1304

OPTICS LETTERS / Vol. 17, No. 18 / September 15, 1992

Polarization-ellipse rotation by induced gyrotropy in
atomic vapors

William V. Davis, Alexander L. Gaeta, and Robert W. Boyd

The Institute of Optics, University of Rochester, Rochester, New York 14627

Received April 22, 1992

We study theoretically and experimentally a new mechanism for the rotation of the polarization ellipse of a
single laser beam propagating through an atomic vapor with a frequency tuned near an atomic resonance. The
results of a theoretical treatment for the case of aJJ = 1/2 to J = 1/2 atomic transition show that a rotation of
the polarization ellipse of the laser beam will occur as a result of ground-state optical pumping and that the
angle of rotation is independent of the laser intensity over a broad range of laser intensities. The predictions
of this theoretical model are tested experimentally through the use of potassium vapor and are found to agree

with the experimental data.

One of the simplest nonlinear optical interactions is
the rotation of the polarization ellipse of a laser
beam as it propagates through a nonlinear medium.’
The rotation arises from the tensor nature of the
third-order nonlinear susceptibility, and the magni-
tude of the rotation increases with increasing
laser intensity. In this Letter we describe a novel
nonlinear-optical mechanism that also leads to the
rotation of the polarization ellipse of a laser beam
propagating through an atomic vapor. The ellipse
rotation described here results from the nonlinear-
ity induced by ground-state optical pumping, and
the magnitude of the rotation is found to be indepen-
dent of the laser intensity over a broad range of
intensities.

The optical nonlinearity associated with ground-
state optical pumping has been shown to lead to
effects such as phase conjugation by four-wave mix-
ing®® and optical multistability.>” Saikan® has cal-
culated the tensor components of the third-order
nonlinear susceptibility for transitions between
atomic resonance lines of arbitrary total angular
momentum J, and, for certain cases, the polarization
ellipse rotation described by Maker and Terhune' is
expected to occur. Baer and Abella®® have ob-
served an intensity-independent rotation of the di-
rection of polarization of photon echoes.

Here we study the propagation of an elliptically
polarized laser beam through an atomic vapor for
the specific case in which the laser frequency is
tuned near a J = 1/2 to J = 1/2 atomic transition.
For laser intensities much greater than the satura-
tion intensity associated with the optical pumping of
the electronic ground state, the nonlinear response
of the atomic vapor cannot be described by a x®
nonlinearity. In fact, we find that the response of
the atomic vapor leads to a rotation of the polariza-
tion ellipse that is independent of the laser intensity
for a broad range of intensities. The rotation angle
depends only on the ellipticity of the laser beam, the
absorption path length, and the detuning of the
laser beam from resonance. The physical origin of
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the rotation of the polarization ellipse is described
as follows: An elliptically polarized laser beam
contains unequal amounts of the two circular com-
ponents, and this difference produces an imbalance
in the ground-state populations. Consequently,
each circular component of the laser beam experi-
ences a different refractive index, and this effect
causes the polarization ellipse of the laser beam to
rotate. We performed experiments using potassium
vapor and observed rotations as large as 40°. All
our results are in good agreement with the theoreti-
cal predictions.

We assume that the complex electric-field ampli-
tude E inside the atomic vapor can be decomposed in
a circular polarization basis such that E = (E.&; +
E_¢_), where &. = (£ + i$)/V2 are the unit vectors
for left-hand and right-hand circular polarizations,
respectively. The density-matrix equations that de-
scribe the time evolution of the atomic polarizations
o. and the atomic populations n;. and ns. of
the J = 1/2 to J = 1/2 atomic transition are then
given by

da.t = (—l + lA)O': + ig(nzi - n];)E:, (1a)

at T,
dne_ 1.2 1
¢ 3Ty = 3T, ¢ o, TN
F i(g*Ez%o= — cc), (1b)
dree _ 1 e
rrae T1n2:+z(g E.fo. — c.cl), (1e)

where T} is the population lifetime of the electronic
transition, T} is the dipole-dephasing time, 7 is the
ground-state recovery time, A = (0 — @) is the de-
tuning of the laser frequency from that of the elec-
tronic transition, and the atomic coupling constant g
is proportional to the dipole moment u by g =
V2/3 u/h.

We solve Egs. (1) for o and o- under steady-state
conditions and under the assumption that the inten-
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Fig. 1. Experimental setup used to measure polarization-
ellipse rotation in potassium vapor. BS, beam splitter;
s, signal detector; r, reference detector.

sities I. = |E.|? of the circularly polarized compo-
nents are much less than the electronic saturation
intensity I = (1 + 6 /4|g|*T\T:, where & = AT,
but much greater than the optical-pumping satura-
tion intensity If = IT,/T,. In practice, this in-
equality can be satisfied for a broad range of
intensities because T, is typically several orders of
magnitude greater than T; for atoms having an S
ground state.”® The complex amplitude P of the
macroscopic polarization is related to the atomic
polarizations through P = V2/3 Nu(o.é. — o-€-),
where N is the atomic number density. The com-
plex polarization amplitude, which drives the com-
plex electric field in Maxwell’s equations, can be
written in the form P = x.(E - E)E¥(E - E*), where
xL = —N|u|?*T2/3%G + §) is the linear susceptibility.
For the case in which a single monochromatic
laser beam propagates through the atomic vapor and
the detuning is much greater than the atomic
linewidth (6 >> 1), the equations for the electric-
field amplitudes E. show that propagation through
the vapor introduces only a change in the phase of
each of the two electric-field components. Rotation
of the polarization ellipse occurs when the two am-
plitude components E, and E_ undergo different
phase changes. The electric-field amplitudes after
propagating though a distance L of atomic vapor can
be expressed as E.(L) = E.(0)exp[i(¢ = 6)], where

