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Magneto-optical trap as an optical lattice
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We study the magneto-optical tréllOT) as an optical lattice with a setup providing full phase control for
all light fields. Although completely different light fields are possible for various phases, we have found
experimental evidence that stored atoms are generally localized in micropotentials of the six-beam lattice. The
influence of the phase variation is surprisingly small, suggesting that the robust behavior of the MOT is a
consequence of this fact. We find furthermore good agreement of our experimental data with a simple theo-
retical model which reduces the complicated MOT to a description of steady-state atoms localized at points of
the deepest adiabatic light-shift potential.

PACS numbgs): 32.80.Pj, 42.50.Vk

Since its invention(1], the magneto-optical tragMOT) polarization. All experimental results are shown to agree
has become the most important primary device for the prepawell with calculations based on a no-free-parameter semi-
ration of a sample of cold atoms. It is now widely appreci- classical model for the atom-light interaction.

ated that even for moderate experimental conditions regard- Our experimental setup is identical with a standard six-

ing laser intensities, beam quality or mechanical stability?®@M magneto-optical trap, with the only exception being

trapping and cooling of atoms is readily achieved. In athat the two reIatlve.tlme phases of the three contributing
standing waves are intrinsically stable. The concept uses a

simple anczpti. the propertlefs of the r’:A?]T are dets_,clrllbed Z)éingle standing wave which is multiply folded and brought
averaged radiation pressure forces which are spatially modiz, triple intersection with itself. The relative phases of the

fied by a magnetic quadrupole field which also defines thgy, ee contributing standing waves can be adjusted by means

center of the trapping volumg2]. While this “restoring ot Faraday rotators. Details of this approach have been pub-
force and damping constant model” description is acceptabléshaq elsewher17].

at a more global scale, refined temperature measurerf@ints 1 e specific, we now define the laser beams through

and the observation of very narrow nonlinear resonances offeir wave vectorsk polarizationse,,, and phases, so

the transmission of a weak probe bephb] were connected o+ the  electric . field  takes | the formE (”r 0)

to polarization gradient cooling mechanisms in periodiczg S e etika+ée-iott L o The six wave vect(L)rs’ cor-
n+n i

light-induced potential§6,7]. The light interference pattern, respond to the Cartesian directioks .= *e,.-- and the

howeyer, strpngly depends on t'he phase relations b?tweqﬂlative time phases are defined with respect tozthgis as
the six trapping laser beams which are not controlled in they, == == and @,=0=¢,=¢
usual MOT experiments. This uncertainty was one of the].ﬁe rexsultir;g)l( ,Iightyfieldydep%,ds on thezphagaaz<b érzld
reasons that after the first reported observation of narrovﬁolarizations«sn. The circular polarizations of our I\XOT la-

Raman resonances in MOT?”S]’ research_ers S\.N'tCheq to ser beams are generated by activating electro-optic switches
simpler one-.d|men3|on'aIL[')) light-field configurations with to change the incoming polarizations from linear to circular
a clearly defined polarization stajt@]. MOT_ —\ _MOT_  —. MOT_ (1 +i 0y A i
Spectroscopy of such specially constructed “optical lat- €2 (0.151),exy =(51,0,1).ex; ] (1,%1,0). A sSpe
tices” (later also in two and three dimensigrexhibits nar- (f'al case occurs for th.e MQ>-|X_=0v‘I?y=°' The polarlzatloh 1S
row nonlinear resonances providing information about thdinear at all points as in a one_—dmensmmﬂa* standing
localization and dynamics of atoms in optical micropoten-Wave, but the intensity pattern is fully modulatésith eight
tials [8—10]. These techniques were also applied to the twointensity zeros pen® unit cel). In the deactivated state of
dimensional limit of a MOT operated with phase stable lightthe electro-optic switches, the light configuratietf, = (0,
fields by Hemmericlet al.[11]. The 2D limit shows a strong *=1,1) ,e"i”yz (1,0£1),™M=(+1,1,0) gives us immediate
sensitivity of spatial confinement on the relative phases. Theaccess to a three-dimensional generalization of theliin
oretical calculations also expect in general strong changes ¢7] standing wave3D linLlin): For time phasesb,=0,®,
the atomic dynamics as a function of the relative ph@s8s =0, the resulting interference pattern does not show any
14]. intensity variation apart from the envelope of the interfering
Drawing on both the experimental as well as the conceplaser beams. Instead, the polarization grating lattice is fully
tual expertise developed with simple optical latti¢&5,16], modulated from circular to linear. In this case one expects
we are now in a position to show that atoms in a MOT areatoms to be well localized at points of circular polarization
generally localized in light-shift potentials and that in con-[18].
trast to expectations this fact is only weakly dependent on The trapping laser light field was drawn from a Ti-
the relative phases of the three interfering standing wavesapphire laser with frequency jitter less than 300 kHz with
We compare these observations to a so-called “good” optitespect to the center of the cesiuD® line F=4—F'=5
cal lattice, where the atoms are localized at points of circulatransition. Repumpingfor the F=3—F'=4 transitior) and
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FIG. 1. Left: Transmission spectra for the Mgxlight field for 0 200 400 600 800
linear (gray) and circular probe polarization. For trapping laser pa- v [kHz]

rameters,| = (3.8)l g per beam,5=(—5.3)", and the typical total . . »
absorption is 3—5%. Right: Identification of the observed reso- F!G- 2. Observed oscillator frequencies, versus position of
nances A)—(D). Thick arrows correspond to lattice photons and (C)-type transitionsc for MOT, o and 3D linL ling,q lattice (gray).
hence tor transitions due to our choice of quantization axis. Thin Fittéd lines correspond to square-root functions.

