Taylor & Francis
JOURNAL OF MODERN opTics, 2002, voL. 49, No. 3/4, 335-347 Taylor & Francis Group

Atomic coherence induced Kerr nonlinearity enhancement
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Abstract. The Kerr nonlinear index of refraction for rubidium atoms is
measured by using an optical ring cavity with and without electromagnetically
induced transparency (EIT). Significant enhancement and inhibition of the
Kerr nonlinear index is observed near resonance with EI'T. The nonlinear
index of refraction is measured as functions of probe and coupling frequency
detunings, respectively, with and without the presence of EIT. A simple
theoretical calculation including Doppler broadening is presented and is
found to be in good qualitative agreement with the experimentally measured
results.

1. Introduction

Multi-level atomic systems with electromagnetically induced transparency
(EIT) [1-4] have been shown to enhance nonlinear optical processes such as
frequency conversion [5-8] and four-wave mixing [9-11]. Enhanced third-order
Kerr-type nonlinearity y*) generated in multi-level atomic systems due to atomic
coherence together with reduced absorption is responsible for such efficient
nonlinear optical processes. Such enhanced Kerr nonlinearity also has various
useful applications such as in cross-phase modulation for optical shutters [13] and
self-phase modulation for generation of optical solitons [14]. In recent years, EI'T
and enhancement of linear and nonlinear susceptibilities with reduced absorption
in multi-level atomic systems have attracted much interest [1-23]. Large nonlinear
susceptibilities at low light powers are desirable for realization of photon blockades
and single-photon nonlinear devices [13, 20-22]. To understand and optimize
these nonlinear optical processes, one needs to have precise knowledge of the Kerr
nonlinear coeflicient 7, as functions of other parameters such as pumping power
and frequency detuning. Although many papers have been published on enhancing
nonlinear optical processes, no direct experimental measurements of X(3> or n
have been reported, so far, in such multi-level atomic systems with atomic
coherence conditions satisfied.

This paper presents experimental results in measuring the nonlinear Kerr
index of refraction for three-level rubidium atoms inside an optical ring cavity with
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and without EI'T. Significant enhancement of the Kerr nonlinear coefficient is
found in certain frequency ranges near resonance. Section 2, presents a simple
theoretical treatment of the nonlinear index of refraction for a three-level atomic
system including the Doppler effect. Section 3 describes the principle behind the
cavity-scanning method used to measure 7n,. Section 4 follows with a description of
the experimental set-up and procedure, after which experimental results are
discussed and compared with a theoretical model in Section 5. Section 6 gives a
brief conclusion.

2. Theoretical model

In this section, a simple theoretical calculation is presented of the nonlinear
susceptibility from density-matrix equations for three-level atoms, keeping the
lowest nonlinear term for the probe field. A three-level A-type system in the D;
lines of 8’Rb is considered, as shown in figure 1. A strong coupling laser of
frequency w, near the wy; resonance couples levels |2) and |3), while a weaker
probe beam with frequency w, near the w); resonance couples levels |2) and |1).
For this system the following equations are derived for the slowly varying density
matrix elements [2, 24]:
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Figure 1. Three-level A-type system in the D; line of ¥ Rb.
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where 0, = —upEy/h and Q. = —u3E,/h are the complex Rabi frequencies
associated with the probe and coupling beams, respectively; A, =wp, —wy and
A, =w, —wy are the probe and coupling detunings, respectively; and
7 = (721 + 723 +731)/2. The nonradiative decay between the levels |3) and [1)
is expressed by 731, the decay rate from [2) to | 1) is given by 731, and the decay
rate from [ 2) to | 3) is given by 723. The laser linewidths, dw, and éw,, can be taken
into account by including them in the decay rates as: ~y—7y+ Owy,
Y3131 + 6w, + bw, [2].

