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Resonant nonlinearity enhancement in rubidium vapor with additional optical pumping

N. Korneev, Y.M. Torres*, C. Gutiérrez-Parra and Y. Ortega

Instituto Nacional de Astrofísica, Óptica y Electrónica, Puebla, México

(Received 18 February 2014; accepted 20 April 2014)

We investigate the enhancement of characteristic nonlinear phase shift in warm rubidium vapor for a signal beam using
an additional pump laser at different frequency. A numerical model based on density matrix formalism is used.
Experimental results of self-rotation and diffraction in a three-wave mixing process as well as beam amplification are
shown. For 87Rb transition D2 line with Fg = 1, the nonlinearity to absorption ratio can be enhanced approximately two
times with a pump beam tuned at Fg = 2 transition in a co-propagating scheme, which produces strong nonlinear
interaction for Fg = 1 line at signal beam powers of ~10 mW.

Keywords: rubidium vapor; polarization self-rotation; modulation instability

1. Introduction

Rubidium vapor close to the atomic transition is well-
known optical nonlinear material [1]. Recently, there is
an effort to use the rubidium vapor nonlinearity for
applications, in particular for dynamic interferometry and
electromagnetic vacuum squeezing [2–6]. The figure of
merit for such applications is usually determined by the
nonlinearity η to absorption α ratio (R = η/α), which
gives a characteristic obtainable nonlinear phase shift;
thus maximizing this parameter is of interest.

Often, the nonlinearity in rubidium is described as
having a scalar Kerr type, being its strength directly pro-
portional to light intensity and inversely proportional to
frequency detuning cube Δ3. This approximation, result-
ing from a two-level model, is valid far enough from the
absorption lines [1]. The absorption far from the line
diminishes as 1/Δ2, thus R ~ 1/Δ there. It is clear, that if
one is interested in obtaining bigger nonlinear phase
shifts for moderate intensities, it is necessary to work
well inside the lines, where the complete transition struc-
ture has to be taken into account for an adequate theoret-
ical description. For these conditions, however, optimal
nonlinearity is obtained not for a scalar Kerr interaction,
but for more complicated vectorial process, which in
general involves elliptic polarizations. Different from
Kerr nonlinearity whose strength grows proportional to
intensity, in a vectorial case there is an optimal light
intensity, and the nonlinearity for intensities higher than
the optimal one diminishes. The nonlinearity depends
also on flight time of an atom in a beam, and it can be
additionally enhanced by a combination of elliptic polari-
zation and weak longitudinal magnetic field [7].

Here, we investigate the possibility to improve the
nonlinearity to absorption ratio in D2 Rb line (780 nm)
for a signal beam using an independent co- or counter-
propagating pump beam tuned at different frequency. We
obtained the improvement of ~2 times using additional
illumination at resonance with Fg = 2 line and for signal
at Fg = 1 line. In this case, strong amplification in three
beam mixing and beam break-up can be observed, which
are not obtained in this line without a pump [7]. The
numerical modeling compares reasonably with the exper-
imental results.

2. Numerical results

A simple nonlinear process, which for moderate light
intensities can be more efficient than scalar Kerr nonlin-
earity, is the polarization self-rotation of elliptically
polarized beam induced by cross-phase modulation of
two circularly polarized components. The general mecha-
nism of this nonlinearity in rubidium involves an
ac-Stark effect [8,9]. A simple Λ configuration (Fg = 1 to
Fe = 0) transition, as well as Fg = 1 to Fe = 1 transition
do not demonstrate self-rotation. The reasons for this are
explained in detail in [9]. If there exist additional upper
levels (for example in double Λ configuration [8], or for
Fg = 1 to Fe = 2 transition [9]), the elliptically polarized
light separates ground sublevels due to the interaction
with an additional level because of ac-Stark effect. This
partly breaks the dark state and induces polarization
ellipse rotation along propagation. The process efficiency
is affected by pumping of additional sublevels, thus it is
reasonable to suggest that additional illumination can
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modify, and in particular enhance nonlinearity by chang-
ing level populations.

