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Optical bistability from three-level atoms with the use of a coherent nonlinear mechanism
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%e report on studies on optical bistability from coherently driven A-type three-level atoms in a
Fabry-Perot resonator. The nonlinear mechanism relies on transverse optical pumping and is due to
population trapping in a coherent superposition of the ground-state sublevels. If, under appropriate
conditions„a zero-field level-crossing resonance (Hanle resonance) occurs in the atomic system, the
optical device is shown to display dispersive or absorptive bistability. Gur theoretical studies are
based on numerical solutions of the corresponding three-level Bloch equations in the presence of op-
tical feedback. Experiments are performed on the D& line in a sodium-filled Fabry-Perot resonator
using transverse optical Zeeman pumping of the S&~2 ground state. The measurements are found to
be in fair agreement with the theoretical predictions from our simple model.

I. INTRGDUCTIGN

Optical blstablllty (OB) using depopulation pumping ls
a well-known scheme. In 1976, Gibbs, McCall, and Ven-
katesan' experimentally demonstrated that a Fabry-Perot
cavity filled with sodium vapor as a nonlinear medium ex-
hibits optical bistability. They used nonlinear dispersion
due to hyperfine pumping in the ground state. More re-
cently, longitudinal Zeeman pumping in the Na ground
state has been demonstrated as a mechan1sm for low-
threshold OB. In fact, these pumping schemes generally
do not require atomic saturation: They take advantage of
population storage in an optically decoupled ground-state
sublevel to reduce the effective saturation intensity of the
driven transition. Thus, bistability may occur at largely
reduced thresholds as compared to two-level systems. '

A reduced switching threshold is also expected for OB
using transverse optical pumping. However, in this latter
pumping scheme, the nonlinear mechanism is different: it
relies on two-photon induced subleuel coherence effects.
If, under appropriate conditions, a Hanle-type resonance
occurs in this system [see Fig. 1(b)], the atoms are effi-
ciently accumulated in a coherent superposition of (degen-
erate) Zeeman sublevels; this Zeeman coherence turns out
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FIG. 1. (a) A-type three-level system, (b) ground-state level

crossing in a magnetic field B.

to be decoupled from the excited state and the induced po-
larization strongly decreases in zero magnetic field. In the
presence of optical feedback the nonlinearity of this zero-
field level-crossing resonance can then give rise to disper-
sive or absorptive optical bistability and hysteresis. More-
over, due to the Raman-type transition, the nonlinear
mechanism is supposed to be relatively insensitive to
Doppler and laser-bandwidth effects.

Recently, we reported a preliminary account of optical
bistability utilizing transverse optical Zeeman pumping as
a nonlinear mechanism. In this paper a more detailed
discussion of the experiment and its underlying theory
will be presented. Our theoretical studies are based on nu-
merical solutions of the corresponding three-level Bloch
equations in the presence of optical feedback (Sec. II). Ex-
periments were performed on the D, line in a sodium-
filled Fabry-Perot resonator using optically induced
ground-state Zeeman coherence (Sec. III). The compar-
ison of measurements and numerical studies eventually al-
lows us to test our simple theoretical model (Sec. IV).

II. PHYSICAL MGDEL

A. Nonlinear medium

Consider a folded A-type three-level system interacting
with a single-mode radiation field of frequency co [Fig.
1(a)]. We assume Zeeman sublevels that can be tuned by
means of a magnetic field 8 [Fig. 1(b)]; co2~!2m then
denotes the Larmor frequency of the system. Our analysis
is based on the density-matrix formalism. The corre-
sponding Bloch equat1ons fol the Iadlatlvely coupled
three-level atom are well known and can be found else-
where. ' Here we will restrict ourselves to a quick outline
of the basic assumptions underlying our calculations and
to the discussion of the relevant results.

