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Experimental study of nonlinear focusing in a magneto-optical trap using aZ-scan technique
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We present an experimental studyzbtcan measurements of the nonlinear response of cold Cs atoms in a
magneto-optical trap. Numerical simulations of #ecan signal accounting for the nonuniform atomic density
agree with experimental results at large probe beam detunings. At small probe detunings a spatially varying
radiation force modifies th&-scan signal. We also show that the measured scan is sensitive to the atomic
polarization distribution.
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[. INTRODUCTION accurate description of nonlinear propagation effd&p
Working in a MOT with a small probe beam detuning the
Clouds of cold atomic vapors produced by laser coolingprobe i%teracts strongly with onlypa single atomic tran%ition
and trapping techniques provide strongly nonlinear effectgo that the main effects of nonlinear propagation can be
when probed with near resonant light beams. Soon after thgchieved using a compact two-level atomic model. As we
first demonstration of a magneto optical trg{OT) [1] it show below this is only partially true since radiative forces
was rec_ognized the}t the cold and dense clouds were usefahd population distribution among Zeeman sublevels lead to
for studies of nonlinear spectroscop®,3], generation of observzzle featuresI (ljn the measured probe tlrfe\nsmlsséllon.
nonclassical light4], and other nonlinear effec{$,6]. In In addition, a cold atomic vapor potentially provides a
this work we study nonlinear focusing of a near resonangualitatively different nonlinearity than a hot vapor does be-
probe beam taking into account the spatial dependence of ti@use the mechanical effects of light can result in strong
atomic density and the effect of the probe induced radiativ?noglflct?tlokn of thﬁ at0m||9 density dlStfllﬁk))Utloﬁ, which Iln gum
forces on the MOT distribution. eeds back on t e_non |near|ty seen oy the OpthE.l eam.
From the perspective of nonlinear optics a cold vapor in gndeed some experiments already observed reshaping of the
MOT is an interesting alternative to the nonlinearity of a hotMOT cloud due to radiation trapping effeds, 10,11. While
vapor in a cell. A typical MOT provides a peak density of such density I’edlstl’lbl:tlon effects |rr]1 both posmon_ang mo—I
order 18—10'! cm 3, and an interaction length of a few mm. metr_ltum tspa_ce mayl "TSO olczculr In Oé vagprt:;, as In the col-
On the other hand, a heated vapor cell can easily have atomlg:c:‘,gl:\éz dagirsnp;gr;?grc[)llﬂassi[ch _ef%c?sn argapgé?\rgiaﬁ)l;es;ﬁﬂzi
o 3 i . ,
(r:ineonrseltlss tﬁ;tl guccmh st?;r? g:tﬁgﬁit;%r;rli?iggtgznogelgc%rirgvg[j more pronounced in cold vapors where momentum transfer
’ . 9 flom the light beams is significant. In particular we expect
a vapor cell than in a MOT. Nonetheless there are a numb

f for looki losel h cal i hat complex spatial structures can be formed due to coupled
of reasons for looking more closely at the optical nonlinears, g4 pijities of the light and density distributions in a fashion
ity provided by a cold vapor. To begin with, the relative

: . ) ~ analogous to the effects that have been predicted for light
strength of the MOT nonlinearity compared with a hot cell is; teracting with coherent matter wavis,17. Some recent
larger than the above estimates would indicate because Ty

Dobpler broadeni ff In th fthe | ' Pelated work has shown evidence of nonlinear focusing in a
oppler broadening € ect_s. n_t € presence o the arge Ny ot [18], and possibly structure formation in experiments
homogeneous Doppler width in a hot cell it is typical 10 4,4 jnciyde the effects of cavity feedbadd]. In Sec. IV we

detune _the probe beam by a GHz or more to ‘?‘VOid SUONGiscuss the relevance of the present measurements in the
absorpyon. Convgrsely the Doppler limited I|neW|_dth qf cold context of observation of coupled light and matter instabili-
atoms in a MOT is of order the homogeneous linewidth or;.¢

less so that much smaller detunings of order tens of MHz can Our primary interest in the present work is a detailed

be used. The full saturated nonlinearity can therefore t_)%tudy of nonlinear focusing and defocusing of a tightly fo-

achieved with a ”.".“Ch weaker probe bear_n ina MOT than Mtused probe beam that propagates through a MOT. The
a vapor cell. Additionally, the large detunings used in vapor. _scan technique was originally develop0] for charac-

ceIIs.impIy that detailed modeling of nonlinear effgcts ir‘terization of thin samples of nonlinear materials. Since the
Alkali vapors must account for the plethora of hyperfine andy;~1 cjoud is localized to a region of a few mm in thickness

