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We study the enhanced Kerr-nonlinear coefficient in a three-level A-type atomic system for various coupling-

beam powers.

The Kerr-nonlinear coefficient behaves very differently in the strong and the weak coupling
power regions and changes sign when the coupling or probe frequency detuning changes sign.

Comparisons

of Kerr-nonlinear coefficients as functions of probe frequency detuning, coupling power, and coupling frequency

detuning are presented.

OCIS codes:

Nonlinear optical processes can be greatly enhanced by
atomic coherence in three-level atomic systems. In the
past few years several experimental demonstrations
of enhanced nonlinear optical processes in multilevel
atomic systems were reported.'~> These experiments
prompted recent theoretical studies of nonlinear optics
at the single-photon level in three-level or four-level
atoms.®® More recently, the enhanced Kerr-non-
linear coefficient (n) of a three-level atomic system
was directly measured by use of an optical ring
cavity under conditions of electromagnetically induced
transparency (EIT); i.e., the coupling intensity is much
larger than the probe intensity.” These measure-
ments provide a good understanding of the enhanced
Kerr nonlinearity near EIT resonance and the pos-
sibility of optimizing nonlinear optical processes.
However, enhancing the nonlinear optical processes
is a property that is not unique to conditions of EIT
alone. It also occurs near more-general coherent
population trapping conditions for an arbitrary ratio
of coupling power to probe power in three-level atomic
systems.

In this Letter we present our experimental measure-
ments of enhanced ns under general conditions of co-
herent population trapping when the coupling beam’s
power is varied from nearly equal to the probe power
to much larger than the probe power. At the exact
condition of coherent population trapping, i.e., when
both the coupling frequency and the probe frequency
detunings are zero, ny is zero. However, when one
of the frequency detunings is tuned slightly off reso-
nance, np can be enhanced as much as 2 orders of mag-
nitude compared with the value of ny when there is no
coupling beam and can also change sign depending on
the frequency detunings of the coupling and the probe
beams. ng behaves quite differently in the strong- and
the weak-coupling-beam limits.

Our experimental setup is the same as the one used
for measuring ne under EIT conditions.” A rubidium
vapor cell (5 cm in length and heated to 67 °C) with
Brewster windows wrapped in a magnetic-shielding
metal sheet is placed in an optical ring cavity (with
a three-mirror configuration) with a length of 37 cm.
The probe beam enters the ring cavity through one mir-
ror (concave, with R = 10 cm and a transmissivity of
3%) and circulates inside the cavity. It exits the cav-
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ity through an output coupler with 1% transmission.
The coupling beam is introduced through a polariza-
tion beam splitter cube inside the optical cavity with
an orthogonal polarization to the probe beam. The
coupling beam is misaligned from the probe beam at
an angle of ~2°, so it does not circulate inside the ring
cavity. The radii of the coupling and the probe beams
at the center of the atomic cell are estimated to be 700
and 80 um, respectively. The empty-cavity finesse is
~100 but degrades to ~50 after insertion of the atomic
cell (with atoms far from resonance) and the polariza-
tion beam splitter cube.

We consider the three-level A-type atomic system
in 8Rb D1 lines. The coupling beam with frequency
w, is coupled to near the 5Sy, F = 2—-5Py, F' = 2
transition of frequency ws3, and the probe beam
with frequency w, is tuned near the transition from
5812, F = 1 to 5Py, F' = 2 (frequency, wiz). The
coupling and probe frequency detunings are defined
as A, = w, — w9 and A, = w, — wsg, respectively,
and their values are set by use of saturation absorp-
tion spectroscopy. The essential scheme that saves
us from experiencing large Doppler broadening at
such temperatures in an atomic cell is the use of a
two-photon Doppler-free configuration!®!! setup by
propagation of the coupling and probe beams in the
same direction. The technique of using an optical
cavity to measure a Kerr-nonlinear coefficient has
advantages over other (such as Z-scan) methods
for atomic systems, because it can work with low
laser intensity and long atomic cells. The well-
defined cavity mode also prevents spatial changes
in the probe beam owing to the nonlinearity in our
experiment.

With w. and w, locked to certain values, we scan the
length of the optical ring cavity across resonance by
applying a ramp voltage to a piezoelectric transducer
mounted upon the third cavity mirror (high reflec-
tor). When the coupling beam is blocked, the cavity
transmission profile is basically symmetric, as shown
in Fig. 1(a), with A, = +40 MHz and an intracavity
peak power of 6 uW (corresponding to an intracavity
peak Rabi frequency of O, = 27 X 11 MHz). When
the coupling beam is turned on with a power of
1.1 mW (corresponding to an average Rabi frequency
of Q. = 27 X 17 MHz inside atomic cell) and A, = 0,
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Fig. 1. Cavity transmission profiles for (a) A, = 40 MHz
and Q. = 0; (b) A, = 40 MHz and Q. = 27 X 17 MHz;
(¢) A, =7MHz and Q. = 0; (d) A, =7 MHz and Q, =
27 X 72 MHz. A, = 0.

the cavity transmission profile becomes asymmetric,
as shown in Fig. 1(b). This asymmetry in the cavity
transmission profile is caused by the Kerr-nonlin-
earity-induced phase shift in the three-level atomic
system enhanced by atomic coherence. Kerr-non-
linear index of refraction ny can be directly measured
from the degree of asymmetry in a cavity trans-
mission profile, as described in Ref. 9. By keeping
Q. =27 X 17MHz, A, =0, and Q, = 27 X 11 MHz,
we measured ns as a function of A,, as shown in
Fig. 2(a) (filled squares). One can see that ny is
greatly enhanced not too far from resonance compared
with ny in a two-level system (open circles) and has
different signs for different probe detunings.