%'ith the use of the Bloch equations the polarization P
and the susceptibility X of the medium can be determined.
To simplify the problem, we completely neglect the ten-
sorial character of the susceptibility, i.e., we treat the
problem as a scalar one. The knowledge of X then easily
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FIG. 2. (a) and (b) Calculated sample transmission T& and index of refraction n —1 as a function of the external magnetic field 8
for the three-level medium; the parameter is the input power (beam diameter, 240 pm). (c) and (d) Calculated variations of Tz and

n —1 with input power for three different magnetic field values. The other parameter values are X= 1.08)& 10' cm, I =2 cm, ar-

gon buffer-gas pressure pAR ——131 mbar, d =240 pm, dipole matrix element p=8. 5&10 Cm, Tl ——16 nsec, T2 ——0. 16 nsec,

~i ——~2 ——6.7 psec, cu2~/2n. =8(14 MHz/m T} Ap/277 = —10 6Hz.

allows us to determine the index of refraction n and the
absorption coefficient a of our medium. We solved the
problem numerically using the following notations for the
atomic system: Ti is the lifetime of level 3 and Tz de-

scribes the relaxation time of the optical coherences. Cor-
respondingly, ~~ denotes the nonradiative longitudinal re-
laxation time between sublevels 1 and 2 and ~2 is the non-
radiative dephasing time of the sublevel coherence. Let us
mention that for optically pumped ground-state sublevels
of an atomic vapor, ri and r2 are generally rather large.

In Figs. 2(a) and 2(b) the sample transmission
Ts ——exp( —2al) and n —1 are shown as a function of the
magnetic field 8, i.e., of the sublevel splitting co&&, for off-
resonant excitation (b,o/2m = —10 GHz) and different in-

put powers. Throughout this paper we assume a beam di-
ameter of 240 pm and use light powers instead of intensi-
ties for the ease of comparison with experiments. The
variations of Ts and n —1 with input power for various
magnetic field values 8 and the same 60 are plotted in
Figs. 2(c) and 2(d). The complete set of parameter values
is given in the figure caption; they are much like the
values used in our experiment. In calculating Ts and n we
have neglected propagation effects, i.e., a and n are as-
sumed to be constant over the sample length I. Ts and n
obviously display narrow resonance structures when co2& is
scanned through zero. This is due to the mechanism of
coherent population trapping that also gives rise to a
nonabsorption resonance in the population of the excited
state. ' Let us mention that the signal shown in Fig. 2(a)
has also been called "level crossing in stimulated emis-

sion"; generally its width in frequency units can be much
narrower than the corresponding optical linewidth. For
example, the narrowest resonance in Fig. 2(a) has a width
(FWHM) of about 500 kHz which is small compared to
the assumed optical linewidth of I!m Tz 2GHz. As can-—
also be seen from Fig. 2, near level crossing, T, and n

show a pronounced dependence on input intensity and on
magnetic field B. For 60——0, it turns out that no reso-
nance occurs for n and the system behaves purely absorp-
tive. In the limit ~&,~2—+ oo, this latter situation has been
discussed analytically in Ref. 4.

B. Nonlinear Fabry-Perot resonator

I' =4&~TsTz ~(1 &~TsTz»—
5, =4vr(n —1)l IA, ,

(2)

The nonlinearity of this sublevel resonance can give rise
to optical bistability if the medium is subjected to optical
feedback, e.g., by being placed into an optical resonator.
To further simplify the problem, we assume the three-
level medium to be located within a Fabry-Perot cavity
and we neglect Doppler broadening, transverse intensity
variations, standing-wave effects, and propagation effects
as mentioned above. The intracavity intensity I, is found
to be given by a somewhat generalized Airy formula:

T~~sT~ I

Iin (1 &MTsTg) I+Fsin [ 2 (Qg+—Qo)]
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50——4nL jA, +5g . (4)

Here RM and TM are the mirror reflectivity and the mir-
ror transmissivity, respectively. Tq describes the sample
transmission and 6~ is the phase shift due to the sample
dispersion. 50 denotes the empty-cavity phase shift with I.
being the cavity length. T~ and 5+ are parameters to for-
mally describe additional residual intracavity losses and
phase shifts, respectively. Tz and n characterize the non-
linear medium and, with respect to our three-level system,
depend, e.g., on sublevel splitting co2~ and on intracavity
intensity I, . Consequently, Eq. (1) is transcendent in I,
and generally can only be solved numerically. Thus, for a
given I;„, the corresponding I, is found if Ts and n, as
calculated from the Bloch equations, also satisfy the reso-
nator equation (1).

