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Saturable nonlinear refraction in hot atomic vapor

C. F. McCormick, D. R. Solli, and R. Y. Chiao
Department of Physics, UC Berkeley, Berkeley, California 94720-7300, USA

J. M. Hickmann*
Departamento de Fı´sica, Universidade Federal de Alagoas, Cidade Universita´ria, 57072-970, Maceio´, Alagoas, Brazil

and Department of Physics, UC Berkeley, Berkeley, California 94720-7300, USA
~Received 16 September 2003; published 12 February 2004!

Atomic vapors make flexible and useful nonlinear optical media when light is detuned far from resonances.
However, few direct measurements of their nonlinear coefficients have been performed to date. We present a
measurement of the Kerr coefficient for various detunings to both the red and blue of theD2 line in hot atomic
rubidium vapor. Saturation effects complicate the interpretation of the standardz-scan method, but a simple
saturation model agrees well with our data. We find values ofn2'61027 cm2/W for 1 GHz detunings from
the D2 line.
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Nonlinear optics in atomic vapors has a rich history.
variety of nonlinear effects has been observed in hot ato
gases, including self-focusing@1#, self-trapping @2#, self-
bending@3#, four-wave mixing@4#, and beam waveguiding
@5,6#. Atomic vapors have a resonant nonlinearity, aris
from two-level absorption. While inhomogeneous Dopp
broadening complicates the atomic response@7,8#, for large
Doppler widths the system is well-understood theoretica
However, to date few clean measurements of the Kerr c
ficient for these systems have been made@9,10#. We present
here a direct measurement of the Kerr coefficientn2 for far-
detuned atomic rubidium, discussing the role of saturation
the measurements and comparing two simple models for
frequency dependence of the nonlinearity.

Our experimental tool is based on thez-scan method, a
well-established technique for measuring Kerr coefficie
@11,12#. A focused Gaussian beam is passed through a
sample~compared to the Rayleigh range! of the material be-
ing studied, and is detected in the far field through an on-a
aperture. Self-focusing or -defocusing caused by the med
changes the far-field beam size and is detected by the ch
of light intensity through the aperture. By scanning t
sample along the propagation~z! axis, the Kerr coefficient
can be extracted from the overall transmission curve aga
longitudinal position. The sign of the nonlinearity is obtain
from the symmetry of the scan.

The standard equation for the Kerr coefficient of
atomic vapor is derived by taking the limit of low intensity
the expression for the index of refraction in a two-lev
atomic system. For large detunings and using the conven
n(I )5n01n2I one obtains@1,13#

n2~cm2/W!51043
m12

4 N

2ce0
2h3d3

, ~1!

where m12 is the dipole matrix element,N is the number
density of atoms, andd5n2n0 is the detuning from reso
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nance. The dependence on 1/d3 makesn2 antisymmetric in
detuning and variable in size. For theD2 transition of ru-
bidium vapor at 78 °C, m1252.52310229 C m, N
51018 m23, and a detuning of11.0 GHz gives a theoretica
Kerr indexn252.931027 cm2/W.

This expression appears frequently in the literature an
taken somewhat on faith by many workers. Various mod
including more levels have been proposed to explain cro
phase effects from other electric fields@5,6,14#, but these
models are generally not necessary to explain self-effects@8#.
However, Eq.~1! is valid only for a gas in which homoge
neous broadening dominates. For atomic vapors at or ab
room temperature, a more accurate approach is to begin
the expression for the inhomogeneously~Doppler-! broad-
ened index of refraction@7,8# and take the limit of low in-
tensity, which gives

n2~cm2/W!51043
4p7/2

3

m12
4 N

ce0
2h3 S T2

k2u2D xe2x2
, ~2!

where T2 is the dephasing time of the atomic transitio
(52T1 in the absence of collisions, a reasonable assump
here!, k is the momentum of the incident light,u
5A2kBT/M is the width of the atomic velocity distribution
and x[2pd/ku. Note thatn2 is still antisymmetric in this
expression but has a different dependence on detuning
in Eq. ~1!. For the same atomic density as above, a detun
of 11.0 GHz givesn251.431027 cm2/W. This ‘‘Doppler’’
form of n2 is only valid in the limit of large Doppler broad
ening compared to the homogenous linewidth, but this
generally the case for alkali vapors at room temperature
higher.

