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Enhancement of vectorial nonlinearity in rubidium vapor
by using an additional pump beam
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We report the enhancement of nonlinearity to absorption ratio in rubidium vapor for a signal beam in87Rb transition D2 line withFg = 1 by
means of an additional pump beam. Experimental results for a pump beam in co- and counter-propagation configurations are reported. The
ratio increment of approximately 2 times is obtained for the co-propagating case when the pump beam is tuned atFg = 1.

Keywords: Rubidium vapor; polarization self-rotation; nonlinear phase shift.

Reportamos el incremento de la razón entre la no-linealidad y la absorción en vapor de rubidio para un haz señal en la ĺınea de transición D2
del 87Ru conFg = 1 utilizando un haz de bombeo adicional. Se reportan resultados experimentales cuando el haz de bombeo se propaga en
la misma direccíon del haz sẽnal y en direccíon opuesta áeste. Un incremento de aproximadamente 2 veces se obtiene cuando los haces de
bombeo y sẽnal se propagan en la misma dirección y el ĺaser de bombeo se encuentra sintonizado en la lı́nea de transiciónFg = 1.

Descriptores: Vapor de rubidio; autorotación del plano de polarización; fase no lineal.

PACS: 42.65.Hw; 42.70.Nq

1. Introduction

The self-rotation of elliptically polarized light when it inter-
acts with near-resonant atomic vapors is a well known phe-
nomenon [1-4]. The two initially unbalanced components
of circularly polarized light in the elliptically polarized laser
beam experiment different refractive index values. As a con-
sequence, the change in the angle of the major axis of the
polarization ellipse occurs upon propagation [1]. In rubid-
ium vapor, a complete model of nonlinearity requires solving
the full density matrix evolution equation. The resulting vec-
torial interaction shows that nonlinearity is maximal when
the light intensity has some optimal value which is typically
lower, than the maximal intensity of laser, and the nonlin-
earity can be enhanced by a combination of elliptic polariza-
tion and a weak longitudinal magnetic field [5]. Recently, the
rubidium vapor nonlinearity has been used for applications
such as dynamic interferometry and electromagnetic vacuum
squeezing [6-10]. In these applications the figure of merit is
the nonlinearityη to absorptionα ratio (R = η/α), which
gives an estimate of the achievable nonlinear phase shift.
Thus, increasing the value of R is important. In this work
we show that it is possible to enhance the value of R by us-
ing an additional pump laser at resonance withFg = 1 of D2
Rb line (780 nm) for a signal beam atFg = 1. An improve-
ment at R was found when the pump and signal beams are
co-propagating in the rubidium vapor and the pump beam is
resonant atFg = 1, Fe = 0.

The improvement of R is also possible when the pump
beam is at resonance withFg = 2, Fe = 2 [11]. The en-
hancement of R in both cases is similar (∼2 times in rela-
tion to case without pump). However, our numerical model
is valid only when the pump and the signal beams are res-
onant with different Doppler-broadened ground state sub-

levels. Thus we report here only the experimental results
for both pump and signal beams withinFg = 1 line, though
qualitatively the effects are close to those obtained for signal
atFg = 1 and pump atFg = 2, which are reported in Ref. 11.

2. Experimental results

The experimental setup is shown in Fig. 1. We used two in-
dependent tuneable diode external cavity lasers near 780 nm,
with 50 mW (signal) and 60 mW (pump). The initial polar-
izations of both beams are linear and mutually perpendicular.
The measurement rubidium cell, 75 mm long, was magnet-
ically isolated with a doubleµ-metal shield. The resistive
heater was located between the two shells. The first polar-
izing beamsplitter cube gives a well defined initial vertical
polarization in the signal beam. A quarter-wave plate pro-

FIGURE 1. The experimental setup. The scheme marked with letter
A represents the measurement arm. The scheme marked with letter
B represents the pump and control arm.
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FIGURE 2. The self-rotation and rotation to absorption ratio R
without pump beam when the signal intensity is changed.

FIGURE 3. Comparative curves of self-rotation as a function of
signal intensity for co- and counter-propagating pump laser in the
transitionFg = 1, Fe = 0. The intensity of pump beam is at
maximum (2.22 mW/mm2).

duces a beam with controlled elliptic polarization (±5◦ plate
rotation angle). The output half-wave plate is followed by a
polarizing beamsplitter and a differential photodetector. The
signal beam is frequency scanned, and the half-wave plate is
rotated until signals of two photodetectors are equal far from
the absorption line. The difference signal from photodetector
pair is proportional to polarization ellipse rotation angle [1,7].
The sum of these two signals gives a measure of absorption
(measurement arm in Fig. 1).

A small portion of the pump laser is deviated by a beam-
splitter through the control and pump arm (B in Fig. 1),
where the saturated-absorption spectroscopy lines for the
pump beam are obtained by using an additional control cell
and are used for frequency fixing of the pump laser light. The
other part of pump beam is directed towards the measurement
rubidium cell. A half-wave plate is used to change the polar-
ization direction of the pump beam to parallel or perpendicu-
lar with respect to that of the signal beam. The experiments

FIGURE 4. Comparative curves of R as a function of sig-
nal intensity without and with the pump beam in the transition
Fg = 1, Fe = 0. The intensity of pump laser is at maximum
(2.22 mW/mm2).

