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Light guiding light: Nonlinear refraction in rubidium vapor
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Recently there has been experimental and theoretical interest in cross-dispersion effects in rubidium vapor,
which allows one beam of light to be guided by another. We present theoretical results which account for the
complications created by theD line hyperfine structure of rubidium as well as the presence of the two major
isotopes of rubidium. This allows the complex frequency dependence of the effects observed in our experi-
ments to be understood and lays the foundation for future studies of nonlinear propagation.
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I. INTRODUCTION

There has been much recent interest in the general fie
‘‘light guiding light’’ where cross-dispersive effects are us
to control the path of a probe field using a pump field@1–7#,
with the long term aim of creating an all optical switch
gate @8#. Most of this work has been done with solitons
solid or liquid media. Recently, Truscottet al. @1# demon-
strated the guiding of a 780-nm probe beam by a Lague
Gaussian doughnut beam. Using an intense pump b
tuned to theD1 line of rubidium~795 nm!, they showed that
a probe beam, detuned to the red side of theD2 line ~780
nm!, was guided into the dark, central spot of the dough
through rubidium vapor contained in a 10-cm-long glass c
A blue-detuned probe beam was shown to be refracted f
the central spot and out of the ‘‘waveguide’’ structure. Tru
cott et al. @1# used a simple theory based on a three-le
‘‘V’’ structure and the above described tuning arrangem
to qualitatively explain their results. Kapoor and Agarwal@2#
extended this theoretical work based on a three-level sys
to include coherence and Doppler-broadening effects. T
was done through the use of a master equation approac
describe the atoms and numerical integration to describe
propagation of the probe beam in the refractive index pro
resulting from the pump beam.

Nonlinear guiding of this sort can be considered to be d
to population depletion in a given level. That is to say, var
tions of intensity in some parts of the pump beam pro
vary the population in ground states that the probe inter
with, changing the effective refractive index seen by t
probe. The simple three-level theoretical picture can then
seen to be insufficient to account for the specific intricac
present in rubidium’s hyperfine structure. Spectroscopy
natural rubidium shows a 3-GHz hyperfine-structure splitt
of the ground state common to the two lines for the m
abundant isotope of rubidium (85Rb, which makes up 72% o
natural samples!, and a 6-GHz splitting for the same levels
the next most common isotope,87Rb. As this splitting is at
least an order of magnitude greater than the linewidth o
typical laser, it is vital to appreciate that the pump field ca
not be simultaneously tuned to resonance with both gro
levels. The effect of different detunings on the populations
both these levels needs to be considered. There is al
significant splitting between the two upper levels of theD1
1050-2947/2001/63~2!/023820~9!/$15.00 63 0238
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line that must be considered for similar reasons. In contr
the upper level of theD2 line, while having a four-level
hyperfine structure, can still be treated as a ‘‘single level’’
seen by the laser, due to the small energy separation betw
the hyperfine-structure levels relative to the width of the
ser line, especially if the probe laser is tuned entirely to o
side or the other of these transitions during an experime

Both Truscottet al. and Kapoor and Agarwal assume th
the intensity profile of the pump beam is unchanged throu
out the entire length of the rubidium cell. However, nonli
ear self-dispersion effects are easily observed in rubid
~see below!. If the pump beam self-focuses or is significant
absorbed in its passage through the guiding medium,
will greatly alter the form of the waveguide ‘‘written’’ into
the vapor with propagation distance.

In this paper we extend the theory developed in@1,2# to
account for the hyperfine structure of theD lines, the pres-
ence of both major isotopes of rubidium, and the possibi
of tuning both the probe and the pump relative to their
spective lines. To do this we, like Kapoor and Agarwal, d
velop a master equation; this time for the five~rather than
three! atomic energy levels of both major isotopes of r
bidium, which we can solve for a steady state, accounting
Doppler shifts. This treatment gives the absorption and
fractive index coefficients experienced by both the probe
the pump beams. Such a five-level system could form
basis of a more detailed investigation of the resulti
waveguiding. We also report experimental results usin
longer cell and different frequency regimes than those inv
tigated by Truscottet al. @1#. Our present results clearly con
firm the need for this extension of the theory. The measu
self- and cross-action effects show a frequency depende
that cannot be explained with the simple three-level syst
Furthermore, we present experimental evidence that there
large self-action effects experienced within the pump be
profile and we also demonstrate guiding using a Gaus
rather than a Gauss-Laguerre pump beam profile.