An important but counterintuitive point to be made abo
atomic vapors as nonlinear media is that they are extrem
easy to saturate. Unlike crystalline optical media which
quire mode-locked lasers to display appreciable nonlin
effects, the saturation intensity of atomic vapors at zero
tuning is of the order of milliwatts per square centimet
This makes it possible to observe nonlinear optical pheno
©2004 The American Physical Society04-1
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ena with low-intensity continuous wave~CW! lasers, but
also means that saturation effects must be considered u
the incident beam intensities are kept extremely small.

We performed a series ofz-scan measurements on h
(78 °C), natural-abundance rubidium (72%85Rb, 28%87Rb)
vapor with light at various detunings from theD2 line. Our
detunings were chosen so as to make linear and nonli
absorption negligible while still observing an appreciab
nonlinear refractive effect.

The z-scan beam in our experiment was provided
a tunable CW titanium-sapphire~Ti:sapphire! laser with a
roughly 10 MHz bandwidth. The light was first spatially fi
tered through a 30mm hole and then focused through a le
( f 5250 mm) to produce a nearly Gaussian beam with a
timated Rayleigh range (zR) around 6 mm. In the far field
the beam was detected by a large area photodetector, in
of which was placed an aperture with 2.5% linear fluen
centered on the beam. To improve the signal to noise rat
chopping wheel rotating at 225 Hz cut the beam before
spatial filter and the photodetector signal was fed into
lock-in amplifier.

In order to determine the detuning from the resonanc
small fraction of the beam was interfered on a fast photo
ode with light from an independent diode laser locked to
Rb transition using saturated absorption spectroscopy.
resulting beat note signal was fed into a digital oscillosco
which performed a real-time fast Fourier transform on
This method allowed us to monitor the laser detuning wit
precision of about 20 MHz over a range of62 GHz of the
locking transition. The frequency of the Ti:sapphire laser w

FIG. 1. Samplez scan data for scans to the blue of the85Rb F
53→F8 transition. ~a! d50.8 GHz, input power 1.0 mW;~b! d
51.1 GHz, input power 5.0 mW. Fit is to Eq.~3!.
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stableover periods of time longer than the time scale of
scans~approximately 2 min!.

We placed a vapor cell filled with natural-abundance
bidium in the beam path after the lens. The cell was t
compared to the Rayleigh range (L51 mm) and was tilted
at 30° to reduce interference effects from multiple reflectio
in the cell’s walls. It was heated by a thermal resistor
78 °C, giving a vapor density ofN51.031018 m23. The
cell was mounted on a translation stage moved by
computer-controlled stepper motor, and was scanned thro
roughly 200 mm along the focused beam through the be
waist. We recorded the transmission through the apertur
eachz position, producingz-scan curves.

In Fig. 1, we have typicalz scans for the region to the
blue of the 85Rb F53→F8 transition with: ~a! d
50.8 GHz, input power 1.0 mW;~b! d51.1 GHz, input
power 5.0 mW. In Fig. 2, we have typical scans for t
region to the red of the87Rb F52→F8 transition with:~a!
d50.9 GHz, input power 6.0 mW;~b! d51.1 GHz, input
power 8.0 mW.

In order to reduce statistical noise we took each scan f
times and averaged the results. Even after this avera
there was systematic noise in the scans at the level of61%
of full transmission, which resulted from residual fringin
~interference! effects in the Rb cell. Fortunately, the prima
fringe in our scan occurred in the wing where the transm
sion is nearly unity, and so did not badly interfere with o
fits, which are mostly sensitive to the behavior of the sc
near the beam waist. An interesting side note is that
fringe has a nonlinear phase contribution, since it becom

FIG. 2. Samplez scan data for scans to the red of the87Rb F
52→F8 transition. Note the fringe effect at low-z values.~a! d
50.9 GHz, input power 6.0 mW;~b! d51.1 GHz, input power 8.0
mW. Fit is to Eq.~3!.
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more pronounced at higher intensities~compare the region
around the 100 mm position in Figs. 1 and 2!.

For purely Kerr media, thez-scan data with a thin sampl
can be fit to a simple curve, which is derived using t
Gaussian decomposition method@15#. In the limit of a low-
fluency aperture and a small on-axis nonlinear phase s
(Df0!p), the theoretical transmission curve is given
@12#

T~y!511
4yDf0

~11y2!~91y2!
, ~3!

whereDf0 is the on-axis nonlinear phase change induced
the medium at the beamwaist andy[z/zR . The value ofn2
is then calculated using the simple expressionn2
5Df0 /kLI0, whereI 0 is the intensity atr 5z50.

