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A variety of surprising effects arise from the nonlinear light-matter interaction of circularly
polarized laser light propagating through sodium vapor. We present experimental evidence for an
asymmetry in the absorption of left hand and right hand circularly polarized light as well as for the
creation of a collimated light beam of apposite polarization within the light-matter interaction
region. Both effects are not yet explained by common theories.

The propagation of intense laser light through a non-
linear medium shows interesting and unexpected phe-
nomena such as self induced transparency, self focus-
ing and defocusing, spontaneous pattern formation,
symmetry breaking, nonlinear wave guiding, trans-
verse mode excitation, optical bistability, intensity os-
cillations and transition to chaos, self pulsing or four
wave mixing [1]. Only a few experiments investigated
the propagation of circularly polarized laser beams in
atomic vapors which can give rise to surprising spatio-
temporal intensity and polarisation patterns depend-
ing on the specific experimental arrangement.

In our experiments we have used two co-propagat-
ing circularly polarized laser beams tuned to the atomic
D1 transition of sodium. Their nonlinear interaction
can lead to “beam bouncing” [2], “beam switching” [3]
and “beam splitting” [4]. In contrast to earlier work by
Tam and Happer [5] we use buffergas which allows us
to describe the sodium D1 transition in terms of a
homogeneously broadened four level system and to
assume polarized sodium atoms to be confined to the
laser beam region [6].

In the course of investigating these effects we found
that even one circularly polarized laser beam can
show unexpected nonlinear behavior, which is not yet
explained by common theories. Here we present ex-
perimental evidence for a nonlinear dependence of the
absorption profile on power and polarization of the
input beam, atomic density of sodium and magnetic
fields.

Absorption profiles for different values of input
beam power are shown in Fig. 1 a for right hand circu-
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larly polarized light (o_, electric field vector rotates
anti-clockwise in an observer plane viewed along the
beam propagation direction, photon spin anti-parallel
to the propagation direction of the laser beam) and in
Fig. 1b for left hand circularly polarized light (o, ). At
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Fig. 1. Absorption profiles at different input beam powers
(from bottom to top 0.2 mW, 0.5 mW, 1 mW, 1.6 mW, 2 mW,
3.1 mW, 3.4 mW, 4 mW), a) for right hand circularly polar-
ized input beam o_ and b) for left hand circularly polarized
input beam ¢,. Zero frequency indicates the frequency of
maximum absorption at low input powers, where both ab-
sorption profiles for left and right hand circularly polarized
input beams are identical. The point of maximum absorption
(symbol 4) is shifted towards lower frequencies in a) and
towards higher frequencies in b) as the input beam power is
increased.
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Fig. 2. Frequency difference 4 as a function of sodium cell
temperature. Corresponding densities of sodium atoms
are 3.4-10'" m~3 at 160 °C, 3.3-10'®* m~3 at 200 °C and
25-10"° m™3 at 240°C. Power of input beam: 2mW,
beamwaist at cell input window: 80 um.
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Fig. 3. Frequency difference 4 as a function of the external
magnetic field B, along the laser beam propagation direc-
tion. Cell temperature 210 °C, power of input beam: 2 mW,
beamwaist at cell input window: 200 pm.
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Fig. 4. Comparison of laser beam absorption profile (top)
and power of created beam with opposite polarization leav-
ing the sodium cell (bottom). The power transmitted through
the cell is measured in relative units, where 1.0 equals 4 mW
for the top curve and 16 pW for the bottom one. The maxi-
mum power of the created beam of 9 uW occurs at a fre-
quency detuning of 18 GHz. B, =0, cell temperature 210 °C,
power of input beam: 4 mW, beamwaist at cell input win-
dow: 200 pm.
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0.2 mW input power the absorption profiles for both
polarizations are identical. As the beam power is grad-
ually increased up to 4 mW the maximum absorption
peak is shifted towards higher frequencies in the case
of o_ and towards lower frequencies in the case of o,
radiation. The frequency difference 4 (frequency of
absorption maximum of ¢, in Fig. 1a minus fre-
quency of absorption maximum o_ in Fig. 1b is about
4 GHz at 2mW input beam power. This clearly
demonstrates an intensity and polarization dependent
nonlinear response of the system.

