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Saturable nonlinear refraction in hot atomic vapor
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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? tlree in hot atomic
rubidium vapor. Saturation effects complicate the interpretation of the stamgaah method, but a simple
saturation model agrees well with our data. We find values,ef + 10 7 cm?/W for 1 GHz detunings from
the D2 line.
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Nonlinear optics in atomic vapors has a rich history. Anance. The dependence o’ makesn, antisymmetric in
variety of nonlinear effects has been observed in hot atomidetuning and variable in size. For ti¥2 transition of ru-
gases, including self-focusinfl], self-trapping[2], self-  bidium vapor at 78°C, u;,=2.52x10 2°Cm, N
bending[3], four-wave mixing[4], and beam waveguiding =10 m~3, and a detuning of- 1.0 GHz gives a theoretical
[5,6]. Atomic vapors have a resonant nonlinearity, arisingKerr indexn,=2.9x10" " cm?/W.
from two-level absorption. While inhomogeneous Doppler  This expression appears frequently in the literature and is
broadening complicates the atomic respof&8], for large  taken somewhat on faith by many workers. Various models
Doppler widths the system is well-understood theoreticallyincluding more levels have been proposed to explain cross-
However, to date few clean measurements of the Kerr coefphase effects from other electric fiells,6,14), but these
ficient for these systems have been mg@l@Q]. We present models are generally not necessary to explain self-effégts
here a direct measurement of the Kerr coefficienfor far-  However, Eq.(1) is valid only for a gas in which homoge-
detuned atomic rubidium, discussing the role of saturation imeous broadening dominates. For atomic vapors at or above
the measurements and comparing two simple models for thevom temperature, a more accurate approach is to begin with
frequency dependence of the nonlinearity. the expression for the inhomogeneougBoppler) broad-

Our experimental tool is based on tlescan method, a ened index of refractiof7,8] and take the limit of low in-
well-established technique for measuring Kerr coefficientgensity, which gives
[11,17. A focused Gaussian beam is passed through a thin

_sample(_compare_d to the Rayleigh rar)gm‘ the material be- 4772 AN T, ,
ing studied, and is detected in the far field through an on-axis no(cm?/W) =10¢x >3 5.3 xe X, (2
aperture. Self-focusing or -defocusing caused by the medium 3 ceph” | k°u

changes the far-field beam size and is detected by the change
of light intensity through the aperture. By scanning thewhere T, is the dephasing time of the atomic transition
sample along the propagatide) axis, the Kerr coefficient (=2T, in the absence of collisions, a reasonable assumption
can be extracted from the overall transmission curve againsterg, k is the momentum of the incident lightu
longitudinal position. The sign of the nonlinearity is obtained = \/m is the width of the atomic velocity distribution,
from the symmetry of the scan. and x=2xd/ku. Note thatn, is still antisymmetric in this
The standard equation for the Kerr coefficient of anexpression but has a different dependence on detuning than
atomic vapor is derived by taking the limit of low intensity in in Eq. (1). For the same atomic density as above, a detuning
the expression for the index of refraction in a two-levelof +1.0 GHz giveqn,=1.4x 10" 7 cm?/W. This “Doppler”
atomic system. For large detunings and using the conventiogym of n, is only valid in the limit of large Doppler broad-

n(l)=no+n,l one obtaing1,13| ening compared to the homogenous linewidth, but this is
4 generally the case for alkali vapors at room temperature or

1N higher

ny(cm?/W) =10*x ) :

An important but counterintuitive point to be made about
atomic vapors as nonlinear media is that they are extremely
where u, is the dipole matrix element) is the number easy to saturate. Unlike crystalline optical media which re-
density of atoms, and=v— v, is the detuning from reso- quire mode-locked lasers to display appreciable nonlinear

effects, the saturation intensity of atomic vapors at zero de-
tuning is of the order of milliwatts per square centimeter.
*Electronic address: hickmann@lognl.ufal.br This makes it possible to observe nonlinear optical phenom-
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FIG. 2. Samplez scan data for scans to the red of tff&b F
=2—F' transition. Note the fringe effect at low-values.(a) &
=0.9 GHz, input power 6.0 mWjp) §=1.1 GHz, input power 8.0
mW. Fit is to Eq.(3).