In Figs. 3 and 4 the predicted output power I'T ——T~I',
of a Fabry-Perot resonator filled with the three-level
medium is shown as a function of the magnetic field for
different situations. For b,o——0 dispersion is zero and the
system behaves purely absorptive; this case corresponds to
Fig. 3 where I'T is plotted for two input powers. The in-
serted arrows indicate the hysteresis cycle that occurs by
scanning the 8 field forth and back through zero. For
large optical detunings Ap the device is dominated by
dispersive effects and the form of the bistability curve
changes characteristically. This can be seen in Fig. 4 for
Ao/2m= —10 GHz and two different empty-cavity mis-
tunings. The detailed parameter values corresponding to
Figs. 3 and 4 are all listed in the figure captions.

III. MEASUREMENTS
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A. Experimental setup

A schematic diagram of the apparatus for the bistabili-
ty experiment is shown in Fig. 5. Experiments were per-
formed on the Na Di line using a home-built single-mode
cw dye laser with a maximum output power of 300 mW.
No active laser stabilization techniques were used and the
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FIG. 4. Dispersive case Ao/2m=10 6Hz; calculated cavity

output as a function of the external magnetic field for two dif-
ferent empty cavity phase shifts 5& (5&——0.55~87.5 MHz empty
cavity mistuning, 5o ——0.85~135 MHz). Parameter values are
%=5.6X10' cm, I';„=6mW, otherwise as in Fig. 3.

laser linewidth in the free-running mode was estimated to
be & 20 MHz at 598.6 nm. A Faraday rotator was used to
optically isolate the laser from the bistable device. After
being circularly polarized by a A, /4 plate the laser beam
was then focused into a Fabry-Perot resonator (FP) con-
taining the sodium sample. The FP was nearly confocal
(mirror curvature, 15 cm), and the focusing lens (focal
length, 15 cm) served for mode-matching purposes. The
resulting intracavity beam diameter was calculated to be
240 pm. For a variation of cavity length one mirror was
mounted on a piezoelectric translator (PZT) drive. Mirror
reflectivities of RM ——0.9 were used and the finesse of the
FP with the cold Na cell placed inside was measured as 10
(free spectral range, 1 GHz).

The sodium vapor is contained in a heated stainless-
steel cell of 1 cm diameter, the length of the heated zone
being 2 cm. Typical Na number densities used in ihe ex-
periments were 10' cm with about 200 mbar argon
buffer gas added. The sodium cell was mounted in a
water-cooled housing that was thermalized to room tem-
perature to minimize thermal gradients within the cavity.
The cell windows were slightly tilted with respect to each
other and antireflection coated on both surfaces to prevent
spurious optical feedback within the FP.

The Ar buffer gas not only prevented a contamination
of the cell windows but also served several additional pur-
poses. At the high pressures used (p~, =200 mbar) the
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FIG. 5. Schematic of the experimental arrangement: FR,
Faraday rotator; A, /4, retardation plate; I., mode-matching lens;
PZT, piezoelectric translator; PD, photodiode; 8, transverse
magnetic field.
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collisional broadening of the D& line was Av& —-3 6Hz
(Ref. 11) and thus masks the ground-state hyperfine struc-
ture (1.8 GHz) as well as the Doppler distribution
(AvD —-2 GHz). Thus, we expect the line to be essentially
homogeneously broadened. Moreover, the collisions with
buffer gas rapidly mix the upper-state sublevels, and the
excited-state manifold can thus be approximated as one
level. On the other hand, the ground-state sublevels are
practically unaffected by buffer-gas collisions. In addi-
tion, diffusion times of optically pumped atoms out of the
laser beam become longer in the presence of high buffer-
gas pressure. Finally, the collisions are important for the
efficient creation of Zeeman coherence under conditions
of off-resonant optical excitation. ' Let us note that
under the experimental conditions reported here, the
ground-state relaxation times were mainly diffusion limit-
ed (ri -=rz) and were found to be about 7 IMsec.