Zeeman levels. Such modeling, as has been done by seve(gl .., easily apply this technique for characterization of the

groups(7.8], involves numerical integration of hundreds Of MOT nonlinearity. The theoretical framework based on a

coupled equations for the density matrix elements. Only iny,_ovel model is described in Sec. B-scan measurements

special cases, using, €.g., a buffer gas to create large PréSSWi&re taken with a Cs MOT using the procedures discussed in
broadening, can a simplified two-level type model provide asec. III. The experimental and theoretical results are com-

pared in Sec. IV where we also compare additional measure-
ments and calculations of reshaping of the transverse profile
*Electronic address: yingxuewang@wisc.edu of the probe beam after propagation through the MOT.
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Il. NUMERICAL MODEL Top view )
trapping Dy aa '
In Z-scan measurements, the transverse profile of a laser X beam *. o+ o \"'"Of
beam passing through a nonlinear sample is investigated. In y 2

the presence of self-focusing or self-defocusing the transmit-
tance through a small aperture placed after the medium ex-
hibits anS-shaped dependence on the position of the beam
waist with respect to the nonlinear sample. Following the |\

Probe Beam

original demonstration of th&-scan techniqu§20,21] there

have been a large number of theoretical studies oZthean Diet vacuum

method that take into account different types of nonlinear (5 chamber J4%mr

response and consider different characteristic ratios between

the Rayleigh length of the probe beam and the thickness of Timing sequence

the nonlinear sampl¢21-2§. The interaction of a probe Cooling

beam with a cloud of cold two-level atoms is described by a J-2ms

saturable mixed absorptive and dispersive nonlinearity with a Repumping

susceptibility of the fornf27] 1150 ps On
S 2A/y-i 7

x(r)= na(r)Womm' W o 2.8ms

Here n,(r) is the density of atoms at positian W, is the FIG. 1. (Color onling Z-scan experimental setyg) and timing
population difference in thermal equilibriuny,is the homo-  sequencgb). D andD, are signal and reference detectors, respec-

geneous linewidthA=w-w, is the difference between the tiyely, andDy is the fluorescence detector used to monitor the num-
probe frequencyw=27c/\ and the atomic transition fre- per of cold atoms.

guencyw,, \ is the wavelength of the laser beam in vacuum,

I is the on resonance saturation intensity, aglthe optical

intensity. the atoms are accelerated due to the absorption of photons
None of the existing theoretical treatments can be directlfrom the beam, so the laser frequency seen by the atoms is

used for our situation. Although the work of Biah al. [23]  shifted to the red. A model including this Doppler effect

studied theZ-scan behavior for a saturable nonlinearity, it should be used when the probe beam interacts with the cloud

was restricted to no absorption and weak saturation. In woror a time corresponding to many absorption/emission

to be published elsewhere we derive analytical expressionsycles. We discuss the implications of the radiative force for

for the Z-scan curve for a susceptibility of the type given in the Z-scan curves in Sec. IV.

Eq. (1). However, we find that in order to obtain good agree-

ment with experimental measurements it is necessary to take

account of the spatial variation of the density in the MOT ll. EXPERIMENTAL SETUP

cloud. We have therefore relied on direct numerical simula-

tions to compare with experimental results. To do so we as- The experimental setup is shown in Figajl A standard
i (kz-wt
sume a scalar probe beam of the foBR[AN)/2€"“ ) T was oaded directly from a background Cs vapor. The

+[A*(r)/2]e"** " and invoke the paraxial and slowly rapping and repumping beams were obtained from two ex-
varying envelope approximations to arrive at the wave equagral cavity diode laser systems. The trapping beams were

tion detuned from theF=4—F’=5 cycling transition byA ~
A i, Kk -2v, where y/(2m)=5.2 MHz. The Gaussian diameter of
?_E(VLAU):IEX(I’)A(")! (2 each trapping beam was 2.5 cm with a peak intensity of