FIG. 1. Samplez scan data for scans to the blue of &b F
=3—F’ transition.(a) §=0.8 GHz, input power 1.0 mWb) &
=1.1 GHz, input power 5.0 mW. Fit is to E{3).

ena with low-intensity <_:ont|nuous wavCW) Ias_ers, but stableover periods of time longer than the time scale of the
also_ means that sa_turatlc_)r_l effects must be considered unle, éans(approximately 2 min
the incident beam mten;mes are kept extremely small. We placed a vapor cell filled with natural-abundance ru-
We performed a series afscan measurementsYOn hot hidium in the beam path after the lens. The cell was thin
(78°C), natural-abundance rubidium (72Rb, 23%3 Rb)  compared to the Rayleigh range 1 mm) and was tilted
vapor with light at various detunings from th2 line. Our  at 30° to reduce interference effects from multiple reflections
detunings were chosen so as to make linear and nonlinegi the cell's walls. It was heated by a thermal resistor to
absorption negligible while still observing an appreciable7g°C, giving a vapor density oN=1.0x 10 m~3. The
nonlinear refractive effect. cell was mounted on a translation stage moved by a
The z-scan beam in our experiment was provided bycomputer-controlled stepper motor, and was scanned through
a tunable CW titanium-sapphiréli:sapphire¢ laser with a  roughly 200 mm along the focused beam through the beam
roughly 10 MHz bandwidth. The light was first spatially fil- waist. We recorded the transmission through the aperture at
tered through a 3@m hole and then focused through a lenseachz position, producing-scan curves.
(f=250 mm) to produce a nearly Gaussian beam with a es- In Fig. 1, we have typicaZz scans for the region to the
timated Rayleigh rangezg) around 6 mm. In the far field, blue of the 8Rb F=3—-F’ transiton with: (@ &
the beam was detected by a large area photodetector, in frort0.8 GHz, input power 1.0 mW(b) §=1.1 GHz, input
of which was placed an aperture with 2.5% linear fluencypower 5.0 mW. In Fig. 2, we have typical scans for the
centered on the beam. To improve the signal to noise ratio, eegion to the red of thé’Rb F=2—F' transition with:(a)
chopping wheel rotating at 225 Hz cut the beam before thes=0.9 GHz, input power 6.0 mWb) 6=1.1 GHz, input

spatial filter and the photodetector signal was fed into gower 8.0 mW.
lock-in amplifier. In order to reduce statistical noise we took each scan four

In order to determine the detuning from the resonance, #mes and averaged the results. Even after this averaging
small fraction of the beam was interfered on a fast photodithere was systematic noise in the scans at the level o
ode with light from an independent diode laser locked to theof full transmission, which resulted from residual fringing
Rb transition using saturated absorption spectroscopy. Thénterferencg effects in the Rb cell. Fortunately, the primary
resulting beat note signal was fed into a digital oscilloscopdringe in our scan occurred in the wing where the transmis-
which performed a real-time fast Fourier transform on it.sion is nearly unity, and so did not badly interfere with our
This method allowed us to monitor the laser detuning with &its, which are mostly sensitive to the behavior of the scan
precision of about 20 MHz over a range ©f2 GHz of the near the beam waist. An interesting side note is that this
locking transition. The frequency of the Ti:sapphire laser wadringe has a nonlinear phase contribution, since it becomes
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FIG. 3. Saturation fit for the saturated Kerr coefficieé?. (@ FIG. 4. Ker_r coeff|C|entr152 for the D2 ,Ilne of_r.ub|_d|um vapor.
Blue detunings from th&°Rb F=3—F’ transition;(b) red detun- (8) Blue detuning from thé*Rb F=3—F" transition; (b) red de-
ings from the®Rb F=2—F" transition ’ tuning from the®’Rb F=2—F’ transition. The dashed line is a fit

to Eq. (1) and the solid line is a fit to Eq2).

more pronounced at higher intensiticompare the region
around the 100 mm position in Figs. 1 and 2
For purely Kerr media, the-scan data with a thin sample

parameter. This approach produced reasonable agreement
with the data. The fit values of the Rayleigh range were