arrows correspond tar- as well aso-polarized probe photons. optical pumping populates only one sublevel which can be

locally defined agmg|=F=4. This fact is responsible for

probe laser light was derived from diode lasers. The frethe narrowing of spectral lines compared to the M@Tase,
quency of the probe laser was tuned to the vicinity of thewhere various Raman transitions starting from diffenemnt
trapping laser and controlled by a phase-locking techniqusublevels contribute to théA) and (B) resonances with
[19] yielding sub kHz spectroscopic resolution in probeslightly different resonance frequencies. In the 3DLlim
transmission measurements. lattice, only themg| =4 sublevel is populated and now even

The experiment is computer controlled, allowing full higher-order Raman transitions can be observed because the
variation of laser intensity, frequency offsets, and polariza-contributions starting from different vibrational levels have
tion state. The MOT is typically loaded with 1@toms, ata almost equal(besides the small potential anharmonigity
red detunings of one natural linewidtl”, an intensity of six  resonance frequencies.
times the saturation intensitys=1.1 mWi/cnt in each Compared to the MO, case, the C)-type transition
beam, and at a magnetic-field gradient of 3 G/cm. Thgmg|=4—|mg|=3 now is more clearly separated from the
sample is then switched to the configuration under investigaAmg=0 transitions(A) and B). This is due to the fact that
tion and left to thermalize within 10 ms. the greater difference of Clebsch-Gordan coefficients induces

For transmission spectroscopy, a probe beam with weal§ higher separation of sublevets = + 4 andmg= +3 com-
intensity compared to the saturation intensity is focusecpared tom-=0 andmg=+1.
through the trapped sample of atoms at a small(Q°) angle Our interpretation of the observed resonances is strongly
to thez symmetry axis. Once the desired sample is preparedsupported by the dependence of the frequency difference of
a spectrum of the transmitted intensity is monitored withinthe gain(A) and the loss peakB) on the position of the
100 ms, which is short compared to typical decay times ofAmg|=1 transition(C) as shown in Fig. 2. The observed
the trapped sample of ordé s at aresidual gas pressure of square-root-type relationvgs,~ K\/V—C suggests that for
5x 10" *° mbar. Trapping laser intensity and detuning from nearly harmonic optical potentials, the frequency difference
the atomic resonance are varied betwéer(6-1.5)s and  (,—vg)/2 is equal tovys,, the frequency separation of the
0=(1-9), respectively, implying a light-shift potential vipbrational levels, while the positionc is a measure of the
depthU, corresponding to ¥0-10° photon recoil energies [ight-shift potential depth. The fitted values for allow
Er. quantitative comparison with our modé&ee below. The

In Fig. 1 we show a characteristic spectrum in the imme-smaller jitter of experimental data for the 3Difin, o spec-
diate vicinity of the trapping laser frequency. Since in thetra is due to its sharper morphology, which facilitates evalu-
MOT,, the polarization is linear everywhere, its direction ation of the spectral line positions.
may be taken as the local quantization axis. The lowest op- |n order to model transmission spectra, we made the fol-
tical potential then occurs fang =0, and Raman transitions |owing simplifying assumptions: Trapped atoms are concen-
between different vibrational levels are allowed as indicatedrated near locations of minimal potential energy induced by
by the letters A)—(D). Since the local linear polarization |ight shifts, and it is sufficient to study the atom light inter-
can take on different orientation20], both 7 and o transi-  action at these points. In order to determine the location of
tions are observed for both linear and circular probe polartowest potential energy, we have computed the steady-state
ization. The imbalance of transitionrdmg=—1 (C) and  solution of the atomic ground-state density matrix, which is
Amg=+1 (D) is determined by the population difference of available in analytical forni21,22 for arbitrary angular mo-
the sublevels, which is indicated by the sizes of the dots ifmenta and light-field polarization. This gives us the popula-
Fig. 1. tions of the various magnetic sublevels as well as their spa-

In the case of the 3D lihlin light field, the general ap- tially varying light shifts. At the minima of the potentials
pearance of the spectrufsee Fig. 3 is similar to the their curvature yields the oscillation frequencies and hence
MOTy o, in spite of the very different types of light fields. As the separation of the vibrational levels.
the atoms are localized at points of pure circular polarization, The transmission spectra depend furthermore on the