When the coupling power is increased, ns behaves
differently. For the coupling power of P, = 20 mW
(corresponding to (), = 277 X 72 MHz inside the atomic
cell), Ac =0, A, = +7 MHz, and Q, = 27 X 11 MHz,
the cavity transmission profile is also asymmetric,
as shown in Fig. 1(d). The asymmetrical profiles
in Figs. 1(b) and 1(d) are opposite each other, which
indicates that the signs of ny are also opposite,
even though the frequency detunings have the same
sign. Figure 2(b) plots n; as a function of A, for
A.=0,Q, =27 X 11 MHz, and Q. = 27 X 72 MHz.
Although the maximal values of ny are similar in
weak- and strong-coupling beams, their dependence
on frequency detuning is quite different. The main
features of measured ny as a function of A, near
resonance include the growth of the center peaks from
as small as in Fig. 2(a) to very large as in Fig. 2(b)
and the movement of the large peaks in Fig. 2(a)
to higher probe frequency detunings as in Fig. 2(b).
The differences in ne values between three-level
(filled squares) and the two-level (open circles) cases
at high frequency detunings (beyond =200 MHz) in
Fig. 2(b) are due to optical pumping with the strong
coupling beam.

To study the change of ns as a function of P.,
we chose one probe frequency detuning for each of
the weak and strong coupling powers. Because the

maximal value of ny was measured at ~A, = 40 MHz
with P, = 1.1 mW, we measured ny as a function of
P, by keeping A, = 0 and Q, = 27 X 11 MHz. The
measured data are plotted in Fig. 3(a). The Kerr
nonlinearity increases quickly as the coupling power
increases, and it decreases slowly after it reaches
a maximum value. However, near resonance, ng
behaves differently. For example, at A, = 7 MHz, ny
keeps increasing as the coupling power increases, as
shown in Fig. 3(b), and is limited only by the available
coupling power in our experiment. Notice that ns is
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Fig. 2. Measured Kerr-nonlinear index of refraction ny as
a function of probe frequency detuning for (a) (), = 27 X
17 MHz and (b) Q, = 27 X 72 MHz. Q, =27 X 11 MHz
and A, = 0. Filled squares, three-level case; open circles,
two-level case (), = 0).

-
o

(a)

n, [x10° cm’/W]
[$))

o

L
o

n, [x10° cm?/W]
&

o
I

U T

0 5 10 15 20
Coupling Power [mW]

Fig. 3. Measured Kerr-nonlinear index of refraction n,
as a function of coupling power for (a) A, = 40 MHz and
(b) A, =7TMHz. Q, =27 X 11 MHz and A, = 0.
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Fig. 4. Measured Kerr-nonlinear index of refraction n, as
a function of coupling frequency detuning A, for (a) Q, =
27 X 17 MHz and (b) Q, = 27 X 72 MHz. Q, =27 X
11 MHz and A, = 0.

positive for A, = +40 MHz but becomes negative for
A, = +7 MHz.

The enhanced Kerr-nonlinear coefficient is caused
by atomic coherence in the three-level atoms. The
central peaks are related to the EIT dip and decrease
as the absorption reduction decreases (with reduced
coupling power). The outer peaks are related to the
Rabi sidebands, and, as the coupling power increases,
the Rabi sidebands move out owing to power broad-
ening, which also leads to the shift of peaks in ns
toward larger frequency detunings. We have theo-
retically treated the case for strong coupling intensity
(EIT condition) by using the iteration technique and
obtained results that match well the experimentally
measured data presented in Fig. 2(b).° However,
that technique does not apply to the weak-coupling
case, and a general theory is needed to treat the
enhancement of Kerr nonlinearity with an arbitrary
coupling intensity-to-probe intensity ratio.

We also studied the dependence of ny on A, for weak
and strong coupling beams. Figures 4(a) and 4(b)
plot n; as a function of A, for Q, = 27 X 17
and Q. = 27 X 72 MHz, respectively, with
Qp = 27 X 11 MHz and A, = 0. For a strong
coupling beam [Fig. 4(b)], the increase in ny for A,
beyond +100 MHz is due simply to optical pumping.
However, with a weak coupling beam the n, enhance-
ment occurs over much larger coupling frequency
detuning ranges (as large as =200 MHz). Such large
changes in ny enable us to control nonlinear optical
processes in multilevel atomic systems and eventually
lead to useful applications. ,

We point out that the measured ny in this study is
related to self-phase modulation from n = ny + nyl P

i.e., from an index change in the probe beam owing to
its own intensity I,. The Kerr-nonlinearity enhance-
ments reported earlier were related to the cross-phase
modulation from n' = ny’ + ns'I,, i.e., the index change
for the probe beam that was due to the intensity of
another (coupling) beam.'? In the latter case, ny' is
directly proportional to the increased linear dispersion
slope or to the reduced group velocity.'*** The change
in ny as a function of I, as measured in this study,
should be considered as the nonlinear self-phase-
modulation effect, which is different from the change
in the ny’ term.

In summary, we have experimentally studied the
Kerr-nonlinear index of refraction in a three-level
A-type atomic system for several coupling powers and
found that the Kerr nonlinearity is greatly enhanced
because of atomic coherence in the three-level atomic
system compared with that in a two-level atomic
system. The coupling power, coupling frequency
detuning, and probe frequency detuning can all dra-
matically alter the Kerr-nonlinear coefficient in such
a three-level atomic system. Kerr nonlinearity can be
enhanced to the same level for weak coupling power as
for much stronger coupling power, which provides us
with a road map to achieving large nonlinear optical
effects at low light levels.
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