In order to derive the equations for the linear and nonlinear susceptibilities, we
need to solve the density matrix equations (1) at steady state. An iterative tech-
nique is used to achieve increasingly accurate approximations to the matrix
o+
pﬁ,}g + o)+ P 4 .-, where each successive approximation is calculated using
the matrix elements of one order less than the one being calculated. Several
important assumptions are made. Under the condition that the coupling field is
much stronger than the probe field, it can be assumed that all the atoms are (to
zeroeth order) in the ground state | 1), i.e. p(l(;) ~ 1, P(z(? ~ 0, and pgg) ~ 0. Under
the weak-probe approximation, an expression can be obtained for p;; and py3 in the
first order as:

elements. The density matrix elements can be written as p,, =p
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Here, p323) can be neglected. With the above procedure, p,; is calculated up to third
order as:
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The total polarization ﬁ(t) of the atomic medium can be expressed simply as linear
polarized light for the proposed experimental arrangement and is given by

P = N[padize ™" + py,d;,e '] (6)

Since the polarization can also be written as

1 —iw, k1w,
P = €0 [pre "+ EXe "’}, (7)
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where x is the susceptibility of the atomic medium, by comparing equations (6)
and (7) it can be concluded that

~ 2Ndy,
N GQEP

X pat. (8)

From equation (4), expressions can be obtained for the first-order and third-order
susceptibilities as

iN|dy |’ 1 2
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where x = V) + 3|EP|ZX(3) and dy; is the dipole moment for the [2)—|1)
transition.

An atomic vapour cell is considered here to match the experimental situation.
Although the first-order Doppler effect can be eliminated by the two-photon
Doppler-free configuration (i.e. co-propagating in the A-type system), the residual
Doppler effect due to the energy difference between probe and coupling transitions
needs to be taken into account by the following integration over the atomic velocity
distribution [2]. If an atom is moving with velocity v against the propagation
direction of the probe beam, it will see the probe beam’s frequency up-shifted to
wp + (v/¢)w,. Similarly, since the coupling beam is co-propagating with the probe
beam, the same atom will see the coupling beam’s frequency to be up-shifted to
w. + (v/c)w,. This causes an increase in the detunings: A} = A, + (v/¢)w, and
A! = A, + (v/c)w,. It can be assumed that the components of the atomic velocities
which lie along the beam axis obey a Maxwellian distribution:

Ny
u\/T
where u/ﬁ is the root mean square atomic velocity and Ny is the total atomic

density of the vapour. In this way the Doppler effect can be included in the
susceptibilities as:

dN(v) = —L e/ dg, (11)
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To get total susceptibility, it is necessary to integrate over the velocity v from —oo
to +00, as
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X = Jﬂo X(v) do. (15)

—00

The numerical results of this integrated susceptibility will be given as functions of
A, and A, in section 5 in comparison with experimentally measured results.

3. Nonlinear phase shift of a medium inside an optical ring cavity

In our experiment, an optical ring cavity is used to measure the nonlinear Kerr
index of refraction n,. This technique was used previously to measure the non-
linear phase shift in the intracavity second harmonic generation process [25]. The
condition for cavity resonance is that the total round-trip phase ®7°7 needs to be
an integer multiple of 27. The phase shift of the cavity field travelling through the
vapour cell is related to the index of refraction of the atomic medium. This index
of refraction to a probe beam of intensity I, can be written as n = ng + n21,, where
no is the linear index of refraction and n, is the nonlinear Kerr index of refraction.
These indexes of refraction are related to the first-order and third-order suscept-
ibilities, ") and x| according to the relations (in Gaussian units) [26]:

no =1/ 1+ 47 Rex, (16)

N 1272

2
nyc

n Rex?). (17)

By keeping the frequencies of the probe and coupling lasers constant, we scan the
cavity length linearly with time. As the cavity length approaches the resonant
length of the cavity, the intracavity intensity of the probe beam builds up. Owing
to the nonlinear Kerr effect, the index of refraction changes which results in a
change in the phase detuning condition defined as 6 = ®7°7 — 27m for integer m.
If n, < 0, then as the cavity length approaches the cavity resonant length from
below, the build-up of the circulating intensity causes an effective increase in the
cavity resonant length through the nonlinear phase. Thus, the cavity resonance
will not be reached as fast, compared with the linear case. As the cavity length is
scanned further, the drop-off of the cavity transmission will be steeper than in the
linear case. As a result, if the cavity output is detected by a detector and displayed
on an oscilloscope as intensity versus time, the cavity output transmission peak will
be asymmetric with respect to time, as shown in figure 2. In the linear case (for
very low probe intensity), the cavity transmission shows only a symmetric
temporal profile.

We can take advantage of this effect to measure the nonlinear Kerr index of
refraction n; directly without worrying about the linear contributions to the
susceptibility. For an optical ring cavity [25],

wyl  (ng — Vwyl  wpl
5:L+£_(L__)_P_+Ln2]p_27‘-m7 (18)
c c c

where wj, is the probe frequency, L is the cavity length, and £ is the length of the
vapour cell. When the cavity length is scanned linearly with time, the phase
detuning can be expressed as
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Figure 2. An asymmetric cavity transmission profile with nonlinear phase shift. Defini-

tions of the parameters ¢, t,, t,, I,, and Is are shown.