013409-2



MAGNETO-OPTICAL TRAP AS AN OPTICAL LATTICE PHYSICAL REVIEW A61 013409

= = = 120 fotmttptts
£ E 39 o
A, ¥ Iy
g = o
§1 ) g | = = 80 *
- A £ W g 7, 60
g >
E.800 400 0 400 800 £ 800 400 0 400 800 &- < 40
frequency detuning frequency detuning % 09 520
probe - lattice - laser [kHz] probe - lattice - laser [kHz] E 9 L | | I —
90 45 0 45 90 * abcdefg
FIG. 3. Comparison of experimental and theoreti¢gtay) i time phase @y [de_greel]
transmission spectra for two different light field configurations: inear T circular
3D linLling o (left) and MOTy o (right) at identical laser parameters

FIG. 4. Left: Ellipticity of the local light field at the points of
minimum potential energy as a function of time phases for
MOTq,x,(Dy. The points(a)—(g) indicate the values of time phases
where transmission spectra were recorded. Right: Experimental
population of oscillator level$l,,. Only 1D model calcula- (gray) and theoretical oscillator frequenciegs, for the time phase
tions are available, but we have noticed that reported popusombinations(a)—(g).
lations seem to depend little on angular momentum and show
a remarkable insensitivity to the light shift for moderate in-
tensities alreadylight shift >50Eg). We have therefore ac- tajn values of the relative time phases led to efficient local-
cepted the valuesll;~0.3511,~0.25I1,~0.15, II3  jzation. The difference with these experiments is further sup-
~0.10Q ... from Refs.[23-2§ and inserted them into our ported by the significantly smaller width obtained for the
calculation. Only for smaller I|ght shifts does the assumptionRaman resonancdg_oo kHz in our case versus 1 MHZ
of constant populations seem not to be valid anymore, indiagain indicating stronger confinement in all directions.
cating that the number of bound vibrational levels is decreas- The reason for the weak dependence of the oscillation
ing rapidly in that regime. This result can be connected tdrequencies on the time phases is the interplay between po-
our observation that localization can hardly be observed fofarization and intensity gradients of the 3D MOT light-field
light shifts below 5@&g, which is equivalent ta)Z,,/ST  configuration. For example, in the case®f ,= =+ /3 [re-
=0.04 and corresponds <200 kHz in Fig. 2. gion near the pointa) in Fig. 4] the light field at the deepest

We do not explicitly take into account the polarization of potentials is circulary polarized, providing the maximum
the probe beam, since due to the high symmetry of the lighpossible coupling of the local light field and the atoms opti-
fields there will always ber as well asr transitions possible  cally pumped into thémg|=F states. On the other hand, the
[20]. Each allowed transition is represented by a Lorentziarstrongest spatial intensity modulations take place for the
resonance curve weighted by the corresponding level popwiOT, , case[point (d) in Fig. 4] with linear polarization
lations  with  linewidths  scaling as I'gs,=I""(v  everywhere. Hence the influence of the ellipticity on the light
+1/2)JER/U, [26], whereI" is the optical pumping rate. shift for various time phases is mostly compensated for by
Although this scaling law is usually applied to good optical the intensity modulation of the corresponding light fields. As
lattices only, we would like to point out that equally narrow displayed in Fig. 4, the oscillation frequencieg, show
resonances can be observed in other light fields as well. Thisnly moderate variation of about 22% despite the obviously
fact has been previously observed and explained for the cag@mpletely different light fieldga)—(g).
of m-polarized potential well$27]. However, as there are Our no-free-parameter model, which only employs laser
always several transitions contributing to each of the resointensity, detuning, and ellipticity of the local light field and
nances A)—(D), the observed linewidth is determined by assumes a model distribution of atoms among vibrational
their frequency difference rather than by the width of thelevels, reproduces experimental spectra with satisfactory ac-
individual resonance curves. curacy regarding shape, position, and width of probe trans-

An example of our calculation is shown in Fig. 3 for the mission resonances.

MOT, and the 3D lid ling g case. The better agreement of  In conclusion, we propose to consider the low-
experimental and theoretical spectra in the latter case can hemperature regime of the MOT as an optical lattice in the
attributed to the much simpler lattice situation. But even forfirst place. A reconciliation with the spring constant model
the MOT, ¢ light field, we can extract a theoretical coefficient [2] may be obtained accounting for the different time scales
« relating oscillator frequencies and light shifts that deviatesused to derive information about the stored atoms. The trans-
by only 14% from the experimental value. For the 3D mission spectra reported here and in other works on optical
linLling o lattice, the measured and calculatediffer by 3%  lattices are typically governed by physical processes acting
only. on the microsecond time scale. In contrast, the spring con-

In addition, very similar spectra were recorded for severstant model which describes, for instance, position damping
more different settings of the relative time phases of theof an atom at length scales larger than the optical wavelength
MOT fields(see Fig. 4, indicating that in a regular magneto- seems more appropriate on longer time scales of order mil-
optical trap full 3D localization of atoms occurs for all pos- liseconds. This conclusion is in accord with our observation
sible time phases. This observation differs substantially fronof different transport properties of a single atom in a MOT
Hemmerichset al’s [11] 2D experiment, in which only cer- [28,29 by means of photon correlations, which also showed

as in Fig. 1.
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a distinct behavior on the microsecond and millisecondion to the analytical solution for the density matfix1,22,.
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