II. THEORY

We consider theD1 andD2 transitions of rubidium~Rb!
atoms driven by a strong~pump! laser field and probed by
another weak laser beam. The pump laser, at 795 nm
tuned near the 52S1/2– 5 2P1/2 transitions, while the probe
©2001 The American Physical Society20-1



le

e

a

ro

be
pa
he
c

ra

ith
th
e

th

he

e.
o

un

an

m-
e
ing

re-

re-
ev-

ro-
cesses

the
ump
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laser, at 780 nm, is tuned to the 52S1/2– 5 2P3/2 transition.
The hyperfine structure of the Rb atoms’D lines can be
modeled as five-level systems composed of three upper
els u3&,u4&,u5&, and two ground levelsu1& andu2&, as shown
in Fig. 1. The pump field of frequencyv l is tuned near the
u1&-u3&,u4& and u2&-u3&,u4& transitions, whereas the prob
field of frequencyvp is tuned near theu1&-u5& and u2&-u5&
transitions. We also make the approximation that the m
netic sublevels are perfectly degenerate.

We assume that spontaneous emission occurs only f
the upper statesu5&,u4&, andu3& down to the lower statesu1&
and u2& with decay ratesG i j ( i 53,4,5;j 51,2). In a gas of
Rb atoms of a temperature of about 100 °C, collisions
tween the atoms are frequent and have a significant im
on the level populations. We include the collisions in t
dynamics of the system as an incoherent process, which
transfer the population between the ground levelsu1& andu2&
with a rateGc . The collisional rateGc is taken to be roughly
the same order of magnitude as the spontaneous decay
@9#.

A standard procedure@10# employing the Born and
Markoff approximations for the interaction of the atoms w
the vacuum field leads to a description of the dynamics of
system in terms of the master equation for the reduced d
sity operatorr. For the five-level system considered here,
master equation can be written as

ṙ52
i

\
@HA1HAL ,r#2

1

2 (
i 53

5

(
j 51

2

G i j ~s i j s j i r

1rs i j s j i 22s j i rs i j !2
1

2 (
m51

2

(
nÞm51

2

Gc~smnsnmr

1rsmnsnm22snmrsmn!, ~1!

where

HA5\v21u2&^2u1\v31u3&^3u1\v41u4&^4u1\v51u5&^5u
~2!

is the Hamiltonian of the atom, andv i j is the angular fre-
quency difference between levelsu i & and u j & ~refer to Fig. 1
for level numbers!. We have chosen the energies of t
atomic levels such that the energy of the levelu1& is equal to
zero and the energies of the remaining levels are positiv

The first sum term in the master equation describes sp
taneous emissions of photons from the upper levelsu i & to the
ground statesu j & with a rate constantG i j . The second sum
describes the population redistribution between the gro
levels due to collisions.

The operatorss i j are the atomic transition~or dipole!
operators, defined as

s i j 5u i &^ j u. ~3!

In Eq. ~1!, HAL is the interaction Hamiltonian of the atom
with the laser fields. The interaction between the atom
the two fields is taken to be an electric dipole (m) interac-
tion, which ~in general! is classically given by
02382
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HAL52m•E. ~4!

We considerE, the magnitude of the~general! laser elec-
tric field with angular frequencyv at time t and positionz
propagating along thez axis, to be given by

E5
1

2
~E(1)eikz2 ivt2E(2)e2( ikz2 ivt)!. ~5!

Here,E(6) are the positive- and negative-frequency co
ponents of the field andk is the wave number. We can ignor
the spatial components from here on, by at any point shift
the origin of time so that the phase at timet50 is zero.

For the strong pump and probe laser fields, coupled
spectively to theD1 and D2 lines, the interaction Hamil-
tonian can be written in the Schro¨dinger picture as

HAL5
1

2
i\@~V13s311V14s411V23s321V24s42!