'

A pair of Helmholtz coils was used to create a small
transverse magnetic field 8 up to a strength of a few 0.1

mT. Two additional pairs of coils were used to compen-
sate for the Earth's magnetic field. Owing to the residual
magnetization of the metallic cell, however, this compen-
sation was not complete; the remaining field was about
0.01 mT. A waveform generator was used to control the
electric current flowing through the Helmholtz coils; this
allowed us to continuously sweep the transverse 8 field
forth and back through zero. The corresponding sweep
rate was set low enough ( & 10 Hz) to avoid signal distor-
tions due to transient effects. On the other hand, the
sweep time was set fast enough ( & 0. 1 Hz) to prevent the
signal from being influenced by a cavity drift due to
changes in pressure or temperature of the surrounding air.

In a transverse magnetic field 8 the circularly polarized
light beam coherently couples adjacent Zeeman sublevels
(

I
b m~ ——1, F= 1,2) of the SI~2 ground state via the ex-

cited I'~~2 state. Neglecting nuclear magnetism, the g~
factors for the two ground-state hyperfine levels only
differ by sign (

I gF I

=0.5) and in a weak field 8 the Lar-
mor frequency is given by 8(7 MHz)/mT for both I'
states. This variable splitting frequency corresponds to
co2i/2m. in Fig. l. It should be noted, however, that atom-
ic sodium does not represent a single three-level system
but is composed of a manifold of coupled three-level sys-
tems. Therefore, Fig. 1 is only a crude model for our
atomic medium.

The laser light being transmitted through the FP was
monitored by a photodiode and the signal was then stored
in a transient recorder (Datalab DL 922). It was operated
in the x-y mode with its x deflection being controlled by
the voltage ramp of the waveform generator. Consequent-
ly, the FP output power PT could directly be monitored as
a function of the transverse 8 field. The single-sweep sig-
nals were sent to a minicomputer for storage and further
analysis.

I.et us note that we also performed experiments where
the input laser power was varied instead of the B field.
For this purpose an electro-optic modulator (EOM) was
introduced in between the Faraday rotator (FR) and A, /4
plate. By applying an appropriate voltage ramp to the
EOM, the input power P;„could then be scanned. P;„was
monitored in addition to I'T by using a second photodiode
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FIG. 6. Measured optical transmission of Na vapor as a
function of transverse magnetic field for two input intensities (a)

Io ——30 W/cm and (b) 0.6IO.

and the ratio PT/P;„was determined by means of an ana-
log divider. Its value that is proportional to the mvity
transmission was then recorded as a function of the input
power P;„iwth the use of the transient recorder.

B. Experimental results

In order to demonstrate the occurrence of a nonabsorp-
tion resonance under conditions of transverse optical Zee-
man pumping, we first performed a simple transmission
experiment without mvity feedback, i.e., by misaligning
the resonator. In Fig. 6 a typical result is shown for the
sample transmission as a function of the transverse mag-
netic field 8 for two different input intensities. Here the
laser was tuned close to the center of the D& line. The
sodium vapor density corresponded to an optically thick
sample: at higher inagnetic field values (8 &0.2 mT) the
sample absorption was about 95%. %'hen the ground-
state Zeeman splitting was scanned through degeneracy, a
narrow transmission peak showed up. As can be seen
from Fig. 6 its width hv=(7 MHz)~/mT (full width at
half maximum) is less than 1 MHz; this value is small
compared to the pressure-broadened optical linewidth that