To calculate the rubidium atom response to the
illumination by two laser beams, we model the temporal
dynamics of full density matrix for 87Rb transition
Doppler broadened D2 lines with Fg = 1 and Fg = 2. The
details of numerical model are described in our previous
papers for the case of a single laser frequency [7,10]. The
first principle calculation is based on a specially designed
fast algorithm of split step type. The model does not have
fitting parameters, and it was shown to give satisfactory
description of a number of nonlinear processes for a case
of a single laser frequency involved [7]. For two frequen-
cies ω1 and ω2, the model modification is quite straight-
forward, but for validity of rotating wave approximation,
we need to assume that both laser frequencies as well as
their difference ω1−ω2 are much bigger than the Rabi
frequencies and the characteristic separation between the

excited levels. This assumption is justified when one beam
is tuned into Fg = 1 line, and another in Fg = 2 line. In our
experiment, we have the signal tuned at Fg = 1 transition
and the pump at Fg = 2.

Without the pump, the maximal self-rotation for a
signal beam for Fg = 1 is obtained for typical intensities
in ~1–10 mW/mm2 range (the value depends on beam
diameter). The maximal self-rotation to absorption ratio
is obtained for somewhat higher intensities, because the
absorption is smaller for higher intensities, but finally the
self-rotation diminishing with higher intensities becomes
more important, than absorption length growth. We have
conducted simulation for the signal beam intensity,
which is close to the optimal one (giving the highest R),
for a signal beam without a pump.

The typical results of simulation are presented in
Figures 1 and 2. They were made for intensity levels
and characteristic times of flight typical for our

Figure 1. Calculated absorption line shape (a) and self-rotation
spectrum (b) for counter-propagating pump, for signal beam
intensity 8.54 mW/mm2 and pump beam intensities: curve 1: 0.0
mW/mm2, curve 2: 12.3 mW/mm2, curve 3: 19.2 mW/mm2,
curve 4: 43.2 mW/mm2 and curve 5: 76.9 mW/mm2. The
characteristic time of flight is 4.1 μs.

Figure 2. The same, as in Figure 1, but for co-propagating
pump. The pump intensities are: curve 1: 0.0 mW/mm2, curve
2: 2.1 mW/mm2, curve 3: 8.54 mW/mm2 and curve 4: 13.3
mW/mm2.
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experiment. The pump laser frequency was fixed at
resonance with Fg = 2, Fe = 2 transition of an atom at
rest, this frequency corresponds to zero detuning in
graphs. The calculation results are different for pump
beam co- and counter-propagating with respect to a sig-
nal one. Physically, the reason for the difference is prob-
ably the following. In the case of co-propagating pump
and signal beams, the resonant condition that fixes the
Doppler-corrected laser frequencies difference can be
valid for all atomic velocities. For the counter-propagat-
ing case, it can be valid only for a small group of atoms.
Thus, coherent effects influence a co-propagating geome-
try resulting in narrow spectral features which are
washed out by an atomic movement in a counter-propa-
gating geometry. It is seen that in any case raising the
pump beam intensity makes absorption higher. The
absorption growth in presence of pump is easily under-
stood in terms of level populations: the pump transfers

part of the population from Fg = 2 level back to Fg = 1
level, which is otherwise depleted by a signal.

Though both self-rotation and absorption grow for
higher pump intensities, there is an overall growth of R,
which is obtained for optimal pump intensity, which is
of an order of signal intensity. The self-rotation and
absorption curves for a signal with a co-propagating
pump demonstrate a narrow spectral feature for a fre-
quency corresponding to a pump laser frequency. As
mentioned before, for the counter-propagation case this
feature is absent. For a co-propagating case, the figure of
merit (R) is higher in a vicinity of a narrow feature. The
calculation shows that the optimal pump intensity exists,
and it is lower than for counter-propagating case. The
calculation also suggests that co-propagating pump is
more efficient, than the counter-propagating, though the
enhanced R is observed in both cases.

