt to model
this fact. The loss has a constant component and a
Lorentzian component with a line shape having a full
width at half maximum of 300 A and a height of 6%.
The minimum loss near where the ring cavity mode os-

0
cillates is 4% and is 66 A above line center. The length
of the cavity is 1.1 m and the length of the active medi-
um is 80 pm.

Using these parameters in the ring-DFB model, we
have found several important characteristics of the ring-
DFB modes in our laser. The mode spacing in a ring-
DFB system is determined by the length of the cavity, the
length of the medium, and the relative sizes of the grating
reflection to mirror reflection. Due to the extremely low
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FIG. 12. Rapidly varying longitudinal mode intensity pattern for the susceptibility grating, zeroth-order ring-DFB mode, and

Arst-order ring-DFB mode.
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filling factor of our laser, the ring cavity modes are
packed much more densely than the pure DFB modes (by
roughly L, /2L or about 10000 to 1). Hence there is a
ring cavity mode very near each DFB mode and the mode
spacing for the ring-DFB modes is determined by the
length of the active gain medium rather than that of the
cavity. The mode spacing is approximately 1.5 THz or
about 10 A due to the short length of the medium. This
is on the order of the smallest observed bichromatic split-
tings. The longitudinal mode patterns have also been
found and show that the zeroth-order mode is nearly Aat
in profile, but oscillates in phase with the grating and so is
a "hole filling mode. " As this mode passes threshold it
saturates the grating and so cannot support a grating on
its own. The higher-order modes tend to alternate being
out of phase and in phase with the grating. The first-
order mode, for instance, is out of phase with the grating,
like the original grating-inducing ring cavity modes. The
longitudinal mode envelope of the first-order mode is not
Hat but peaked in the center. Once the out-of-phase
modes grow, they increase the grating and thus can sup-
port a grating on their own. The rapidly varying part of
the zeroth-order mode, the first-order mode, and the gain
are shown in Fig. 12.

Further, the threshold of these modes depends not only
on the cavity feedback but also on the size of the grating,

The zeroth-order mode's threshold is strongly affected
by the grating, while higher-order modes are much less
strongly affected. As the gain in the system is increased,
the grating grows and the threshold for these ring-DFB
modes is lowered. We have defined the turn-on threshold
pump power for these modes as that at which their
grating-dependent threshold gains minus the loss at their
mode frequency equal the threshold gain minus loss of the
original ring cavity modes. The detuning from the Bragg
grating and thresholds for the ring-DFB modes are shown
in Fig. 13.

DYNAMICS ABQVE THRESHOLD

While a full description of the dynamics and modal sta-
bility of the bidirectional ring laser requires a numerical
solution of the partial differential equations that describe
the system, some insight can be gained by using the
steady-state results we have obtained to create a simpler
model for the system. As soon as the original bidirection-
al ring cavity modes grow and create a grating, the mode
structure is altered to that described in the previous sec-
tion. The modes in the dye laser are now ring-DFB
modes instead of simply ring cavity modes. It should be
pointed out that these modes, while having different fre-
quencies, all have the same spacing in their rapidly vary-
ing component. That is, all the ring-DFB modes are
modulated at the Bragg wavelength and thus may induce
gratings at the Bragg wavelength. The zeroth-order mode
is the one that has its threshold lowered the most by the
presence of a grating; however, it is in phase with the
grating and thus cannot induce a grating on its own. %'e
then expect that infinitesimally above threshold the first-
order, out-of-phase, ring-DFB mode is the only one
present. Since this mode is modulated in the same way as
the original ring cavity modes and has a threshold only
weakly dependent on the grating, it is essentially indistin-
guishable from bidirectional ring cavity modes in a non-
modulated medium. As the gain in the system is raised
and the grating increases, the threshold for the zeroth-
order hole-filling ring-DFB mode drops until it is above
threshold and can grow. This leads to a bichromatic state
with a spacing of about 19 A.

We have modeled the interaction between the in-phase
and out-of-phase modes which lead to bichromatic emis-
sion using a system of rate equations. The full derivation
of this model is given in Ref. 4; a sketch is given here.
The steady-state results show that for a wide range of pa-
rameters the lowest-order ring-DFB mode is well approxi-
mated:

Z r) ~ (e
—s(pz+ra/2)+es(pz+Q/2)) soda+
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FIG. 13. Theoretical bichromatic splitting vs pump power as
predicted by the ring-DFB theory.

where Ed is the mode amplitude, cod is the angular fre-
quency of the ring-DFB mode, and 0 is an adjustable
phase angle that we tie to the phase of the grating to en-
sure that the zeroth-order mode stays out of phase with
the gain grating, where the induced gain grating can be
written in the form 21' cos(2pz+0). In our formulation
we have decomposed the grating into a cosine component
ag1 cos(2Pz) and a sine component ag2sin(2Pz), where a~I
and ag2 are the amplitudes of these components. 0 is
then determined dynamically as 0=cos '[a~I /(a~I
+ag2)' ]. Thus when the spatially modulated portion of
the gain is, for instance, a cosine with positive amplitude
(asI positive and finite, ag2 zero), 0 is equal to 0. As the
grating changes due to saturation, its phase may change,
and by tying 0 to the phase of the grating we ensure that
the modulation of the ring-DFB mode intensity maintains
a constant phase difference with respect to the grating as
it is required to by the ring-DFB coupled-mode equa-
tions.
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(yL) =(aL) —(IrL) (12)

The threshold gain for the zeroth-order ring-DFB mode
can be found using Eq. (10). We can approximate this re-
lation by expanding the cosh to second order in yL and
using the DFB dispersion relation for a gain coupled dis-
tributed feedback laser on resonance:

independent of the grating, which is approximately true
for small gratings.