(a)
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FIG. 7. Typical curves of the observed cavity transmission as
a function of input power under (a) absorptive and (b) dispersive
conditions.
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FIG. 8. Measured cavity output power in the absorptive re-

gime as a function of the transverse magnetic field B for three
different number densities: (a) NN, =- 1.9X 10' cm, (b)

NN, ~2.4X 10' cm, (c) NN, =3.9X 10' cm . Otherwise
pA, ——120 mbar, P;„=150mW, zero cavity mistuning; for other
parameter values see text. Arrows indicate the observed hys-
teresis cycle.

was about 2 GHz corresponding to a buffer-gas pressure
of 130 mbar. Similar Hanle-type resonances were also ob-
served for off-resonant excitation with laser detunings
b, II/2TF up to 30 GHz. These measurements demonstrate
that under appropriate conditions, the sample transmis-
sian is strongly dependent on incident laser intensity and
on the Zeeman sublevel splitting.

With optical feedback, the nonlinearity of the medium
gave rise to optical bistability. In Fig. 7 typical experi-
mental results are shown for the cavity transmission as a
function of input intensity for the absorptive and the
dispersive case in zero external 8 field. Optical bistability
dominated by absorption is more difficult to realize since
it only occurs for a particular detuning of the laser within
the absorption profile of the DI line. This indicates a re-
gion of negligible nonlinear refraction where n is not al-
tered by optical pumping. ' For the same laser detuning
we also observed symmetric Airy peaks in the cavity
transmission as a function of cavity mistuning; otherwise,
these peaks were observed always to be asymmetric, indi-
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cating dispersive contributions. Let us emphasize with
respect to Fig. 7(a) that the transmission grows monotoni-
cally in the upper branch as expected for absorptive sys-
tems. '4

Figure 8 shows the output intensity as a function of the
external magnetic field for various number densities with

Nognet ic Field (~ g

FIG. 10. Measured (a) and calculated (b) dispersive bistability
and hysteresis for 60/2m. =3.5 GHz. Parameter values are (a)
NNa —=5 X 10' cm pAr =200 mbar, Pin =80 mW, d =240 pm,
cavity mistuning not experimentally determined. (b)
N =2.7X 10 cm» pAr =200 mbar» Pln =3 7 mW» d =240 pm»
p=8.5X10 Cm, T~ ——16 nsec, T2 ——0. 11 nsec, ~~ ——~2 ——11.3
psec, l =2 cm, l. =15 cm, RM ——0.9, TR ——0.8, 5O

——0.41.
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FIG. 9. Dispersive bistability for 4o/2+=8 GHz. Parameter
values are NN, 3X10' cm, pA, ——200 mbar, P;„=60 mW,
cavity mistuning not experimentally determined.
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FIG. 11. Dispersive bistability for Ao/2m = 10 GHz. Param-
eter values are NN, -=8 X 10' cm, pA, ——215 mbar, P;„=80
mW, cavity mistuning not experimentally determined.
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the laser detuning as just explained, i.e., under mainly ab-
sorptive conditions. As predicted, optical bistability and
hysteresis are observed when the Zeeman sublevels are
scanned forth and back through level degeneracy. Ab-
sorptive optical bistability could only be observed at high
laser powers (P;„&50 mW) and over a small range of
sodium number densities (10' —10' cm ). Moreover, as
pointed out above, the laser frequency stability was crucial
in these measurements.