3e2 iv l t2H.c.#1
1

2
i\@~V15s511V25s52!

3e2 ivpt2H.c.#, ~6!

whereV i j are the Rabi frequencies of the laser fields cor
sponding to the allowed transitions between the atomic l
els

V i j 5
im i j E

(1)

\
~7!

FIG. 1. Schematic diagram of the interaction model. The p
cesses that are included are spontaneous-emission decay pro
from levelsu3&, u4&, andu5& to the ground states (u1& andu2&) and
the absorption and/or stimulated emission transitions between
ground states and the upper states by way of the two fields, p
and probe, and also the collisional exchange between levelsu1& and
u2&). For 85Rb, levelsu1& to u5& correspond toF52, F53, F52,
F53, and theF51 to 4 manifold, respectively, and for87Rb they
correspond toF51, F52, F51, F52, and theF50 to F53
manifold.
0-2
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andm i j is the dipole moment of the transition between lev
u i & andu j & andE is the amplitude of the field coupled to th
transition.

When we ignore the hyperfine structure of theD lines
~i.e., we ignore levelsu2& and u4&), the master equation~1!
with the Hamiltonians~2! and ~6! reduces to the standar
master equation of a three-levelV-type system considered b
Truscottet al. @1# and Kapoor and Agarwal@2#.

The master equation~1! contains all the information abou
the dynamics and the stationary properties of the system.
solve the master equation in terms of the density-matrix
ements of the system in which the diagonal terms are
populations of the atomic levels and the off-diagonal ter
are coherences~dipole moments!. In the basis of the atomic
levels, the reduced density operator of the system is give

r5 (
i , j 51

5

r i j u i &^ j u, ~8!

wherer i j are the density matrix elements.
Substituting Eq.~8! into Eq. ~1!, we find that the maste

equation leads to a set of 25 coupled homogeneous diffe
tial equations for the density-matrix elements with tim
dependent coefficients. We can remove the time depend
by moving the off-diagonal density-matrix elements to t
following rotating frame:

r̃ i j ~ t !5r i j e
iv l t ~ i 53,4;j 51,2!,

~9!
r̃mn~ t !5rmne

ivpt ~m55;n51,2!,

in which the density-matrix elements corresponding to
u3&,u4&-u2&,u1& transitions oscillate with the frequencyv l ,
and the density-matrix elements corresponding to
u5&-u2&,u1& transitions oscillate with the frequencyvp . In
the rotating frame~9! some of the coefficients of the differ
ential equations still depend on time. However, the time
pendence is proportional to the frequency differencev l
2vp . Since the frequencies of the pump and probe fields
significantly different and we are interested in the station
properties of the system, these coefficients oscillate rap
in time and we can make the secular approximation, in wh
we ignore these rapidly oscillating coefficients as be
small when compared to the nonoscillating terms.

Using the trace property of the density operator, Tr@r#
51, the system of 25 homogeneous differential equati
reduces to a closed set of 24 inhomogeneous differen
equations for the density-matrix elements. For the purpo
of numerical computation, it is convenient to write the set
equations in a matrix form as

ṙ̃ i j ~ t !5Mr̃ i j ~ t !1I , ~10!

whereM is the matrix of coefficients of the equations
motion, and I is a one-column matrix of inhomogeneou
terms.

As the time scale over which the effects we observe
very long compared to either the optical period or lifetime
the excited states of Rb, we solve Eq.~10! for the steady
02382
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state by setting the time derivatives to zero and find
steady-state values of the density matrix elements by a
merical matrix inversion. By solving for the steady-state co
dition in this rotating frame, we get constant solutions for t
rotating versions of the coherences corresponding to the t
sitions coupled to our fields. This means that, in this ‘‘stea
state,’’ the actual coherences are oscillating at the freque
of the field to which they are coupled. For example,

r315 r̃31e
2 iv l t ~11!

means thatr31 oscillates counterclockwise in the comple
plane with amplituder̃31 and angular frequencyv l .