2.4 mW/cnt, and the beams were retroreflected after pas-
where V2 = #/ gx?+ 1 gy? with x, y the transverse coordi- sage through the MOT. The peak saturation parameter for all
nates ank=2m/\. six beams was 13.1. The repumping beam was tuned to the
Equation(2) was solved numerically on a 128128 or F=3—F’'=4 transition. The magnetic field gradient was
256X 256 point transverse grid using a split-step spectraP G/cm along the verticaf direction while the probe beam
code. Propagation from the atomic cloud to the pinhole plan@ropagated horizontally along. Time of flight measure-
was calculated by solving E@2) with the right-hand side ments gave a typical MOT temperature of 8.
equal to zero. As the experimental free propagation distance In order to model theZ-scan data accurately some care
of 15 cm resulted in the beam spilling over the edges of thevas taken to characterize in detail the spatial distribution of
computational window, calculations were done with a dis-trapped atoms. Fluorescence measurements of the MOT
tance of 3 cm, and a pinhole diameter of 1/5 the actual sizecloud taken with a camera placed on thewxis revealed a
The numerical solutions obtained in this way describe thdlattened density profile indicative of radiation trapping ef-
interaction of the probe beam with an unperturbed MOT fects[5,10,28. This type of profile has previously been mod-
Since there is no integration over the Doppler profile of theeled with a Fermi-Dirac type distributiof29]. We chose to
atoms we are implicitly assuming they are at rest. In realityuse an expansion with more fitting parameters of the form
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FIG. 2. (Color onling Intensity profiles(doty of the Cs atomic cloud along (a) andy (b) directions, with curve fitting resultsolid
lines). Frameg(c) and(d) show the corresponding fitting errors.

a.e 22, 4 p a2 4 o o2 tered with an optical fiber before focusing into the MOT with
Z z Z H
a lensfg.,=400 mm mounted on a translation stage. The
Gaussian radius of the beam at the focus wgs24.5 um.
A 1.0 mm diameter pinhole was placed 15 cm away from the
, (3 center of the MOToutside the vacuum chambeThe trans-
a+by+cy mitted field through the pinhole was measured by photode-
tector D. To measure the transmittance of the probe beam,
whereny, is the peak densityy,, w, are the Gaussian radii the trapping beams and the probe beam were turned on se-
alongz andy, and thea, b, c are fit parameters along the two quentially, as shown in Fig.(fh). During the measurement,
axes. The trapped Cs atoms formed an ellipsoidal cloudthe trapping beams were turned off first and the repumping
which was modeled as a density distributi@ with typical  beam was left on to pump the atoms into f#re4 state. The
Gaussian diameters ofw2=7.3 mm and #,=6.0 mm as transmittance of the pinhole at different times after the probe
shown in Fig. 2. The fit residuals, as seen in the lower plotbeam was turned on was measuredds /D .
in Fig. 2, were small in the center of the MOT and reached In the experiment, the lens was scanned instead of the
20% at the very edges of the cloud. Since the axis offhe nonlinear sample as shown in Figal Compared with tra-
field coils was along/ we assumed that theandz density  ditional Z-scan measurements, there are two points to con-
profiles were equal. As the size of the probe beam was smadider. First, note that a movement of the lens in tkalitec-
compared to the width of the cloud we approximatgtt)  tion is equivalent to a movement of the cloud in the -
by n,(2) given by the first line of Eq(3) in our numerical direction. ThereforeZ-scan curves obtained in this experi-
simulations. ment have the opposite configuration to the traditional ones,
The total number of trapped atoms was 2. 50° as mea- e.g., a peak followed by a valley shows a self-focusing non-
sured by an optical pumping meth¢80,31]. This number linearity. Second, since the lens was scanned, the position of
was also measured and monitored from day to day by recordhe beam waist changed, which affected the lingéthout
ing the fluorescence signal using a lens and calibrated pha@old atom$ transmittance. To take this effect into account,
todetector[28]. The result from the fluorescence signal, tak-we recordedd©™° with the MOT on and off(by turning
ing into account the corrections for the atomic polarizabilitythe magnetic field on and gfso that the normalized-scan
distribution discussed in Ref28] was about 2.5 times lower curve was given byp©"/D©™ as a function of.
than that from the optical pumping measurement. The num- Before discussing th&-scan measurements we note that
ber of cold atoms measured by the fluorescence method vatransmission scans with the pinhole removed can be used for
ied by up to 15% from day to day. The peak atomic densitycalibration of the peak atomic density. Figure 3 shows the
determined from the number measurement using the opticaheasured transmittance curve with the pinhole removed and
pumping method, and the size of the cloud using the datéhe probe beam tuned on resonance with the transFion
shown in Fig. 2, was typically 5810 and 2.2 =4—-F'=5. The peak intensity was 1.07 W/@mgiving a
X 10'° cmi~® using the fluorescence measurement of the numpeak saturation parameter of 975. Measurements were taken
ber of atoms. We believe the optical pumping method to béor both circular(c* ando™) and linear polarized beams. The
more accurate since it does not rely on any assumptionsieasurements show that the probe beam was strongly ab-
about the polarization of the MOT cloud. sorbed when the beam waist was far from the center of the
The Z-scan probe beam was derived from the trappingatomic cloud. As the beam waist was moved closer to the
laser and frequency shifted to the desired detuning with aloud center the intensity of the beam increased and the ab-
acousto-optic modulator. The beam was then spatially filsorption saturated, so that the transmittance increased. The