¢
§=A(t—to) + Lony1, (19)
c

where #( is the time when § = 0 in the linear case. T'he constant 4 can be obtained
by measuring the time between two adjacent resonant peaks 7 and is given by
A = 2m/7. We define the degree of asymmetry A to be

A=(t—t)—(t,—tr), (20)

where ¢, is the time at which the output intensity is peaked, #; and ¢, are the times
on either side of the resonant peak at which the output intensity is some particular
fraction (1/2 for simplicity) of the maximum intensity at resonance, as shown in
figure 2. The nonlinear Kerr index of refraction is then given as

< AA
2wl (I, — Iy)

ny (21)
where Is = I,/2 is the intensity at times #; and t,. In this way we can obtain n
simply by measuring the degree of asymmetry in the transmission peak’s temporal
profile.

4. Experimental arrangement

The experimental set-up is shown in figure 3 and is very similar to an earlier
experiment measuring cavity linewidth narrowing with an EIT system [27]. The
coupling laser (LD1) and probe laser (LLD2) are single-mode tunable Hitachi
HL7851G diode lasers which are current and temperature stabilized. A feedback
control loop further stabilizes each laser. The probe laser and coupling laser
linewidths (6w, and éw,) are both about 27rx0.5 MHz. A small amount (about 10%)
of the probe and coupling beams are separated out from the laser beams using two
polarizing beamsplitters (PBS1 and PBS2) and directed into a saturation absorp-
tion spectrometer (SAS). The output of the SAS is received by a detector (D3).
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Figure 3.  The experimental set-up: LD1 and LD2, coupling and probe lasers,
respectively; PBS1-PBS5, polarizing cubic beam splitters; A\/2, half-wave plates;
FR, Faraday Rotators; FP1-FP3, Fabry—Perot cavities; D1-D4 detectors; APD,
avalanche photodiode detector. Other abbreviations are defined in the text.

This is used for monitoring the coupling and probe detunings (A, and A,) from
their respective atomic transitions (w;3 and wyy).

In this experiment the Kerr nonlinear index of refraction n, is measured as a
function of probe and coupling detunings (A, and A,) independently with EIT
and without EIT. In order to measure the detuning, either A, or A, a confocal
Fabry-Perot cavity (FP3) is used.

The optical ring cavity is formed using three mirrors. The flat mirror (M1) and
concave mirror (M2, R=10cm) have about 1% and 3% transmissivities, respect-
ively. The third mirror (PZT, concave, with R=10cm) is mounted on a PZT and
has a reflectivity greater than 99.5%. The finesse of the empty cavity is about 100
with a free spectral range of 822 MHz (cavity length =37 cm). The rubidium
vapour cell (Rb cell 1) is 5 cm long with Brewster angle windows to eliminate back
reflections. The cell is wrapped in p-metal for magnetic field shielding and heat
tape for temperature control. Thhe probe beam enters the cavity through mirror
(M2) and the coupling beam is brought into the cavity through PBS4. The
coupling and probe beams co-propagate through the Rb vapour cell and are
orthogonally polarized. The coupling beam is aligned at a 2° angle to the probe
beam and they intersect in the centre of the Rb cell. This misalignment is enough
to keep the coupling beam from circulating in the cavity. The probe beam is
focused to the centre of the Rb cell using a 15 cm focal length lens. The radii of the
coupling and probe beams are estimated to be 700 um and 80 pum, respectively.
Owing to losses from PBS4 and the Rb vapour cell, the Finesse (to the probe beam
with frequency far from the atomic transition frequency w,;) is reduced to about
50. The input intensity of the probe beam is controlled by PBS3 and a half-wave
plate (\/2).

The power of the coupling beam entering the Rb cell is kept constant at about
20mW and is estimated to have a Rabi frequency of 2, = 2rx72 MHz at the centre
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of the Rb cell. The intracavity intensity of the probe beam varies as the cavity
length is scanned across the cavity resonance. The maximum intracavity intensity
is highly dependent on the probe and coupling detunings, A, and A,, due to the
EI'T absorption profile. In order to achieve consistency in measurements of 7
throughout the whole range of frequency detunings, the peak intracavity probe
power is kept at near 6 uW for each measurement. This is easily done by adjusting
the probe’s input power to take advantage of saturation of absorption in the
|1)—|2) transition. The peak Rabi frequency of the probe beam at the centre of
the Rb cell is then estimated to be 2, = 2rx11 MHz.