Since the root-mean-square velocity of the Rb atoms is
from zero, and thus Doppler effects are quite clearly see
the spectroscopy of Rb at this temperature, it is necessa
consider the Doppler shift of the light caused by the therm
motion of the atoms. This is approximated by a discrete s
over a number of velocity bins, modifying the frequency
required and weighting these contributions to the polari
tion by the fraction of atoms in the bins. For this work w
used 15 velocity bins, each centered around velocities cho
so that the fraction of atoms in each bin was equal.

It is easy to show that if we choose to represent the
locity distribution withK velocity elements, we can choos
K axial velocitiesv i that form the centers of velocity bins o
equal occupation, if thev i are given by

v i52A2kT

M
Erf (21)~122ui !, ~12!

wherek is Boltzmann’s constant,T the temperature,M the
mass of the atoms, Erf(21)(x) is the inverse of the erro
function Erf(x), and theui are given by

ui5

i 2
1

2

K
. ~13!

Then, we can easily combine the contributions to dens
matrix elements from each of the 15 velocity bins

rmn5(
i 51

15

rmn~v i ! ~14!

to get the total density matrix for the Doppler-broaden
ensemble.

In order to account for the presence of the two isotop
this master equation is solved for each of the isotopes s
rately then the polarizations are summed, weighted by
abundances of85Rb and 87Rb.

Here, we are interested in the dispersive and absorp
properties of the rubidium atoms. The properties are de
mined by the polarizationP of the atoms@11#, whose aver-
age value can be written in terms of the density-matrix e
ments as@12#

^P&5(
i 51

2

(
j 53

5

~m i j r j i 1c.c.!, ~15!
0-3
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wherem i j is the dipole matrix element of the transition fro
level u i & to u j &.

The polarizationP is related to the amplitude of the prob
field as

P5e0x~v,E! E, ~16!

wherex is the dielectric susceptibility of the atoms ande0 is
the permittivity of free space. We assume a linear relat
between the polarization (P), dielectric susceptibility (x),
and the probe field amplitude (E), but we calculate the di-
electric susceptibility to all orders of a pump field intens
given by the Rabi frequency of the pump field.

In order to evaluate the refractive index of the rubidium
the frequencies of the probe field used in the experiment,
consider only those parts of the polarization that oscillate
the probe frequency. Further, just as the electric field is
fined as having positive- and negative-frequency coefficie
(E(1) and E(2), respectively!, the polarization at both the
probe and pump frequencies has positive- and nega
frequency components:

P5
1

2
~Pp

1e2 ivpt1Pp
i eivpt1Pl

1e2 iv l t1Pl
2eiv l t!. ~17!

Therefore, in order to evaluate the dispersion parame
for the two fields, we choose one of the frequency ‘‘dire
tions’’ and compare the electric field and polarization co
ficients that correspond to that frequency and direction.
example, when the ‘‘positive-frequency’’ part of the electr
field (E(1)) is compared with the positive-frequency part
the polarization, it can be shown that the susceptibilityx is
given by

x5
P(1)

e0E(1)
. ~18!

Thus the dielectric susceptibility for the fields can be cal
lated using Eq.~18! with the relevant polarization compo
nents of the fields@13#.

To find the refractive index seen by the probe field
compare the parts of the total polarization that oscillate w
the probe frequency to the probe field. When we rest
ourselves to the elements of the polarization that are os
lating at the positive probe field frequency (2vp), the po-
larization ~15! reduces to

^P(1)&5m15r̃511m25r̃52. ~19!

We can then evaluate the refractive index@n(v)
5A11Re(x)# and absorption@G(v)5v Im(x)/cn(v)#
coefficients of the gas from Eqs.~18! and ~19!.

Using this model, we first calculated the absorption co
ficient of natural rubidium and found the general form to
in agreement with the well-known absorption spectrum. W
then calculated dispersion relations, which are compa
with experimental measurements of these effects.

The coherent effects mentioned in@2# are taken into ac-
count in our theoretical calculations of the refractive inde
02382
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However, the Rabi frequency of the pump field~up to 200
MHz for the powers studied here! is smaller than the 500
MHz Doppler width of the distribution; effects like Aulter
Townes splitting are not seen in our results. This effec
expected to be much more prominent in cold trapped ato
where the Doppler width can be reduced by many orders
magnitude.