Na(Y,2) =Ny a+b.+c
;T 0, TG,

_oy2 _ 4 BB
o &€ 271l . bye 2y 4 c,e My
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results using right- and left-hand circular polarization werewhen the probe waist is positioned past the center of the
very similar to each other, while the curve for the linearcloud atz~7 mm and only a small dip, which almost disap-
beam is broader than those with circular beams and its pegbears as the detuning is decreased fromy td -3y. The
transmittance is a little lower. The solid line is the numericaldeparture from the tradition& shaped form that is obtained
calculation under the experimental conditions using a twofor a pure Kerr nonlinearity20], is due to the nonlinear
level atom model witH,=1.1 mW/cn?%, and the dashed line absorption. The measurements were taken in a regime of
is the calculation with,=1.6 mW/cnf. Thus the solid line strong saturation at the probe beam waigt26.4 atA=
corresponds to a circularly polarized probe with the assump-3y ands,=15.0 atA=-4vy where the saturation parameter
tion of complete optical pumping of the atoms into tme  is sy(r)=1(r)/lg, andlg=14(1+4A2%/?) is the saturation in-
=+4 levels (Is=1.1 mW/cn%), while the dashed line tensity at finite detuning27]. As we move to larger detuning
corresponds to linear polarization with the assumption othe saturation parameter decreases, so the effects of nonlin-
uniform distribution among the Zeeman sublevels ~ ear absorption are diminished and tHescan curves tend
=1.6 mW/cnd). towards the normal symmetris shape.

The best fit to the data implies a peak atomic density of At long times oft=2.6 ms the MOT cloud has partially
No=2.3X 100 cm3. This is lower than the measurement dispersed and th&-scan curve is flatter and broader with an
based on the optical pumping method and slightly highelmost complete disappearance of the valley at negatikre
than the measurement using the fluorescence signal. As céire intermediate regime d=112 us the peak az=7 mm
be seen from the figure, the numerical result for a circularlyincreases by 5-10 % compared to the value=di6 us. This
polarized beam agrees reasonably with the data, although tliecrease is consistent with focusing, and a local increase in
width of the calculated scan is about 15% narrower than théensity, due to the radiation force
data. The agreement between calculation and experiment for