Figure 3. Experimental setup.

Figure 4. Self-rotation and rotation to absorption ratio R as a
function of the signal intensity without the pump beam.

Figure 5. Comparative curves of R as a function of signal
intensity without and with the pump beam. Both co- and coun-
ter-propagating pump laser cases are shown. The intensity of
pump is at maximum (2.22 mW/mm2).
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The calculations for two laser frequencies are very
time-consuming because of large number of parameters
involved. One can vary the pump frequency and intensi-
ties of two beams. There also limitations due to non-uni-
form intensity profile of both beams. However, the
theoretical graphs of Figures 1 and 2 correspond qualita-
tively to experimental data on self-rotation and three-
beam interaction.

3. Experimental results

In our experiments, we used two independent tuneable
diode external cavity lasers near 780 nm, with 50 mW
(signal), and 60 mW (pump). The signal beam inside the
cell has an elliptic profile with axes 0.91 mm (horizontal)
and 1.21 mm (vertical) (FWHM). The heated rubidium

cell 75 mm long was protected with a double μ-metal
shield and placed within a solenoid in order to produce a
longitudinal magnetic field B. The resistive heater was
located between the two shells. Using an additional con-
trol cell, the saturated-absorption spectroscopy lines for
pump beam are obtained and used for frequency fixing
of the pump laser light. A series of three experiments
was realized to compare the efficiency of system with
and without the pump beam: self-rotation, three-wave
mixing and beam amplification with break-up. The basic
experimental setup used in all experiments, is shown in
Figure 3. An additional weak beam is incorporated for
the three-wave mixing and amplification experiments
(dashed box in Figure 3).

To observe the effect of pump laser tuned in 87Rb
D2 line, the frequency of the pump beam was fixed and

Figure 6. Fg = 1 absorption (a) and self-rotation (b) curves in
counter-propagating case when pump beam intensity is: curve
1: 0 mW/mm2, curve 2: 1.11 mW/mm2 and curve 3: 2.22 mW/
mm2 and signal intensity is at maximum (11.61 mW/mm2).

Figure 7. The same, as in Figure 6, but for co-propagating
pump with signal intensity 2.9 mW/mm2. The arrow shows the
narrow spectral feature corresponding to the pump beam
frequency.
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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). Two differ-
ent types of effects are observed depending on whether
both beams are resonant with a same Doppler broadened
transition from a ground state, or they act on different
transitions. If the pump beam acts on the same Fg transi-
tion, as the signal, the absorption for signal beam is
diminished, and self-rotation can be enhanced in a part
of the line. In the other case, both the absorption and
nonlinearity for the signal beam are enhanced. The self-
rotation experiments were performed when the pump
beam acts on the transitions Fg = 1 and Fg = 2 and the
signal beam on Fg = 1. The R ratio can be enhanced in

both cases. In this article, we show only the case when
the pump frequency is fixed at Fg = 2, Fe = 2 transition,
where somewhat bigger enhancement of rotation to
absorption ratio was found and a theoretical model was
developed.

3.1. Self-rotation

The experimental setup for self-rotation measurement is
quite standard (see e.g. Rochester et al. [9] and Ries
et al. [11]). The first polarizing beamsplitter cube gives a
well defined initial vertical polarization in the signal
beam. A quarter-wave plate produces a beam with con-
trolled elliptic polarization (±4° plate rotation angle).

Figure 8. Diffraction efficiency in a conjugated beam: curve
1: Without pump beam, curve 2: With pump beam and curve
3: With pump, B and e. The signal intensity is 2.9 mW/mm2

and pump beam intensity is at maximum (2.22 mW/mm2). (a)
Counter-propagating case with B = 0.455 mT and e = 10°. (b)
Co-propagating case with B = 0.331 mT and e = 10°.