The EI'T profile without optical cavity has been reported previously [3]. Under
the current experimental conditions, the resonant absorption is still 45% and the
width of the EI'T transmission spike is about 19 MHz.

The probe and coupling lasers are frequency-locked, so in order to observe the
cavity transmission, the length of the cavity is scanned through resonance. The
probe and coupling beams are separated at the cavity output by using another
polarizing beam splitter. The output from the cavity is picked up by an avalanche
photodiode (APD).

5. Results and discussion

First, the coupling detuning (A,) is set to zero and the probe detuning A, is
tuned to different values. The temporal transmission profile of the cavity output
with a small probe detuning (a few MHz) is observed to be highly asymmetric with
the presence of EI'T [28]. Figure 4 shows the cavity transmission profiles for two
different probe detunings (A, = £7 MHz) with and without EI'T. Without the

coupling beam, the transmission profile is nearly symmetric in time. When the
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Figure 4. Cavity transmission profiles for A, = 0. (a) No EIT and A, = +7 MHz. (b)

With EIT and A, = +7MHz. (¢) No EIT and A, = =7 MHz. (d) With EIT and
A, = —7MHz.
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coupling beam is turned on and the probe detuning is set at A, = +7 MHz, the
cavity output increases slowly to the maximum at resonance and subsequently
undergoes a sharp drop-off as the cavity length is increased further, as shown in
figure 4(b), corresponding to a negative nonlinear index of refraction (n; < 0). As
the cavity length gets near the resonant cavity length, the circulating intensity of
the probe beam builds up. With an increase in intensity, for a negative n;, the
phase detuning 0, as given in equation (18), will be hindered from approaching
zero. The opposite happens when the cavity length is increased beyond the cavity
resonance and the sharp drop-off in the cavity output intensity is observed. When
the probe detuning is set to A, = —7 MHz, the cavity transmission has a reversed
profile, as shown in figure 4(d), indicating a positive nonlinear index of refraction
(n; > 0). The values of the nonlinear Kerr index of refraction for zero coupling
detuning (A, = 0) and probe detunings of +7 MHz and —7 MHz with EIT were
measured to be about —6.2x10 %ecm?W~! and 7.1x10 °cm?W~!, respectively.

The nonlinear Kerr index of refraction was measured as a function of probe
detuning with and without EI'T for A, = 0. The results are plotted in figure 5. The
solid squares are the values of n, that were measured with EI'T while the open
circles were measured without EI'T. From this figure one can easily see the
significant differences that atomic coherence makes in the nonlinear index of
refraction. In addition to the large increase in the nonlinear index, the presence
of an EI'T dip causes the nonlinear index to be zero at two additional points besides
the A, =0 point. Furthermore, the sign and slope of n, as a function of probe
detuning are opposite to that of the linear index of refraction 7y, as can be easily
seen from equations (12)—(14) together with equations (16) and (17). The presence
of EI'T enhances the nonlinear Kerr effect by more than a factor of 100 for certain
probe detunings (A, = +7 MHz) in our experiment. With improvements in laser
linewidths, elimination of cavity losses, and reduction of atomic transient effects in
the cell, one can expect to increase the Kerr nonlinear coefficient to a much higher
value. The increase in n, for A, >200 MHz is mainly due to the optical pumping
effect.

10
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E 5 »-—
o "~
£
(&)
@
o 0 o
—
—
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5 _I\l\._
-10 . . . : . .
-400 -200 0 200 400
s, (MHz)
Figure 5. Experimental nonlinear index of refraction n, versus probe detuning A, for

A, = 0. W are data points with EIT and O are data points without EIT.
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Figure 6. Theoretical plot of nonlinear index of refraction n, versus probe detuning A,
for A, = 0 with EIT. (721 = 27 x 3.0 MHz, 731 = 27 x 1.1 MHz, v = 27 x 3.5 MHz,
Q, =27 X 72MHz, dy; = 4.45 x 1078 es.u., Ny =4.5x 10" atoms cm™ at T =
63°C).

Time Time

Figure 7. Cavity transmission profiles for A, = 0 with EIT. (a) A, = +7 MHz.
(b) A, = —7MHz.