III. EXPERIMENTAL RESULTS

To examine the nonlinear effect of pumping two differe
atomic transitions which share a ground state, we require
laser sources. These are provided by a titanium-sapp
~Ti-S! laser with output at 795 nm~pump!, and a diode laser
with output at 780 nm~probe!. The Ti-S laser~Coherent
899/21! is tunable near 795 nm. The laser frequency is s
bilized using an external Fabry-Perot cavity, which allow
the laser to be easily tuned through a range of about 20 G
The diode laser is frequency stabilized using grating fe
back @14# and is tunable around 780 nm. Figure 2 shows
diagram of the experimental setup.

The pump and probe beams are aligned to be copropa
ing through the nonlinear medium. They are each indep
dently focused so that they propagate in a collimated man
along the 40-cm rubidium cell, and are aligned with the c
entry port. A combination of the beams is achieved by fi
orthogonally polarizing the beams using half wave plates
then combining them at a polarizing beam splitter. The co
bined beams propagate through the cell containing nat
rubidium vapor (72%85Rb and 28%87Rb). The vapor pres-
sure is controlled by heating the cell with a wrapping
nichrome wire with a controlled current. The temperature
the cell is measured by a digital thermometer, coupled to
cell using heat sink compound.

The output face of the heated rubidium cell is imag
onto a screen, which rotates to eliminate speckle effect
the detection. A pair of 780-nm interference filters are plac
in front of this screen to block the pump light. This image
then captured by a charge-couple device~CCD! camera
~Electrim! with an array of (11343486) pixels and a reso
lution of approximately 90 pixels/mm. The frequencies
both beams are monitored with a wave meter.

In this experiment we looked at the nonlinear effects p
duced by both Gaussian and Laguerre-Gaussian~LG! dough-
nut beams. The LG beams were produced using compu
generated holograms which produce, in the far field, anL03
mode which has a field distribution given by@15#

E~r ,u!5E0

r 3

v3
e2r 2/v2

e6 i3ue2 ikr 2/2Rei (kz14F), ~20!

whereF is the Gouy phase shift andR the wave front radius
of curvature. Thee6 inu term creates a phase singularity
the origin, leading to a dark central spot and a ‘‘doughnu
intensity profile.

In order to have results that can be compared easily w
experiment, the refractive index variations caused by
pump are studied. This allows us to have some idea a
where self- and cross-focusing~of the pump and probe
0-4
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FIG. 2. Experimental arrange
ment for the study of nonlinear ef
fects in the rubidium vapor cell.
The hologram can be removed if
Gaussian beam is required.
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beams, respectively! should occur. As the Ti-S laser spo
used has intensities up to the order of 105 W m22 within its
profile, we look at the refractive index for intensities up
this value.

The variations of the pump beam refractive index w
intensity and frequency~self-action effects! are studied first.
In Fig. 3 we plot the variation of the refractive index at thr
different pump intensities. This is calculated by solving t
master equation~1! as a function of pump frequency with th
probe intensity set to zero and then applying Eqs.~15!, ~18!,
and ~19! to the matrix elements corresponding to the pum
coupled transitions. The variation is quite complex with se
eral peaks and troughs due to the eight transitions involv
These curves show that, firstly, the refractive index var
around unity in a shape that fits the general pattern of
persion curves~that is, the refractive indexn increases on the
low-frequency side of the transition!. Secondly, the magni
tude of the variation of the refractive index from unity d
creases with the intensity of the pump field. Thus, in a reg
where the variation in refractive index is positive, we hav
lower refractive index in more intense regions of the bea
Then, at these frequencies, self-defocusing should oc
Conversely, we predict self-focusing in regions where
variation is negative. This decrease in the magnitude of
variation is due to the depletion of the population of t
ground state with which the pump is interacting. This res
clearly predicts self-defocusing when the frequency of
pump is less than approximately 377.105 THz and when
frequency of the pump is between 377.107 and 377.109 T
Self-focusing is predicted to occur at other frequencies.

