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Direct measurement of fine-structure collisional losses from a Cs magneto-optical trap
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Losses from a cesium magneto-optical trap induced by fine-structure changing collisions have been mea-
sured directly by counting of fluorescence photons emitted atDtheesonance line, with the trap lasers
operating on theD, resonance line. The absolute value of the fine-structure loss rate coefficient has been
measured and its dependence on the hyperfine state occupation has been explored. These results provide a
fundamental test for the theoretical descriptions of excited-state trap 1§S4€60-294707)50906-1

PACS numbd(s): 32.80.Pj, 34.50.Rk

Cold atomic samples produced by laser and evaporativehat of the number of atoms present in the trap, allows us to
cooling provide an opportunity for a wide range of experi- derive an absolute value for the FS trap loss rate. If, as theory
ments, including those on Bose-Einstein condensation. Avredicts[1,4], FS losses take place through crossings be-
great deal of interest in cold atoms has also been stimulateiveen molecular potential curves asymptotically connected
by the unusual features accompanying collisions betweetp definite hyperfine atomic levels, only certain input chan-
cold atomg1,2]. In an inelastic collision an energy transfer nels should contribute. In our experiment we provide an
between the two colliding atoms may take place, and one, O#riginal test of the sensitivity of FS trap losses to the input
both atoms, may gain enough kinetic energy to escape thgyperfine channel by modifying the initial occupation of the
potential barrier defining the trap. In so-called optical colli- hyperfine ground states, and, for a given ground-state hyper-

sions one of the colliding atoms is excited to an attractivesine occupation, by populating different hyperfine excited
potential curve. Optical collisions constitute the main |°Sslevels To this end, we have measured the production of

meCh"?m.'Sm from an optical trap, where the cpnfmmg potenDl photons in two different MOT laser configurations, i.e.,
tial originates from the laser field. For alkali-metal atoms

fine-structure(FS) changing collisions and radiative escapeIasers driving the é]'_>5.e _and 4. transitions (type-|
(RE) collisions are the dominant optical collisions. In FS MOT [_6]) and lasers driving the -5, and 3—2, ones
collisions an atom enters the collision in thy, excited (Comb'”e‘ﬂ typje-l—ll MOTI6)). ) , )
state and exits in the,, state, the energy difference being OUr @ .0~ MOT [7] operated with field gradient
converted to kinetic energy of the colliding atoms. The in-dB/dz at 0.2 T/m, and trap laser detuning=—1-5I",
teraction between colliding atoms is determined by the mowhereI' is the excited-state spontaneous decay rate. High
lecular potential, precise knowledge of which, including theRabi frequencies were used for both the trapping and re-
hyperfine structure, is required for the interpretation of thePumping lasers, with total intensity up tg=150 mw/cn?
processeg1,3-5. FS optical collisions can be viewed at for the trapping 4— 5, transition. For the type-l trap the
weak laser fields as three-step molecular processes. In tliepumping laser was at 3.61" from the 3,— 4, transition
first step optical excitation leads the colliding pair to an ex-and its total laser intensity ranged up ltg= 60 mW/cn?.
cited molecular state, asymptotically correlated to theThe type-I-ll combination was produced by tuning the re-
Syj2+ Pa limit. In the second step the excited-state popula-pumping laser at B on the red side of the3- 2, transition.
tion evolves along that molecular potential from the internu-particular care was taken to have both traps centered at the
clear distance of excitation to the small internuclear separasame spatial point. The numbisirof trapped atoms, ranging
tion at which a curve crossing between two molecular stategetyween 0.3 108 and 4.8< 108, was derived from the MOT
occurs. In the final step the CO"_'d'”_g atoms separate, agaify,grescence flux, measured through a calibrated photodi-
on a molepular potential curve; this time, however, on 8de. The spatial distribution functiong(r,N) with
curve that is connected to t@’ﬁ P12 asymptote. . g(0,N)=1, was derived from charge-coupled-device images
: In the present work, thectlon ﬁ‘f.l fluorescence gmntgd of the MOT. The maximum atomic density,,, was around
in the 6P,,— 6S;,, transition by cesium atoms confined in a 1