g @LLO = LO
25 1.(0) + I-(0)

gives the rotation angle of the polarization ellipse
and where ¢ = —aoL/28 represents an inconsequen-
tial overall phase shift, and a, = 4wk N|u|*T:/% is
the line-center absorption coefficient. Note that
the rotation angle 0 is independent of the laser in-
tensity, and the direction of rotation depends on both
the sign of the detuning and on the ellipticity of the
incident beam under our assumed conditions.
Experimental measurements of the rotation of the
polarization ellipse were performed by using the
4%8,,, < 4P, transition of atomic potassium vapor
and a heat pipe with an interaction length L of
~5 em. A helium buffer gas at a pressure of
75 Torr was used to collisionally broaden the transi-
tion to a width of 2 GHz, which is greater than that
(440 MHz) of the ground-state hyperfine splitting.

@

The temperature of the oil used to heat the outer
walls of the interaction region of the heat pipe was
fixed at a value of 100°C. From the known values of
the dipole moment and the population lifetime,” the
saturation intensity of the electronic transition is
found to be 3.5 W/cm® By using modulation spec-
troscopy, we measured the ground-state recovery
time T, and found it to be equal to 1.4 X 107° s.
From this measurement, the optical-pumping satu-
ration intensity is found to be 6.3 mW/cm®.

Figure 1 shows the experimental setup. A
quarter-wave plate is used to create a known ellip-
ticity on the input beam. The polarization-ellipse
rotation angle 6 is then related to the angle B
between the ¢ axis and the direction of the (linear)
polarization of the field incident upon the quarter-
wave plate by the expression 6 = (—aoL/28)sin(2pB).

We assume in our theoretical analysis that the
normalized detuning 8 is much greater than unity.
If this were not so, the two circular components of
the electric field would experience different
amounts of absorption, causing the ellipticity of the
laser beam to change as it propagates through the
atomic vapor. Therefore, in our experiments, we
monitor the ratio of the major to minor axis of the
polarization ellipse to ensure that the ellipticity of
the laser beam does not change. We also ensure
that the intensity of each of the circular components
of the laser beam is much greater than the optical-
pumping saturation intensity. At fixed laser in-
tensity, this condition places restrictions on the
ellipticity of the laser beam that can be used. We
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Fig. 2. Rotation angle 6 of the polarization ellipse as a
function of laser intensity for the cases when (a) the laser
detuning is held fixed and the laser ellipticity takes on op-
posite values and (b) the laser ellipticity is held fixed and
the laser detuning takes on opposite values. The direc-
tion of rotation changes when an opposite ellipticity is
used or when the sign of the detuning changes. Notice
that the magnitude of the rotation angle is insensitive to

the laser intensity for laser intensities between 50 and
600 mW/cm?.
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Fig. 3. Rotation angle 6 of the polarization ellipse as a
function of laser detuning for an input laser intensity of
400 mW/cm? and an input laser ellipticity characterized by
B = —20° [curve (a)] and B = —30° [curve (b)]. In both
cases, the solid curve shows a best-fit hyperbola through
the data.

estimate that our experimental uncertainty in mea-
suring the polarization-ellipse rotation angle 6
is ~1°.

Our experimental results are shown in Figs. 2 and
3. Figure 2 shows the rotation angle 6 as a function
of laser intensity for two cases: fixed laser detun-
ing but two ellipticities of opposite sign [Fig. 2(a)]
and a fixed ellipticity but two detunings of opposite
sign [Fig. 2(b)]. In all cases the rotation angle re-
mains essentially constant for laser intensities be-
tween 50 and 600 mW/cm?, more than a factor of 10
change in laser intensity. Note that the direction
(but not the magnitude) of the angular rotation
changes when an opposite ellipticity is used or when
the sign of the detuning changes, consistent with
Eq. 2).

Figure 3 is a plot of angular rotation as a function
of laser detuning for two different input laser ellip-
ticities (8 = —20° and —30°). In both cases the
solid curve shows a best-fit hyperbola through the
data, which is consistent with the A™ dependence
predicted in our theory.

A calculation of the magnitude of the angular rota-
tion by using our theory requires an accurate value
for the absorption path length a¢L. The value of the
absorption path length is difficult to calculate, how-
ever, because the potassium number density in a
heat pipe is not constant throughout the interaction
region. From our experimental data displayed in
Fig. 3, we estimate that the absorption path length
aoL has a value of ~0.67. This corresponds to an
average number density N of 5 X 10" cm™. We be-
lieve that this value is within the experimental error
for estimation of the number density in the interac-
tion region. The value for the absorption path

length is consistent with the magnitude of the angu-
lar rotations shown in Fig. 2.

We conducted similar experiments using
the 428,/ <> 42P3,, transition of potassium.
Polarization-ellipse rotation, however, was not ob-
served experimentally for this transition. The ab-
sence of ellipse rotation can be understood by
including the effects of relaxation between magnetic
sublevels of the excited state that result from colli-
sions with the buffer gas.'**®* These collisions de-
crease the efficiency of optical pumping of the
ground state for the case of the J = 1/2 to J = 3/2
transition, whereas for the case of the J = 1/2 to
J = 1/2 transition the collisions can increase the ef-
ficiency of ground-state optical pumping.

In conclusion, we have predicted theoretically and
verified experimentally the existence of a new
mechanism for polarization-ellipse rotation caused
by ground-state optical pumping in atomic vapors.
The rotation depends only on the ellipticity of the
laser beam, the absorption path length, and the de-
tuning of the laser beam from resonance.
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