A o . . y s(r)
linear probe polarization is slightly worse. F.(r)=Ak= , 4
prove P i sor) 21+4A -k -v(r)JHy* +sr) @
IV. EXPERIMENTAL RESULTS wheres(r)=I1(r)/lsandv(r) is the atomic velocity. As shown

in Ref. [32] a radiation force that decreases with distance
into the MOT due to absorption of the pushing beam results
Figures 4 and 5 showZ-scans measured for self- in focusing of the atoms after a finite time. Near the focal
defocusing and self-focusing nonlinearities. Measurementplane of the probe beam where the saturation parameter is
were taken with right-hand circul§RHC) and left-hand cir- large the peak light induced acceleratiorajg,=7%ky/ (2m),
cular (LHC) probe beam polarizations at each detuning. Inwith mthe atomic mass. The time to be pushed a distaflace
all the experiments, the peak intensity of the probe beam wais thus t=\26z/ay,, which for 133Cs evaluates todt
1.07 W/cnt. The solid lines show the numerically calcu- =130 us for 5z=0.5 mm. This is consistent with the obser-
lated curves which assumed complete optical pumping of theation of a largeZ-scan signal at a probe interaction time of
atoms into theng=+4 levels as in the transmission measure-t=112 us.
ments described above. Turning now to the self-focusing case with LHC polariza-
Concentrating first on the self-defocusing case with RHGtion shown in Figs. &) and Fc) we see similar results as in
polarization shown in Figs.(d) and 4c) we see that at short the self-defocusing case &t 16 us except that the transmit-
times after turning off the MOT the shape of the curves istance peak now appears fonegative as expected. The val-
similar to that calculated numerically, while the peak densityley in the transmittance is also more pronounced than for
which was used as a fitting parameter was about half as largself-defocusing particularly at the larger detuning &f
as that measured using the methods described in Sec. Ill. We4y. At the intermediate time of=112 us we see an en-
believe that the discrepancy is due to partial atomic polarizahanced peak which again is consistent with focusing due to
tion as discussed below. The curves have a pronounced pe#ie radiation pressure force.

A. Z-scan measurements
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FIG. 4. Measured-scans of a Cs cloud at=852 nm at different time delays with detunins -4y [(a),(b)] andA=-3y [(c),(d)] with
respect to th&=4—F'=5 transition. The data marked by open circles, triangles, and crosses show the transmittanceuest, tE1P.s,
and 2.6 ms, respectively, after the probe beam was turned on. The MOT parameters used in the calculatiom,wwgntn, a,
=0.32,b,=0.27, ¢,=0.26 (measured from camera imageandn,,=1.0x 10 cm2 (fitting parametex

However, at the longest time b£2.6 ms we see the over- was 0.57 for RHC polarization but only 0.39 for LHC polar-
all flattening of theZ-scan curve together with an unexpectedization. For blue detuning @ =4y the peak to valley-scan
secondary peak in the transmission that appearg fussi-  signal att=16 us from Figs. %a) and %b) was 0.57 for LHC
tive. This secondary peak can be qualitatively explained uspolarization but only 0.37 for RHC polarization. Thus for red
ing Eq. (4). The radiation pressure force accelerates the atdetuning the strongest effect was obtained with RHC polar-
oms and Doppler shifts them to the red. Although the initialization which was theppositepolarization as the copropa-
detuning is positive for self-focusing, after some time a frac-9ating o trapping beams shown in Fig. 1, while for blue
tion of the atoms will be Doppler shifted to an effective detuning the strongest effect was obtained with LHC polar-
negative detuning and will act to defocus the light whichZation which was the same polarization as the copropagating
gives a transmission peak at positeWe can estimate the ¢ U@PPing beams shown in Fig. 1. We considered several

. : : ; ossible reasons for this unexpected dependence on probe
ggre);loerrt?ﬁi;to ic;cli:;(rt)b_ykr;':tlntg Eza'lgtgspﬁ):raléﬁirfr:eo?efeir;den eam helicity. All measurements were taken with the MOT
- ax -

reached at,=2m/(ik?) which evaluates td,= 78 s for magnetic field still on. However, the Zeeman shift of the