Figure 6 plots a graph of our theoretical calculation of the value of n, as a
function of probe detuning with EIT and A, = 0, according to equation (13) with
the Doppler effect included. This figure is in good agreement with the experi-
mentally measured results shown in figure 5. By using experimental parameters,
maximum calculated values of n, agree well with the measured values. However,
owing to some simplifications made in the theoretical model, such as the plane-
wave and mean field approximations in the cavity and the optical pumping effect,
no attempt was made to make a quantitative match.

Next, the cavity transmission profile was measured for zero probe detuning
(A, = 0) and small coupling detunings (A, = +£7 MHz) with EIT, as shown in
figure 7. The behaviour of the cavity transmission profiles is similar to the cases
when A, = 0 and A, is offset by small values as shown in figures 4(b) and 4(d). The
nonlinear Kerr index of refraction n, under these conditions was measured to be
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Figure 8.  Experimental nonlinear index of refraction n, versus coupling detuning A, for
Ap =0 with EIT.
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Figure 9. Theoretical plot of nonlinear index of refraction n, versus coupling detuning

A. for A, =0 with EIT. (v =27x3.0MHz, 73 =27rx1.1MHz, ~=
21 x 3.5MHz, Q. = 2w x 72MHz, dy; = 445 x 1078 esu., Ny = 4.5 x 10" atoms
em? at T = 63°C).

about —7.0x10%ecm?W~! (for A, =—-7 MHz) and 6.2x10"°cm?W~! (for
A, = +7 MHz), respectively.

A graph of the nonlinear Kerr index of refraction versus coupling detuning
with EI'T and A, = 0 is shown in figure 8. The coupling frequency dependence of
the nonlinear index n; is similar to the probe frequency dependence in that three
zeros are present and the maximum values of 7, are of the same order. However,
the change of n, versus A, is opposite in shape to the change of n, versus A, which
can be seen by examining equation (14). Theoretically calculations were made of
the nonlinear index of refraction n, as a function of A, for A, = 0 and the results
are plotted in figure 9. One can see that the theoretical curve is in qualitative

agreement with the experimentally measured results.
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This research opens up the possibility of many new and interesting applications
for nonlinear optical processes in multi-level atomic systems with EIT. For
example, for zero probe detuning, as shown in figure 8, the nonlinear index is
normal and approximately linear in the probe detuning range of £7 MHz, it
should be possible to control self-focusing and other third-order nonlinear optical
effects of the probe beam by changing the detuning of the coupling beam. With the
measured Kerr nonlinear index of refraction under the EI'T condition, one can
optimize the nonlinear optical processes in such interesting systems. It will be
interesting to study the large enhancement of the Kerr nonlinear coefficient in
four-level systems at low light intensities [20-22].

We would like to point out that the nonlinear index of refraction n, measured in
this experiment is different from that presented in [17]. In that work the nonlinear
term is proportional to n5I, (inferred from the slope of the linear dispersion) which
depends on the coupling intensity I, (cross-phase modulation effect), while in our
experiment the nonlinear term 7,1, depends on the probe intensity (self-phase
modulation effect). The self-phase nonlinearity in the index of refraction arises
from the third-order nonlinear susceptibility y*) for the probe beam while the
cross-phase nonlinearity refers to the first-order susceptibility y(!) for the probe
beam. This explains the difference in the n, values reported. Even when n, was
measured as a function of coupling detuning and the probe detuning was fixed at
zero, only the self-phase nonlinearity n, was measured, not the cross-phase
nonlinearity n} as was done in [17]. Of course, n; is also a function of the coupling
intensity as shown in equations (14) and (15).

6. Conclusion

In conclusion, we have directly measured the nonlinear Kerr index of refrac-
tion for multi-level rubidium atoms by using an optical ring cavity near resonance
with and without EIT. The Kerr index was measured as functions of probe and
coupling frequency detunings, respectively. It was found that the nonlinear Kerr
index can both be enhanced and inhibited owing to the presence of EIT at
different frequency detunings. The amplitude and sign of n, can be controlled
simply by tuning the coupling frequency over a small frequency range (a few
MHz). A simple theoretical treatment has been derived, based on a three-level A-
type atomic system with higher order probe intensity, including Doppler broad-
ening. It is found that the theoretical results are in good agreement with the
experimental measurements. This work helps understanding of third-order non-
linear optical processes in such multi-level atomic systems involving atomic
coherence and can lead to interesting applications in nonlinear optical devices
such as all-optical switching.
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