We test this prediction by imaging the beam profile of t
L03 mode in the near field, after propagation through the c
To get an objective measure of the amount of self-focus
02382
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or self-defocusing, we look at the change in the full width
half maximum~FWHM! of the bright ring of the doughnut
Although we certainly could use a simple Gaussian spo
test this effect, the elliptical output of the Ti-S Gaussi
mode contained a number of intensity variations that led t
self-focusing into non-Gaussian shapes, which preclu

FIG. 3. Theoretical refractive index variation for rubidium ne
377 THz ~795 nm! at three values of pump intensity. Zero on th
frequency axis corresponds to 377.1 THz. The numbers shown
pump intensities in W m22 and correspond to intensities present
the beam. This variation shows the pump beams self-action effe
The vertical lines indicate the frequencies of, from left to right, t
87Rb u2& to u3& transition, the85Rb u2& to u3& transition, the85Rb
u1& to u3& transition, and the87Rb u1& to u3& transition.
0-5
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simple analysis. These shapes included stripes and sp
However, anL03 mode resulting from passing the elliptic
Gaussian through a computer-generated hologram ga
high-quality intensity distribution that was well behaved
the nonlinear medium.

At high powers and temperatures, several very interes
effects were observed. First, theL03 mode appeared to brea
up into swirling patterns of light and dark streaks that ag
would be impossible to easily analyze. One likely explan
tion for this is that any small defects in the beam are am
fied by propagation in the nonlinear medium. Doughn
beams have been shown to suffer from instability under s
focusing~see, for example,@16#!. The inset of Fig. 4 shows a
far-field image of a charge three doughnut in such a s
focusing medium, with some evidence of breakup occurri
the bright peaks around the ring and the partial separatio
the singularity. We also noticed a number of bright spo
possibly bright solitons, that formed at high temperatur
(.70 °C) ~see, for example,@7,17#!. This effect, not re-
ported by Truscottet al. @1#, is possibly due to the fact tha
the cell we used was four times longer than the one u
previously, allowing nonlinearities to develop further. Due
both these effects, care was taken to keep the intensity
temperature down to values where the nonlinearities w
well behaved, in the sense that they produced self-ac
effects that were simple to characterize and measure.

The cell was kept at a temperature of approximately 61
and the pump was scanned through frequencies f
377.1000 to 377.1136 THz. This corresponds to a tuning
approximately 7 GHz to either side of theD1 line. The near-
field image of the beam profile at the output face was
corded. Examples of these images are shown as inse
Figs. 4, 5, and 6.

A scan across one row of each of these images produ
an intensity profile~see Fig. 4! with two peaks, correspond

FIG. 4. Self-focusing effect: measurment of FWHM for the le
lobe in the scan across row 500 of the intensity distribution
f5377.1070 THz. These FWHM measurements are used to cha
terize the degree of self-dispersion experienced by a charg
Gauss-Laguerre doughnut mode in rubidium vapor~see Figs. 5 and
6!. The inset shows this intensity ditribution which displays se
focusing effects.
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ing to the sides of the doughnut. The full widths at ha
maximum~FWHM! of these peaks normalized relative to th
FWHM of the far detuned pump, are shown in Figs. 5 and

Self-focusing will occur when the refractive index exp
rienced by the pump is greater in regions of higher intens
Self-focusing will lead to a narrowing of a beam, so we w
have self-focusing at pump frequencies where the FWH
has decreased and the strength of the self-focusing shou
characterized by the relative amount of decrease in
FWHM.

As the magnitude of the nonlinear refractive index var
tion decreases with increasing pump intensity, we would

r
c-
3

FIG. 5. Plot of relative FWHM for the left lobe~see Fig. 4! of
the doughnut-profiled pump beam, normalized relative to
FWHM of the far detuned pump. Zero on the frequency axis c
responds to 377.1 THz. The inset shows the intensity distribu
for 377.1 THz, which is considered ‘‘normal’’ and against which a
other widths are normalized.