. ; 1—4x 10" atoms/cni. The MOT temperature was mea-
magneto-optical trap (MOT) operating on the D, ) .
6P3,—6S,, transition, provides direct evidence of the FS sured betweeq 50 and 30K .through a time of fI|ght..The

ground hyperfine-state fractlon‘gg and f4g were derived

loss process. Measurement of the photon yield, together wit
from absorption of a probe beam. Independent and consistent
values for the atomic fractions were derived for the type-I-II
*Present address: Laboratoire Kastler-Brossalol& Normale trap from measurements of the fluorescence decay times after
Supeieure, 24 rue Lhomond, Paris Cedex 5, France. switching off the trapping or repumping lasers. The back-
TAlso at Dipartimento di Fisica della Materia e Tecnologie ground pressurp, was measured from absorption of a probe
Fisiche Avanzate, Universitali Messina, 1-98166 Sant'Agata- laser propagating through the cesium vapor outside the
Messina, Italy. MOT.

1050-2947/97/56)/39994)/$10.00 55 R3999 © 1997 The American Physical Society



RAPID COMMUNICATIONS

R4000 A. FIORETTI et al. 55
1.5 - FS 10 em? ¢! -
4 Rp1/Rpy 3 P om's) ——
x10 ] § NS
1.0 i ] itk
] H :li 24
0.5 1 ——
p,(mbar) N
O-O lll_9 T T IIIIIII-8 T T |||||||7 0 I I I I I
10 10 107 0 1 2 3 4 5

FIG. 1. RatioRDl,Dz of the counting rates for the type-I trap as
a function of the cesium background pressyxg for 1+=150
mW cm™2, ;= —3T", and repumping laser &g=60 mW cm 2
resonant with 3— 4, transition. The ratid?Dl,DZ is constant for a
factor of 200 increase ipy, .

FIG. 2. MeasuregB™ versusN for a type-I trap varying, and
the laser detuning at laser intensities as in Fig. 1. The line represents
a fit for a linear dependence with intercept:x. 80 cm® s~ ! and
slope 2.%x10° 2 cm® s7 2,

A combination of a monochromator, with a red enhancethereL is the loading rate from the background vapor, and

photomultiplier, and an interference filter was used to detectyN is the trap loss rate for collisions with the background

Dy photons. The rationp, p, between the total detection vapor. The last term, describing the loss due to collisions
efficiencies at thé, andD; wavelengths was measured to petween trapped atoms, is characterized by the rate coeffi-
7.0x0.5. The solid angle for collection was1.3%X 10_2 Sr, cient B The factorf(N):fgz(r,N)d:gr/fg(r,N)d:gr mea-

and theD, efficiency was=2x10"°. The maximumCp_ sures the reduction in collision rate resulting from the spatial
counting rate was 108, with a 1-2 s * background due to  atomic distribution. If the optical potential barrier is large
scattering ofD, photons. TheD, counting rateCp, was in enough to inhibit the hyperfine changing losses, the loss co-
the 16 counts s* range, when measured with an optical €fficient 8 has contributiong3®® and g™ from RE and FS
density 3.1 absorption filter inserted at the monochromatofollisions. Usingly=feNI'75,, with fe the excited-state
entrance. This counting rate is in good agreement with thalfaction and z;, the calibrated photodiode collection effi-
expected for our number of trapped atoms. Counting rate§iency, and a similar equation for ti@&, /Cp, fluorescence
have been corrected for the absorption by background cesount, theB™ coefficient is expressed as

sium atoms. Even if the:D2 and CDl rates depend on the

optical alignment of the detection apparatus, which could
change in separate runs, their ralf{glyD2=CD1/CD2 is in-

ﬁFS: ZRDl,

7ph r
P2 7o, o, |

2f2
(N)THJ g(r,N)d>r. )

dependent of the alignment. . .