FIGURE 5. Absorption and self-rotation curves for a parallel po-
larization of the pump beam impinging in a counter-propagating
direction. The pump laser intensity is 2.22 mW/mm2 and the sig-
nal intensity is: Curve 1: 0.35 mW/mm2, curve 2: 1.16 mW/mm2,
curve 3: 2.9 mW/mm2 and curve 4: 9.3 mW/mm2.
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FIGURE 6. The same, as in Fig. 5, but for a perpendicular polar-
ization of the pump beam.

were performed impinging the pump beam in the direction of
signal beam (co-propagating scheme, Fig. 1), and also in the
counter-propagating direction (not shown).

To observe the effect of pump laser tuned in87Rb D2 line,
the frequency of the pump beam was fixed and the signal laser
was scanned across a transition. The pump and the signal
beams intersect inside the cell with a small angle (∼13 mrad
in a vertical plane). The pump laser frequency can be fixed at
resonance withFg = 1, Fe = 0, 1 and 2, as well as for inter-
mediate values, but the better increment of R was found when
the pump was fixed at resonance withFg = 1, Fe = 0. The
value of R is calculated for the frequency that corresponds
to the maximum value of self-rotation for each data set. In
Fig. 2, the dependence of self-rotation and rotation to absorp-
tion ratio R on the signal beam intensity is shown when the
pump beam is absent [11]. The self-rotation in this case is
maximal, when the signal intensity is 0.36 mW/mm2, and R
is maximal when this value is 1.16 mW/mm2.

When the pump beam is present, the value of self-rotation
and R increases related to the case without pump in both co-
and counter-propagating cases (Figs. 3 and 4). The inten-

FIGURE 7. Absorption (a) and self-rotation (b) curves for a co-
propagating beam in transitionFg = 1, Fe = 0. The pump laser
intensity is: Curve 1:0 mW/mm2, curve 2: 0.55 mW/mm2, curve 3:
1.11 mW/mm2 and curve 4: 2.22 mW/mm2. The signal intensity
is 2.9 mW/mm2. The variation of R with the pump beam intensity
is also shown.

sity of signal beam for the maximal value of self-rotation is
1.16 mW/mm2 in both cases. The maximum value of R is ob-
tained for signal intensity 2.9 mW/mm2. The enhancement in
the value of R is better for the co-propagating case, where the
value of R is∼2 times the value obtained when there is not
pump beam.

The shapes of the absorption and rotation curves present
some differences if the direction of polarization of the pump
beam is parallel or perpendicular with respect to the signal
beam polarization in the counter-propagating case (Figs. 5
and 6). Some additional oscillations in the rotation curves
are observed for low signal intensity when the polarizations
of the pump and signal beams are parallel (Fig. 5). In both
cases, when the pump beam has a polarization perpendicular
(Fig. 6) or parallel to that of the signal, the asymmetry in the
curves is evident in a vicinity of the pump beam frequency.
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FIGURE 8. The same, as in Fig. 10, but for counter-propagating
pump. The signal intensity is 2.9 mW/mm2.

In the co-propagation case, no evident feature is seen
when the pump beam polarization changes even with a low
power signal beam. We suppose that this dependence of the
pump beam polarization is a characteristic of the cross-phase
modulation interaction between the pump and signal beams
when the pump intensity is stronger than the signal intensity
ase.g., occurs at the curve 1 in Fig. 5 where the intensity
ratio pump/signal is∼6 times.

We verify the dependence of self-rotation and R values
with the signal beam intensity for both cases, when the pump
beam polarization is parallel and perpendicular to that of the
signal beam. An enhancement in the value of R was observed

when the polarization of the pump and signal beams is par-
allel. For this reason, the Figs. 3 and 4 described before
were done for a parallel polarizations of the pump and signal
beams.

The dependence of absorption and rotation curves on the
pump beam intensity is shown in Figs. 7 and 8. In the co-
propagating case, although the self-rotation value reaches
a maximum for a pump beam intensity of 0.55 mW/mm2

and then decreases, the value of R does not change signif-
icantly from this value until the pump intensity is maximal
(Fig. 7(b)). In the counter-propagating case, R is maximal
when the pump beam is 0.22 mW/mm2 and then decreases if
this intensity grows (until 40% when intensity is maximal),
as it is shown in Fig. 8(b). However, the co-propagating case
continues to be the scheme with the better value of R as can
be seen in Figs. 7(b) and 8(b).

3. Discussion and conclusions

We have demonstrated experimentally that is possible to en-
hance the polarization self-rotation and rotation to absorption
ratio in 87Rb D2 line for a signal beam tuned atFg = 1
line by using an additional pump beam. An increment of
∼2 times in the value of the figure of merit was obtained for
a pump laser tuned atFg = 1, Fe = 0. In the counter-
propagating case we found a saturation pump beam intensity
from which the figure of merit decreases (0.22 mW/mm2).
The saturation was predicted by the theory in a previous work
but had not been evident when the pump beam was at reso-
nance withFg = 2 [11]. In the co-propagating scheme, the
maximal value of R was obtained when the pump beam in-
tensity was 0.55 mW/mm2 and remained fixed until the pump
intensity is maximal. In this case the better increase of R was
obtained, so the enhancement of R is possible with a low-
power pump beam (∼2 mW).

We also found some characteristic asymmetries in self-
rotation curves for low intensities of the signal beam when
the pump laser is counter-propagating with respect to the sig-
nal. The enhancement of R was better when the polarization
of the pump and signal beams is parallel that when the beams
are mutually perpendicular.
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