Figure 9. Diffraction efficiency in a conjugated beam when
signal intensity is changed: Curve 1: 1.16 mW/mm2, curve 2: 2.9
mW/mm2, curve 3: 5.8 mW/mm2 and curve 4: 11.61 mW/mm2.
The pump beam intensity is 2.22 mW/mm2. (a) Counter-
propagating and (b) co-propagating case. The values of B and e
are the same that in Figure 8.
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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 for two photodetectors are equal far
from the absorption line. The difference signal from pho-
todetector pair is proportional to polarization ellipse rota-
tion angle [9]. The sum of these two signals gives a
measure of absorption. In the experimental setup scheme
(Figure 3), the pump beam is shown in the co-propagat-
ing configuration, but the experiments were also per-
formed impinging the pump beam in a counter-
propagating direction.

The absorption and rotation values (and therefore R)
depend on the signal and pump beam intensities. The

dependence of self-rotation and R on signal intensity
without the pump beam is in a good agreement with the-
oretical description of Section 2. The Figure 4 shows
that the self-rotation reaches the maximal value when the
signal is 0.36 mW/mm2, but R is maximal when this
value is 1.16 mW/mm2. In Figure 5 the comparative
curves of R as a function of signal beam intensity with
and without the pump are shown. The value of R is max-
imal for the co-propagating case when signal intensity is
2.9 mW/mm2.

We also checked the dependence of R on the pump
beam intensity (fixing the signal to optimal intensity
according to Figure 5) and found that the higher is the
pump beam intensity, the higher is the value of R for our
experimental signal to pump intensity ratio (~5). Figures
6 and 7 show absorption and self-rotation curves when
the pump is absent and for two different values of pump
intensity. The value of R is enhanced when the pump
beam is present for both co- and counter-propagating
cases, but better increment (~2 times related to case
without the pump beam) was obtained in the first case.
The narrow spectral feature in curves for the co-propa-
gating case can be seen in Figure 7.

3.2. Three-wave mixing

For a second series of experiments, a weak additional
beam is incorporated in the experimental setup (dotted
box in Figure 3), in a form similar to that of Refs.
[12,13]. The weak beam has an intensity of 4% of signal
beam and passes through a half-waveplate in order to
obtain an initial polarization perpendicular to that one of
the signal beam. The diffraction in a conjugated order

Figure 10. Diffraction efficiency in a conjugated beam with
different pump intensity values: curve 1: 0.28 mW/mm2, curve
2: 0.55 mW/mm2, curve 3: 1.11 mW/mm2 and curve 4: 2.22
mW/mm2. (a) Counter-propagating pump with signal intensity
5.8 mW/mm2 and (b) co-propagating pump with signal intensity
2.9 mW/mm2. The values of B and e are the same that in
Figure 8.

Figure 11. Diffraction efficiency for co-propagating case
when signal intensity is 1.16 mW/mm2. The values of pump
intensity are the same that in Figure 10.

1014 N. Korneev et al.
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Figure 12. Patterns generated in the far field for co- and counter-propagating schemes: (a) Diffraction orders in counter-propagating
case with T = 117 °C, e = 3.5°, B = 0.333 mT. (b) The ring in co-propagating case with T = 125 °C, e = 10° and B = 0.223 mT.
Counter-propagating breakup patterns with B = 0.306 mT and e = 3.5°: (c) T = 119 °C, (d) T = 122 °C. Co-propagating breakup patterns
with B = 0.223 mT, e = 10°: (e) T = 134 °C, (f) T = 141 °C. (The colour version of this figure is included in the online version of the
journal.)
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was observed for cell temperature 80 °C. The half-wave-
plate, polarizing beamsplitter and differential photodetec-
tor at the end of the cell are replaced in this case by a
single photodetector where the conjugated order was
detected. The diffraction efficiency depends strongly on
the parameters of the system such as the angle between
signal and pump laser, the angle between signal and
weak beam (4 mrad), the pump and signal intensities,
polarization ellipticity and magnetic field.