, . . . ; generally larger than the estimated 6 mm, clustering around 7
cean be f'tdto a S'mptl.e Curvfﬁé\g'ﬁh tlﬁ dl_enY[edf usllng et 9 mm. Using the “saturatedA ¢, of these fits, we ex-

ﬂ aussian decomposition me e mit ota low=  yacted a saturated coefficient? . For each detuning we
uency aperture and a small on-axis nonlinear phase sh@( K f oty of inbut intensii d found that
(A¢py<<), the theoretical transmission curve is given by 0Ok z Scans for a variely ol Input Intensities, and found tha

[12] n% itself followed a clear saturation law, given by
9 "
S) _
Ty)=1+ Y% @3) e =T, “)
(1+y?)(9+Yy?)

where n{") is the Kerr coefficient and, is the saturation
whereA ¢, is the on-axis nonlinear phase change induced byntensity (see Fig. 3.

the medium at the beamwaist ape:z/zz. The value ofn, The results fon{" obtained from the saturation fit using
is then calculated using the simple expressiop  Eq. (4) are shown in Fig. 4 as a function of detuning fre-
=A¢y/kLIg, wherel, is the intensity at =z=0. quency, and the predicted and measured values at two par-

The results of & scan are more difficult to interpret when ticular detunings are given in Table I. Since in both the blue-
the nonlinearity is not purely Kerr, since the perturbativeand red-detuned cases only one isotope is generally relevant
Gaussian decomposition approach is not simple to apply angf°Rb in the blue case an¥Rb in the red cagethe number
no analytic solution is known. Various authors have ap-density in the prediction fon, has been scaled by the isoto-
proached this problem numericall¥6,17), and typically the pic abundance. Both models come within about 30% of the
correction is small within an order of magnitude of the satu-measured value at these two detunings. Figure 4 also shows
ration intensity. fits to the two models. The best-fit homogeneous model

The systematidfringe) noise in our experiment required matches the data significantly less well than the Doppler-
us to use intensities at or slightly above the saturation intenbroadened model, although the Doppler model is a two-
sity for many of ourz scans. In this weakly saturated regime, parameter fit(total amplitude and the Doppler widthFor
fitting the experimental data to the curve given in E8). the blue-detuned case, the fit width is 559 MHz while for the
produces a maximum error of a few percent. This small dered-detuned case it is 478 MHz, both larger than the pre-
viation suggests that a perturbative modification of this equadicted value oku/27=336 MHz. Some of this discrepancy
tion is plausible for weak saturation. To first order in the may be due to the hyperfine structure of the transition, which
perturbation, the Rayleigh range in E() becomes a fit serves to increase the effective Doppler width from the
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TABLE I. Comparison ofn§”) at =1.0 GHz detuning, in units which absorption is negligible but, is relatively large.
of 1077 cm?/W; data and two theoretical models. The inhomoge-  The large value and tunability of the Kerr coefficientin
neous model usesu=2mx 336 MHz. atomic rubidium makes it an attractive candidate for a vari-
?ty of nonlinear optical experiments. We have measured
€at various detunings on both sides of tb& line of atomic
+1.0GHz +1.6 +2.1 +2.2 rubidium, finding values of~ =10’ cn?/W for ~1 GHz
-1.0GHz —-1.0 -0.8 -0.9 detunings around?2 line. Saturation effects complicate the
results of ourz scan data, but they can be adequately dealt
with by a simple saturation model. The frequency depen-
simple two-level value. The remainder may be partly due tg#ence ofn, more closely follows the functional form of an
the presence of the other isotope. It is clear, however, that thehomogeneously broadened two-level system than a simple
inhomogeneous functional form more closely matches théar-off-resonance homogeneously broadened two-level tran-
measured values, indicating that even at detunings of severaition, although this model remains imperfect.

times the Doppler width the simple inverse-cubic model is ,
not sufficient to closely predict values of. It is worth This work was supported by NSF Grant No. 0101501 and

noting that under the Doppler model the nonlinear coefficien®NR. J.M.H. is grateful for the support from Instituto do
falls off exponentially rather than polynomially at large de- Milenio de Informaeo Quantica, CAPES, CNPq, FAPEAL,
tunings. This reduces the range of “useful” detunings for PRONEX-NEON, ANP-CTPETRO.
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