Several tests were performed to ensure productiobof | N€ factor 2 arises because, for each emigghoton, two
photons by cold collisions. Comparison with, emission ~&toms are lost from the trap, is derived from the applied
from a cesium spectral lamp verified that the apparent freRabi frequencies and laser detunings using a corrected satu-
quency distribution of theD, detected photons was deter- ratlopsrelanon derived if9].
mined by the spectral resolution of the monochromaty. B> was derived as a function of the trap parameters from
photons were present only with cold atoms present, and theff® measured values 8%, p,. No dependence on the trap
production increased with the cold-atom numtizy.photons  laser detuning was found in the explored range, as expected
did not originate from collisions between a cesium atom infor the strong saturation of the laser excitation. Figure 2
the MOT and a cesium atom in the background, even at thehowss™ vs N for the type-I trap, at fixed laser intensities,
largestp,, of the experiment. Figure 1 shows that increasingby varying the background pressysg. For N=4x10? at-

Py two hundred timeSRD1,|32 remains nearly constant. Fur- oms we measured the scatter in iBfe values originated by

thermore, using the measured cesium background densify’fferent optical alignments. That scatter evidences our limit
and the cross section for FS collisions at room temperaturl! the absolute determination of the FS loss coefficient. The
[8], background—cold-atom collisions lead toDg photon straight line in Fig. 2 represents thdependence of">for
counting rate at least two orders of magnitude lower tharfat@ takenFSat a fixed optical alignment. The weak depen-
that measured. Thus, olr; counting rate is certainly pro- dence of,Q on N provides additional e\/_ldence that the FS
duced by collisions between cold cesium atoms in the MOT!0SS rate is a cold-atom process (described by (Eg. The
The D, photons were not produced by collisions betweenf®maining influence oN on " given by the fit was as-
excited atoms because the counting rate did not follow th&ribed to multiple scattering effects not cpmpletely described
laser dependence required for those collisions. by the f(NF)S correction in Eq.(1). No evidence of depen-
The rate equation that governs the numbeof trapped ~ dence of8™~on the trap temperature was observed.
atoms is[3] Figure 3 shows experimental results for tBes depen-
dence on thefsg fraction and Fig. 4 the dependence on the

trapping laser intensity. In the type-I trap thg Gccupation

dN
at L NT Al (NN, @ was controlled by varying the repumping laser intensity. For

dt
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2 .
BFS (10'llcm3/s) ] laser from the 3 states so thgBgs depend orl Rf3g. Excita-

tion of the 3, atoms by the trapping laser at small internu-
clear separation results inls,n‘§g dependences® depends

4 on the excited-state survival in the evolution along the ex-
7] + ) cited molecular potential from the region of excitation to the

small internuclear distance where the curve crossing that
2 leads to the FS transition takes place. Since the exciting laser
f3 fields are quite strong, they can cause excitation in a broad

, — region about the Condon point with the ground state, and the
04 06 atomic wave packet that describes the approaching atoms
undergoes several excitation and/or decay cycles. As a con-

FIG. 3. B S versusf, for a type-l(squaresand for a type-I-Il  sequence, normal exponential decay is inhibited until the

trap (circles. The lines correspond to the parametess wave packet has moved far away from the excitation point

=15, ag=1, £=0.24, for the lower datagis=2.7x10"%  [11]. Under these conditions we neglect the dependence of

cm®s *mw!, and for the upper dataBjz=0.7x10%°  the survival factor on the laser intensities.

cm® s tmw L The data of Fig. 3 cannot be fitted by assuming tHat

9
represents the total functional dependencepbf on the
a weak repumper the MOT contained a smaller nundbef  ground-state fractions. On the contrary, a good fit is obtained
trapped atoms, but a IargeE[,,g fraction. Operation of the assuming that the population of thg ground state also par-

type-I-l trap produced an increase in tRg p, ratio and ticipates in the FS loss process through the following func-

therefore in the3™S value, as shown by the upper data in Fig. tional dependence:
3. In comparing the8 S values in the two traps, notice that in |
the type-I trap a IargeE3g occupation was obtained at very BFs= ﬁggm[fg +gf39f4g] 3
weak repumping laser intensities, while in the type-II trap it RIVER °
was obtained at repumping laser intensities comparable Qith
the trapping ones.