Most experiments were performed in the dispersive re-
gime: some representative results are shown in Figs. 9,
10(a), and 11. These curves demonstrate that, depending
on experimental conditions, various signal forms can be
obtained; also note in this respect that different scales in B
field are used in these figures. Dispersive optical bistabili-
ty could be realized over a wide range of parameter values;
it was obtained, e.g. , for laser detunings up to 40 GHz.
As expected, the signal shapes were also strongly depen-
dent on the cavity mistuning that could be varied by
means of the PZT. Owing to a lack in stability of the
Fabry-Perot resonator, however, it was not possible either
to determine accurately this parameter value nor to study
its influence in detail. For further experiments we are
thus planning to stabilize the cavity length by means of a
He-Ne laser. Variations of the buffer-gas pressure over
the range 25 —250 mbar did not significantly affect the
overall signal shape. With increasing laser power, the
bistable switching occurred at increasingly higher magnet-
ic field values; at the same time the hysteresis got broader.
No bistable switching could be obtained for input powers
below 10 mW.

IV. DISCUSSION

The experimental results shown in Figs. 8 —11 have to
be compared to our calculated curves (see Figs. 3 and 4).
In the absorptive case the measured and the calculated sig-
nals both display a roof-type structure in between the
switching points. The measured curves, however, always
showed a nearly triangular shape, whereas the calculated
absorptive curves (Fig. 3) are completely rounded off; the
origin of this difference is not yet known. It might have
various reasons: as mentioned above our model neglects
the Gaussian cavity mode, propagation effects, standing-
wave effects, and the Doppler effect. Calculations includ-

ing Doppler integration have not given any evidence for a
significant change in the shape of the absorptive curve as
compared to Fig. 3; this reflects the fact that our medium
is mainly pressure broadened. Standing-wave effects were
ruled out by repeating the experiment in a ring cavity; the
signal form was observed to be essentially the same as in
the Fabry-Perot experiment. Thus, the measured signal
shape might be affected by the Gaussian transverse inten-
sity distribution and/or by propagation effects in our cavi-

ty; so far, these effects have not been examined in detail.
It should be mentioned, however, that first numerical
studies taking into account the intensity variations over

the beam profile yield better agreement with the experi-
mentally observed absorptive signal shapes.

Good qualitative agreement between theory and experi-
ment is obtained for the dispersive case: Figure 10(b), e.g.,
shows a calculated curve for parameter values that nearly
fit those of the measured curve [Fig. 10(a)]. They essen-
tially differ in input intensity; we found out that the ex-
perimentally used intensities generally are larger by about
1 order of magnitude than the calculated ones under oth-
erwise comparable experimental conditions. The same
discrepancy is found in a quantitative comparison of mea-
sured and calculated data for the absorptive case. This
quantitative disagreement in intensity dependence is not
surprising due to the simplicity of our model. As an ex-

ample given, we assume a single three-level system,
whereas the Na level scheme is much more complicated;
this necessarily modifies the intensity requirements for
switching. On the other hand, our simple model seems to
reflect the basic physical features of the device quite
reasonably.

It should be noted that very recently new features like
polarization switching' and self-oscillations induced by a
transverse magnetic field' have been observed in experi-
ments on optical resonators filled with sodium atoms. In
these experiments, however, the light was linearly polar-
ized and the analysis is based on a decomposition of the
light field into right- and left-circularly polarized com-
ponents, while circularly polarized light was used in the
present experiment. Interestingly enough, the occurrence
of self-oscillations in Na vapor induced by a transverse
magnetic field cannot generally be excluded in the case of
circularly polarized input light; further analysis, however,
shows that it is not to be expected under the experimental
conditions used here.

V. CONCLUSION

In conclusion, our experiments show that sublevel
coherence effects can be used as an efficient mechanism in
bistability experiments. For the case of Zeeman sublevels
we have demonstrated the use of a static magnetic field in
a bistable system. Experimentally, an external magnetic
field is easily variable and might prove useful as a control
parameter in other types of nonlinear optical devices.
Very recently, e.g., multistabilities in intracavity phase
conjugation through degenerate four-wave mixing have
been observed by use of Zeeman coherence effects. '

Thus, ground-state atoms with Zeeman sublevels being
subjected to transverse optical pumping in an optical feed-
back loop seem to display a manifold of interesting non-
linear phenomena.
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