The results of az scan are more difficult to interpret whe
the nonlinearity is not purely Kerr, since the perturbati
Gaussian decomposition approach is not simple to apply
no analytic solution is known. Various authors have a
proached this problem numerically@16,17#, and typically the
correction is small within an order of magnitude of the sa
ration intensity.

The systematic~fringe! noise in our experiment require
us to use intensities at or slightly above the saturation in
sity for many of ourz scans. In this weakly saturated regim
fitting the experimental data to the curve given in Eq.~3!
produces a maximum error of a few percent. This small
viation suggests that a perturbative modification of this eq
tion is plausible for weak saturation. To first order in t
perturbation, the Rayleigh range in Eq.~3! becomes a fit

FIG. 3. Saturation fit for the saturated Kerr coefficientn2
(s) . ~a!

Blue detunings from the85Rb F53→F8 transition;~b! red detun-
ings from the87Rb F52→F8 transition.
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parameter. This approach produced reasonable agree
with the data. The fit values of the Rayleigh range we
generally larger than the estimated 6 mm, clustering aroun
to 9 mm. Using the ‘‘saturated’’Df0 of these fits, we ex-
tracted a saturated coefficientn2

(s) . For each detuning we
took z scans for a variety of input intensities, and found th
n2

(s) itself followed a clear saturation law, given by

n2
(s)5

n2
(u)

11I 0 /I s
, ~4!

where n2
(u) is the Kerr coefficient andI s is the saturation

intensity ~see Fig. 3!.
The results forn2

(u) obtained from the saturation fit usin
Eq. ~4! are shown in Fig. 4 as a function of detuning fr
quency, and the predicted and measured values at two
ticular detunings are given in Table I. Since in both the blu
and red-detuned cases only one isotope is generally rele
(85Rb in the blue case and87Rb in the red case!, the number
density in the prediction forn2 has been scaled by the isoto
pic abundance. Both models come within about 30% of
measured value at these two detunings. Figure 4 also sh
fits to the two models. The best-fit homogeneous mo
matches the data significantly less well than the Dopp
broadened model, although the Doppler model is a tw
parameter fit~total amplitude and the Doppler width!. For
the blue-detuned case, the fit width is 559 MHz while for t
red-detuned case it is 478 MHz, both larger than the p
dicted value ofku/2p5336 MHz. Some of this discrepanc
may be due to the hyperfine structure of the transition, wh
serves to increase the effective Doppler width from t

FIG. 4. Kerr coefficientn2 for the D2 line of rubidium vapor.
~a! Blue detuning from the85Rb F53→F8 transition;~b! red de-
tuning from the87Rb F52→F8 transition. The dashed line is a fi
to Eq. ~1! and the solid line is a fit to Eq.~2!.
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simple two-level value. The remainder may be partly due
the presence of the other isotope. It is clear, however, tha
inhomogeneous functional form more closely matches
measured values, indicating that even at detunings of sev
times the Doppler width the simple inverse-cubic mode
not sufficient to closely predict values ofn2. It is worth
noting that under the Doppler model the nonlinear coeffici
falls off exponentially rather than polynomially at large d
tunings. This reduces the range of ‘‘useful’’ detunings f

TABLE I. Comparison ofn2
(u) at 61.0 GHz detuning, in units

of 1027 cm2/W; data and two theoretical models. The inhomog
neous model usesku52p3336 MHz.

Detuning Data Homogeneous model Inhomogeneous mo

11.0 GHz 11.6 12.1 12.2
21.0 GHz 21.0 20.8 20.9
tt.

.
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which absorption is negligible butn2 is relatively large.
The large value and tunability of the Kerr coefficientn2 in

atomic rubidium makes it an attractive candidate for a va
ety of nonlinear optical experiments. We have measuredn2

at various detunings on both sides of theD2 line of atomic
rubidium, finding values of;61027 cm2/W for ;1 GHz
detunings aroundD2 line. Saturation effects complicate th
results of ourz scan data, but they can be adequately de
with by a simple saturation model. The frequency dep
dence ofn2 more closely follows the functional form of a
inhomogeneously broadened two-level system than a sim
far-off-resonance homogeneously broadened two-level t
sition, although this model remains imperfect.

This work was supported by NSF Grant No. 0101501 a
ONR. J.M.H. is grateful for the support from Instituto d
Milênio de Informac¸ão Quântica, CAPES, CNPq, FAPEAL
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