In order to find the parameters to obtain the optimal
diffraction efficiency, the intensity of signal and pump
beams were fixed and the diffraction without and with
pump beam was measured. Additionally, when the pump
is present, a weak longitudinal magnetic field B (<0.5
mT) and polarization ellipticity were applied to increase
the diffraction curve maximum. The temperature is
selected in each case to obtain the same absorption of
50%. The Figure 8 shows the diffraction efficiency for
the three cases described before with the pump beam
intensity maximal and the signal beam intensity at 2.9
mW/mm2. The better value of diffraction efficiency is
obtained with the pump beam and it is increased slightly
when B and e are present in both cases (co- and counter-
propagating). As might be expected from Figure 5, the
efficiency is higher for the co-propagating case.

The dependence of diffraction efficiency on signal
(Figure 9) and pump (Figure 10) intensities was studied.
In Figure 9, where pump beam, B and e are present, the
values of the optimal signal intensity in co- and counter-
propagating cases are different. In Figure 10 it is seen,
that the maximal diffraction efficiency is obtained for
maximal pump beam intensity. However, the existence
of a saturation pump intensity can be verified if the sig-
nal beam intensity is fixed to less of 1.16 mW/mm2, so
that the ratio signal/pump is diminished enough to obtain
saturation as is shown in Figure 11 for the
co-propagating case.

3.3. Beam amplification and breakup

In the last experiment, patterns were generated in the far
field due to a strong exponential amplification in a three-
wave mixing process related to modulation instability
mechanism [1,7]. The patterns were observed in co- and
counter-propagating schemes and for different values of
signal intensity, magnetic field and polarization elliptic-
ity. The additional weak beam incorporated in our previ-
ous experiment was made even weaker. The first
observed pattern at T = 80 °C corresponds to the conju-
gated order. By raising temperature (T = 117 °C or more),
it is possible to see formation of higher orders of diffrac-
tion for an appropriate geometry (Figure 12(a)). When
additional beam is much weaker than a signal (1000
times), and the temperature is high (>120 °C), different
types of patterns surrounding signal beam can be

observed starting with a ring (Figure 12(b)), passing
through a transition pattern (Figure 12(c)) and (e)) and
ending with a breakup of beam (Figure 12(d) and (f )).
The patterns in Figure 12(a) and (b)) are similar for co-
and counter-propagating schemes, and with higher tem-
peratures the pattern is highly sensitive to changes in the
parameters B, e, signal intensity and beams geometry. In
the co-propagating case, as well as in the counter-propa-
gating, it is possible to reach amplifications of more than
100 times.

The influence of the magnetic field on the nonlinear
coefficients without an additional pump was discussed in
Ref. [7]. Although a combination of longitudinal mag-
netic field and polarization ellipticity in the three-wave
mixing experiments can increase slightly the value of
diffraction efficiency, the experiment shows that the main
contribution is obtained here with a pump beam alone.
Because of this, we have limited our simulation to zero
magnetic field. For high amplifications related to devel-
oped modulation instability, even slight changes in
parameters such as laser frequencies, polarization, beam
geometry and magnetic field give rise to pronounced
changes in a pattern, but the pattern itself tends to
develop as speckle, and not as a small number of well-
separated spots, characteristic for experiments with feed-
back (e.g in resonators).

4. Discussion and conclusions

In conclusion, we show that using an additional illumi-
nation with a pump beam tuned at Fg = 2 line, the polari-
zation self-rotation, rotation to absorption ratio and
diffraction efficiency in 87Rb D2 line can be enhanced
for a signal beam tuned into Fg = 1 line. The effect is
reproduced in a numerical calculation for full density
matrix evolution and the results show a reasonable quali-
tative agreement with experimental results. A gain in
nonlinearity to absorption ratio of ~2 times for a co-
propagating scheme was achieved, which allows strong
beam amplification (>100 times) in three-wave mixing,
and break-up effects, which are not observed in this line
without additional illumination. The results suggest that
this mechanism can possibly be useful for enhancing
efficiency in squeezing experiments.
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