13 . . cycling transition at the edge of the MOT cloud in tke
*Cs. Thus forA=3y andt>1t, we expect to see some evi- pjane was less than 3 MHz which is not large enough to

mental data in Figs.(8) and §c) att=2.6 ms. The effectis ~ The numerical simulations were done with a two-level
smaller when we go td=+4y since the scattering force is model which implicitly assumes complete pumping of the
weaker and the Doppler shift must be larger in order toatomic population to the lower level of the cycling transition.
change the sign of the detuning. Note that no secondary fe@efore application of the probe beam the atomic polarization
tures appear in Fig. 4 where we start with red detuning sincevill be distributed across Zeeman levels. The spatial local-
the Doppler shifts only move the atoms even further out ofization provided by a MOT is due to the fact that ando™
resonance. polarizations interact more strongly with the atoms on differ-
The measurements discussed above were repeated wight sides of the cloud. This naturally leads to a spatial varia-
opposite helicity of the probe beam as shown in the rightion of the atomic polarization. Indeed a rate equation model
hand columns of Figs. 4 and 5. The strength of Zascan  [33] predicts a polarization of 20% or more at the edges of a
signal was substantially different for the two probe beamRb MOT. At very short times after the probe beam is turned
helicities. For example, for red detuning&t-4y the peak on, or if the optical pumping due to the probe beam were
to valley Z-scan signal at=16 us from Figs. 4a) and 4b) only partially successful, we would expect a polarization de-
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FIG. 5. Measured scan of a Cs cloud at different time delays with detuniagst4y [(a),(b)] andA=+3y [(c),(d)] with respect to the
F=4—F’=5 transition. The data marked by open circles, triangles, and crosses show the transmittarideest, 112us, and 2.6 ms,
respectively, after the probe beam was turned on. The MOT parameters used in the calcwgtidd 2, a,=-0.38y, b,=2.2, c,=
-1.1(measured from camera imageandn,,=0.9x 10 cm3 (fitting parametex.

pendent interaction that depended on the helicity of theentered probe beam. Let us assume the atomic population
probe. However, Figs. 4 and 5 show that the helicity of thebefore application of the probe beam is distributed across the
probe that interacts most strongly with the MOT switchesZeeman levels. Then the longest optical pumping time, that
when we change the sign of the detuning. for transferring an atom img=-4 to m:=4, will be, ne-

This effect can be explained qualitatively in the following glecting the excited state branching ratigg,,~ (2/y)[(1
way. Looking at Fig. 6 we see that the effective off- +Sa)/SaJERF=4,1/|Cry msal? Where the Clebsch-Gordan co-
resonance saturation parameter of the probe beam varies bfficients are normallzed such th@];n =4m=5=1. We find
many orders of magnitude across the atomic cloud. The volrp mp~ 20 us atsy=1 andt,,,,~1 ms atsy=0.01. The im-
ume that determines the nonlinear diffraction of the probeplication of this estimate is that the probe beam does not
beam can reasonably be taken to extend out to off-axis dissompletely polarize the volume of the MOT that it interacts
tances of a beam waist where the off-resonance saturatiagith, even at times as long as several hundred At the
parameter is as small as 0.001 at the edges of the cloud for|atest time shown in Figs. 4 and 5:2.6 ms, the optical
pumping is substantially complete, and there is only a very
small difference between the data taken with opposite probe
beam helicities, except for the effects of the radiation force
as discussed above.

The Z-scan signal is intrinsically due to the nonlinear ef-
fects of self-focusing and self-defocusing. These effects are
strongest when a circularly polarized probe interacts with a
fully polarized atomic sample. However, the radiation forces
that shift the detuning to the red, are also maximized for a
fully polarized atomic sample. When the probe is blue de-
tuned the radiation forces will initially increase the strength

z (mm) of the interaction so that a probe polarization that couples
strongly to the atomic polarization will give a larger effect.

FIG. 6. Saturation parameter of the probe beam in theln the opposite case of red detuning of the probe the pushing
atomic cloud at different radial positiong=\x2+y2. w(2) forces only serve to decrease the strength of the interaction
=Wy 1+\22%/(m2w2) is the z-dependent probe beam waist. so that theZ-scan signal will be strongest when the pushing
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FIG. 7. Transmitted probe beam intensity fo=-3y. The picture show the intensity minus the intensity without a MOTzfer1 and
+6 mm. The bottom figures show the line profiles across the center of the beam, which are normalized to the center intensity of the beam
without cold atoms. The dashed line is the result of numerical calculations. The peak MOT density,ws X 10'° cm™ while w,, a,,
b,, c, were the same as in Fig. 5.