FIG. 6. Plot of relative FWHM for the right lobe~see Fig. 4! of
the doughnut-profiled pump beam, normalized relative to
FWHM of the far detuned pump. Zero on the frequency axis c
responds to 377.1 THz. The inset shows the intensity distribu
for pump frequency 377.1055 THz, which shows self-defocusin
0-6
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pect that the frequencies displaying self-focusing experim
tally should show a negative refractive index variation
that, where the intensity was greater, the local refractive
dex would be relatively higher than the surroundings. F
quencies displaying self-defocusing experimentally sho
show a positive refractive index variation. As can be seen~in
Figs. 3, 5, and 6!, this is indeed the case. In fact, as t
amount of variation in the nonlinear refractive index wi
intensity increases with the size of the nonlinearity, the
gions of strongest self-focusing and -defocusing should c
respond to the largest refractive index variations, which
also the case. To calculate the influence of the pump on
probe refractive index, we again solve the master equa
~1! as a function of pump frequency, but this time with
nonzero probe field. We then find the probe refractive ind
by applying Eqs.~15!, ~18!, and~19! to the matrix elements
corresponding to probe-coupled transitions.

The calculated probe refractive index for the probe
384.230 THz is plotted as a function of the pump frequen
in Fig. 7. It can be seen that the refractive index var
around a number greater than one~this number is the refrac
tive index the probe would see if the pump was not prese!
and the size of this variation is dependent upon the pu
intensity.

Thus, a probe beam at 384.230 THz, with a pump
377.108 THz, for example, will experience a lower refracti
index in regions of more intense pumping, as the nonline
ity decreases with increasing pump intensity. This means
the probe beam will be guided out of the more intense
gions of the pump beam.

The probe frequency is placed between the two85Rb tran-
sitions. Therefore, it is to the red~lower frequency! of theu1&
to u5& transition and the blue~higher frequency! of the u2& to
u5& transition~see Fig. 1!. Due to this the dispersion effect

FIG. 7. Theoretical probe refractive index variation for r
bidium. The frequency of the probe is 384.230 THz. Zero on
frequency axis corresponds to 377.1 THz. The vertical lines co
spond to transition frequencies, as in Fig. 3. The solid, dotted,
dashed lines correspond to pump intensities of 104, 103, and 102

W m22, respectively.
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~the upwards trend in the refractive index at the red o
transition and the downwards trend at the blue! tend to can-
cel out somewhat. However, when the pump interacts w
the ground states, it affects the populations in the two gro
levels. When the pump is far off both resonances, the
states have equilibrium populations. Then, as the pump
quency is increased, it approaches theu2& to u3,4& reso-
nances. This leads to a depletion in the population of gro
stateu2& relative to ground stateu1&, so the probe interacts
with many more atoms in theu1& state than theu2& state.
Then, the upwards trend in the refractive index caused
interacting with an atom in theu1& state has more effect o
the overall refractive index, causing a rise, as seen h
Similarly, as the pump approaches theu1& to u3,4& reso-
nances for85Rb, the population of levelu2& rises relative to
level u1&, leading to a drop in the refractive index for th
probe. Due to the far detuning of the probe from either of
87Rb lines, there is little notable effect when the pump a
proaches the87Rb resonances.

In order to demonstrate that guiding is experimentally
alizable using a Gaussian pump beam profile, rather tha
doughnut, a Gaussian Ti-S beam was copropagated thro
the cell with a probe beam from the diode laser. In contr
to the experiments of Truscottet al. @1#, the probe beam was
placed near a resonance within the rubidiumD2 lines near
780 nm instead of having the probe beam far detuned fr
all these lines, which avoids the splitting of the ground st
and the isotopic makeup of natural rubidium. Due to the
two isotopes present in natural rubidium, there are compl
tions regarding tuning relative to a particular line. When o
is tuned to the blue~higher frequency! of a 87Rb transition,
say, the probe may also be tuned to the red~lower frequency!
of a 85Rb transition, as well as having some detuning~which
may be red or blue! relative to the other87Rb transition. This
leads to a dispersion curve with many features.

The diode laser was held at a frequency of 384.230 T
while the pump laser was tuned through the 795-nm lin
~377.0989 to 377.1165 THz!. The output probe beam profile
recorded~the pump beam light was filtered out using tw
10-nm bandwidth interference filters for 780 nm! are shown
in Fig. 8. This figure shows the width of the Gaussian pro
beam spot increasing and decreasing as the pump beam
quency is varied. When the size of the beam decreases
its regular width, it indicates that the beam is being guid
within the profile of the pump beam, which reduces the e
pansion of the probe with propagation.