One can also observe a density dependent nonlinear
response (Fig 2) as the density of sodium atoms in the
cell is varied between 3.4 -10'" m~3 (at 160 °C cell
temperature) and 2.5 - 10'° m ™2 (at 240 °C). The fre-
quency difference 4 gradually increases up to a maxi-
mum at about 3.3-10'¥m™3 (at 200 °C) and de-
creases until it reaches zero at about 230 °C. Below
170 °C and above 230°C no frequency difference
occurs.

For input beam powers and atomic densities where
A is large we investigate the nonlinear dependence on
an external longitudinal magnetic field B, while the
transverse magnetic field components are compen-
sated to zero. Figure 3 shows no frequency difference
for an exactly compensated longitudinal field B, = 0.
At about B, = +100 mG maximum frequency differ-
ences 4 occur where 4 is positive for longitudinal
fields pointing along the laser beam propagation di-
rection. We like to point out that the observed fre-
quency differences in the order of GHz can not be
simply explained by Zeeman level shifts since applied
magnetic fields of about 100 mG only account for
about 100 kHz Zeeman shifts in sodium. A most sur-
prising aspect of this effect, which is not predicted by
common theories, is the possibility of distinguishing
between o, and o_ radiation by simply applying a
small magnetic field.

Another interesting nonlinear effect is shown in Fig-
ure 4. For one circularly polarized input beam of about
4 mW, a co-propagating beam of the opposite circular
polarization can be observed at the cell output. This
effect also depends on input beam power, polarization,
atomic density and magnetic field. However at large
atomic densities the dependence on the longitudinal
magnetic field disappears. Since the same behavior
(independence of magnetic field at large atomic densi-
ties) has also been seen for the frequency difference 4
the question arises whether both effects are correlated.
On the other hand 4, can become zero at B, =0 where
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as the production of the opposite polarization com-
ponent remains, even at zero magnetic field.

The existing model [6] accounts for optical pump-
ing, saturation and vector properties of light. How-
ever, it assumes homogeneous line broadening, and
the role of isotropic, spontaneously emitted radiation
as well as collisions of excited Na atoms with Ar
buffergas atoms are neglected. We therefore explore
whether collisional mixing of excited states combined
with the amplification of spontaneously emitted radia-
tion may be a possible explanation for the observed
creation of orthogonal polarized radiation. For the
explanation of the polarization dependent shift of
maximum absorption we are searching for a possible
magnetic field dependent asymmetry e.g. of the colli-

[1] N. B. Abraham and W. J. Firth, JOSA B 7, 951 (1990).

[2] R. Holzner, P. Eschle, A. W. McCord, and D. M. War-
rington, Transverse “bouncing” of polarized laser beams
in Sodium vapor. Phys. Rev. Lett. 69 (15), 2192 (1992).

[3] R. Holzner, P. Eschle, C. Wigger, B. Rohricht, E. Brun,
and A. W. McCord, Optical pumping induced “switch-
ing” of circularly polarized laser beams in Sodium vapor.
Pgrggeedings of IQEC Conference, Vienna, June 14—19,
1992.

sion process between Ar and Na in either of the
groundstates. If this is the case we may apply concepts
used in collision theory which are able to explain shifts,
broadening and asymmetry of atomic absorption pro-
files depending on the kind of collision partners [7].

Acknowledgement

We would like to thank ENGADYN for presenting
our work and the stimulating discussions in a nice
atmosphere. This work was supported by the Schweiz-
erische Nationalfond and the Ernst Hadron Stiftung.
Paper presented at the 3rd Annual Meeting of ENGA-
DYN, Grenoble, 1992.

[4] B. Rohricht, M. Brambilla, F. Prati, S. Dangel, P. Eschle,
A. W. McCord, and R. Holzner, Symmetry-breaking
spatial separation of polarization field components in
Sodium vapor. In preparation 1992.

[5] A.C. Tam and W. Happer, Phys. Rev. Lett. 38, 278 (1977).

[6] A. W. McCord and R. J. Ballagh, JOSA B 7, 73 (1990).

[7] D. G. McCartan and J. M. Farr, J. Phys. B: Atom. Molec.
Phys. 9, 985 (1976).