Using the assumed forms of the fields, we can find the
longitudinal intensity pattern in the medium. This pat-
tern consists of a constant term and the harmonics at
twice the Bragg frequency that provide the grating. We
write the gain as

The resulting cubic equation can be solved to yield an
analytic approximation for the threshold gain as a func-
tion of mirror reAectivity and grating height:

a(z) =a, +ag~cos(2Pz)+ag2sin(2Pz) . (14)

a,„L= I(p —1)[(aL)'(p' —2+ 1)+16p']'"

+~L (p' '+2p'+ l ) I /4p' . (13)

This approximation is very good for coupling
strengths ~L less than one which is always true for our
laser. This threshold gain can be used to define a cavity
decay rate for the zeroth-order ring-DFB field.

The first-order ring-DFB modes that are out of phase
with the grating are modeled as E (z, t)=E (e
—e "~')e +c.c. The threshold for this mode is assumed

As I/I, gets much larger than one, higher spatial har-
monics also becomes important. The size of the gain grat-
ing, ~, is a dynamic quantity defined in terms of the vari-
ables in the rate model as

~

Ir
~

= —,'(ag~+ag2)' . This
equivalent to the definition of ~ used earlier.

Since dye lasers have a large polarization decay rate, we
are able to adiabatically eliminate the polarization and use
a rate equation approach. In the rate equation limit we
find, by projecting out the individual Fourier components,
the following five rate equations for the system:

Em=
ca,f L

L,
E (15)

Ed=
ca,fdL

L,
—rd '(ag~, a~q) Ed, (16)

ra, = — 2Ed E (ed. e )sin(Acct) ag~sin ——2a, sin —+as2cos ——as2Ed sinQ+ ag~Ed cosQ

—ag~E +2a, E +2a, Ed+2a, —2ao (17)

as ~
= —I 2ed E (ed .e )sin(b cot ) a, sin ——as~sin —+a, Ed cosA +a~~E a, E +as~ Ed +a~—~

2 ' 2
(18)

0
ag2 = —I 2Ed E (ed. e )sin(beet) a, cos——ag2sin— —a, Ed sinQ, +agqE +ag2Ed +ag2 (19)

where I is the population relaxation rate, ao is the small-
signal gain, z ' is the out-of-phase ring-DFB-mode decay
rate defined in the normal manner, ~d

' is the cavity decay
rate of the in-phase ring-DFB mode calculated from the
approximation of the threshold gain; it is a function of the
grating size. L, is the length of the cavity. f and fq are
numerical factors to account for the frequency position of
the out-of-phase and in-phase modes, respectively, in the
gain line shape, and ed and e are the unit vectors in the
direction of the polarization of the out-of-phase and in-
phase ring-DFB modes, respectively. Dispersive losses
can be accounted for by using different values of p for the
first- and zeroth-order ring-DFB-mode-cavity decay rates.

We have numerically integrated these equations for
the parameters in our laser. The evolution of the
zeroth-order, in-phase, ring-DFB mode and the first-
order, out-of-phase, ring-DFB mode can be seen in Fig.
14. The first-order mode grows first creating a grating
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FIG. 14. Dynamic evolution of the stable bichromatic state.
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that lowers the threshold of the zeroth-order mode.
This mode begins to grow and saturate the average gain.
The growth of this mode reduces the gain available for
the first-order mode and it begins to drop in intensity,
reducing the size of the grating. The growth of the
zeroth-order mode also reduces the grating size increas-
ing its own threshold. Eventually a steady state is
reached in which the gain minus loss of both the first-
order and zeroth-order ring-DFB modes are zero. Thus
the dynamic nature of the threshold of the ring-DFB
modes allows the system to automatically adjust itself so
that two modes can be above threshold simultaneously
even in a homogeneously broadened system. The large
bichromatic splitting is the result of the new mode struc-
ture created in the active distributed feedback resonator,
which owing to its short length (80 pm) produces very
widely separated coexisting modes.

CONCLUSIONS

We have performed a carefu1 experimental study of a
high-Q Rhodamine 6G ring dye laser and have measured
stable bichromatic emission with wavelength separations
as large as 110 A when the laser was operating bidirec-
tionally. The experiments show that the measured intra-
cavity fields are completely consistent with the measured
thresholds, and saturation intensity, and are not capable of
producing Rabi splittings larger than a few angstroms.
-Measurements of the intracavity power as a function of
pump power exhibited no discontinuities or hysteresis.

Most importantly, the bichromatic emission vanishes at
all excitations when the laser is forced into unidirectional
operation using a Faraday isolator.

When a weak reflected beam was allowed to make a
single pass in the direction opposite to that allowed by the
Faraday device, bichromatic emission was recovered at
the higher pump powers. In addition, experiments were
performed to examine the resonance fluorescence spec-
trum of the dye. The results showed that no Rabi side-
bands were present when the laser mode exhibited an 80-

0
A bichromatic emission. These experiments show, we
feel, that support for a susceptibility grating is required in
the medium to observe the bichromatic state.

We have been able to quantitatively fit the threshold
and wavelengths of the bichromatic emission using a
ring-distributed feedback mode analysis. The success of
the threshold analysis indicates that a new mode structure
hierarchy exists in the dispersive multimode bidirectional,
high-Q ring laser. Finally, we have shown using a
Fourier decomposed rate equation system that owing to
the phase relationship between the ring-DFB mode's that
there exist stable bichromatic solutions based on the longi-
tudinal mode profiles we have found.
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