A theoretical plot of the refractive index perceived by t
probe at a frequency of 384.230 THz as the pump freque
is varied is shown in Fig. 7. Pump frequencies experim
tally showing cross-focusing of the probe beam into the
tense regions of the pump beam should correspond to a
linear refractive index for the probe that increases with pu
intensity; the reverse should be true for pump frequenc
exhibiting cross-focusing into the dark regions of the pum
It is cross-focusing into the bright regions of the Gauss
that leads to guiding.

If we look in detail at the probe beam at different pum
frequencies~Fig. 8!, we can see that the probe is sometim
directed into the bright regions of the pump to form a sing

e
e-
d
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spot, and sometimes into the dark regions to form a bri
halo. First, in the region around 377.103 THz, as Fig
shows an increase in refractive index with intensity,
should see the probe beam focus into a spot, which is
case, as can be seen from the image of the probe with
pump at 377.1032 THz. Second, at 377.1061 THz, there i
even larger increase in refractive index with intensity
which leads to the tighter spot shown. Third, as the curve
Fig. 7 cross at about 377.107 THz, the direction of the int
sity variation of the refractive index changes, leading to
swap from the guiding to the antiguiding regimes. The inte
sity profiles up to 377.107 THz show guiding while the pr
files from 377.108 THz show antiguiding. Fourth,
377.1084 THz, the decrease in refractive index as the in
sity increases indicates that antiguiding behavior should
cur, which is also detected. Fifth, at some frequencies,
example, around 377.1122 THz, it is difficult to see from t
theoretical curves whether we should get guiding or anti
iding experimentally. In fact, at 377.1122 THz, we see so

FIG. 8. Experimental measurement of guiding and antiguidi
These images show the behavior of the probe beam as the p
beam is scanned across theD1 line. The images of the probe bea
are taken at the output face of the cell. The frequencies sh
below the images are the pump frequencies used to create
images. The probe frequency is 384.230 THz in all these imag
H
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antiguiding, which implies that, overall, the intensity profi
of the pump beam must lead to a refractive index profile t
refracts the beam out of the central bright spot.

It is believed that, given the success of the pump s
action results, our model should correctly reflect all the ph
ics involved in the pump and/or probe cross-action exp
ments, and that cases such as the fifth one will be reso
only when a full propagation calculation is carried out.

IV. CONCLUSIONS

In this work a quantum-mechanical model of the intera
tion of rubidium atoms with two lasers tuned near theD1
and D2 lines was developed which takes into account
actual level structure. This model allowed predictions to
made about the dielectric polarization of the rubidium a
function of the frequency and intensity of the fields. T
predicted polarization, allowed the generation of absorpt
spectra that matched experimental results. It was also
sible to generate dispersion curves for the 795-nm~pump!
beam at various intensities, which allowed a semiquantita
measure of the type and amount of self-action experien
by this beam to be predicted. These predictions were fo
to be in very good qualitative agreement with experimen
results obtained. Further, the model was used to predict
refractive index experienced by a 780-nm~probe! beam in
the presence of a strong pump beam. By investigating h
this refractive index varied with pump intensity and fr
quency, it was possible to show a qualitative prediction
cross action, which in most cases matched the experime
observations of a weak probe interacting with an inten
Gaussian pump.

In order to improve the quantitative nature of these
sults, it would be useful to simulate the propagation of lig
near the resonances in this media. The programs writte
this work find the dielectric polarization of the medium as
function of the strength and frequency of the fields. Th
polarization term appears in Maxwell’s equations for t
electromagnetic field so it should, in principle, be straig
forward to solve these equations numerically using th
programs. When this is achieved, the accuracy of the mo
can be more rigorously tested by comparing the output of
simulation with the images obtained at the exit face of
cell for the same initial intensity distribution. Such propag
tion has been done, albeit for a simplified polarization mod
by Kapoor and Agarwal@2#.

The intermediate cross-dispersion results presented
allow us to deduce from a theoretical graph which frequen
combinations are likely to give successful guiding before o
commits to the expenditure of computational power and
time involved in a numerical propagation calculation.
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