is reduced. Although the MOT has opposite atomic polarizameasurements discussed in Sec. lll, if we took into account a
tion for positive and negative and is not expected to have partial polarization of the atoms. However the transmission
any net polarization imbalance averaged over the cloud, thecans, which were taken without a pinhole, and therefore
probe beam is attenuated as it propagates so that the frodepend only on the total transmission, and not the shape of
edge of the cloud has a stronger impact onZksran signal. the wave front, show no helicity dependence. We conclude
We thus expect a larger signal when a red detuned probe héisat Z-scan measurements provide a signal that is compara-
a polarization that gives a weaker atomic coupling, and lestively sensitive to the atomic polarization distribution. The
pushing forces, on the front side of the cloud, and a largeextent to which a2 scan could be used to measure the po-
signal when a blue detuned probe has a polarization thdarization distribution quantitatively remains an open ques-
gives a stronger atomic coupling on the front side of thetion.
cloud. These arguments suggest that a red-detuned probe will
give a larger signal when it has the opposite helicity of the
trapping beam that has the same momentum projection along
2, and that a blue-detuned probe will give a larger signal In addition to theZ-scan transmittance measurements, the
when it has the same helicity as the trapping beam. This iansmitted probe beam far field distribution was observed
indeed what is observed in Figs. 4 and 5. directly using a CCD camera. To do so, the pinhole and
As a further check on this explanation we changed theohotodetectorD in Fig. 1 were removed, and a leri$
sign of the magnetic field and reversed the helicities of alF100 mm was used to image a planezt72 mm after the
the trapping laser beams. We then found that the data weidoud center onto the camera. Pictures were recorded with
the same as that measured previously provided we alsiine beam waist at different positions relative to the center of
flipped the helicity of the probe beam. This supports thethe cloud for self-defocusing and self-focusing cases as
conclusion that the dependence on probe beam polarizatighown in Figs. 7 and 8. To illustrate the self-defocusing or
is due to the spatial distribution of atomic polarization insideself-focusing of the beam, the difference between the inten-
the MOT in the presence of imperfect optical pumping andsity distributions with and without cold atoms is shown. In
radiative forces. It is interesting to note that the number denFig. 7 we see the result with the beam waist near the center
sity deduced from transmission scans shown in Fig. 3 woulaf the cloud(z=-1 mm) and at the edge of the cloud close to
be higher, and thus in closer agreement with the other densityre detector(z=+6 mm). At z=-1 mm, the beam gets fo-

B. Spatial redistribution of intensity
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FIG. 8. Transmitted probe beam intensity fb= +3y at z=—3 and +2 mm. All other parameters are the same as in Fig. 7.

cused faster due to the nonlinearity, so the far field transmitthat the measured data agree with a two-level atomic model
ted beam has an additional divergence compared to the lineat short times provided the probe helicity is chosen to match
case. Thus the central part of the picture is dark.zAt  the helicity of the trapping beams on the front side of the
+6 mm, the beam becomes less focused due to the samgyd. At longer times modifications to tiscan occur be-
effect, so that in the far field the beam is more convergeq,,,se of radiation pressure forces. This results in some addi-

relative to the linear case, which gives a bright region in thetional focusing of the cloud and the appearance of a second-

center of the picture. For the two pictures in Fig. 8 we havear Z_scan peak when a blue detuned probe accelerates the
similar results with the roles of positive and negathieter- y P P

changed due to the opposite sign of the nonlinearity. atoms past resonance,_to give a partially red detuned re-
The lower parts of Figs. 7 and 8 show that numericalSPONSe- Traqsverse profiles of_ the pro_be beam show fopusmg
calculations predict the transverse beam profiles with an a@nd defocusing features consistent with fecan transmit--
curacy similar to that seen for thB-scan transmittance (ance measurements. Future work will study clouds with
curves. We see that the agreement is best for a selfarger optical thickness where we expect modulational insta-
defocusing nonlinearity while in the self-focusing case therddilities of the probe beam to lead to small scale modifications
is a tendency towards localized maxima and minima in thedf the atomic distribution.
transverse profiles. Similar phenomena were reported in Ref.
[18]. Additional numerical calculations at 5-10 times higher
densities reveal strong filamentation of the transmitted beam.
Future work will investigate propagation effects in this re-
gime experimentally.
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