A precise theoretical analysis of our data requires knowl- I+/(arl®)

. . . . ) T T
edge of the cesium molecular potentials, including hyperfine fzfom-
structure, at present not available. Moreover, our results ap- TeT

ly to a regime of large trapping and repumping laser inten- . o .
I[sJit>i/es, whe?e the molgcularpp?otgntial cror.i,sings ?nay be modiThe ng term describes thé?’g excitation by the repumping
fied by the strong laser couplings. We have analyzed théaser at large internuclear distances. The coefficierepre-

BFS data on the basis of a simple model that takes into acSents the probability that within a single collision, near the
count the main features of optical collision losses. We onlyinitial Condon point, an optical pumping process transfers
consider long-range excitation processes, since a simpl&@€ 4, occupation to the 3state. Thus, owing to an optical
Landau-Zener model shows that direct excitation at shorPumping process, the hyperfine occupations of the atoms
range of repulsive states leading to direct production of th&ontributing to the FS losses are different from the average
D, line predicts orders of magnitude less signal than is obones. An additionalngflg contribution, describing the FS
served. Theoretical considerations of the molecular hyperfingss contribution of two atoms initially in theg4state and
structure indicate that no molecular potentials that adiabatieptically pumped into the Bstate, is negligible for our range
cally connect with the upper set of asymptotic statesof parameters. Equatiof3) assumes that these optically
44+ P, can contribute to the FS trap-loss réf®]. Thus, pumped atoms contribute to the FS losses via the same chan-
we assume that the molecular hyperfine states relevant fofels as atoms originally in the,3tate. Different loss chan-
the FS losses connect withy3 4, for the type-l trap and nels or new channels associated with the strong laser modi-
3412, for the type-ll trap, both excited by the repumping fications of the molecular potential crossings may be also
assumed in the functional dependence@f, but for the

FS 3 present data the contributions of those mechanisms could not
B (cm’/s) be resolved because they are too small. @hg@arameters,

& with (i=R,T), represent the molecular correction to the
atomic saturation intensitl;, the molecular excitation rate
not saturating as readily as the free-atom excitafiba].

i Equation(3), with five free parameters, was used to fit si-
multaneously the data of Figs. 3 and 4, corrected for the
I; (mW cm'z) dependence 98" on N shown in Fig. 2. We ha\F/e fitted the
10-12 ——— 1 loss data pf'the two tra'ps.by changing only m@ param-
0 40 80 120 160 eter describing the excitation by the repumping laser, whose
frequency was different. AlhTfig term describing the exci-

FIG. 4. 87 versusl for a type-l trap, ats;=—3T, Igz=62 tation by the trapping laser at small internuclear distances, if
mW cm™2. The line corresponds to the parameters of Fig. 3. introduced into the fit, results in a contribution that is negli-
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gible compared to the contribution from large distanceson trapping and repumping laser intensities. For instance, the
Therefore the FS losses are produced by the repumping laskarge 3, occupation realized in the dark-spot traps implies
excitation at large internuclear distances. that FS losses may play an important role in those traps.
The main results of our analyses of the FS losses are thdowever, that role could be controlled by a proper choice of
estimate of the FS losses and their dependence on the trépe trapping and repumping laser intensities.
parameters. At trap laser total intensity of 10 mW tmwe In summary, we have reported an observation of FS
obtain 87 about 2< 10”12 in our type-I trap. From a com- changing cold collisions, which in previous experiments
parison with the total loss rate coefficiet measured in  Were indirectly deduced by measuring the total trap losses. A

Refs.[13—15, we deduce that the FS loss causes one-fourtﬁarefm analysis of the atom spatial distribution systemati-

of the total losses, i.e., the RE rate is larger than the FS ratt%a"y applied, for each operation of the trap, has allowed us

by roughly a factor of 3. Referendd], which neglected 0 include the main effects of multiple-scattering through the

! ; ; f(N) term. The remaining dependence of the loss rate on the
hyperfine structure, estimated that for cesium the FS rats i mber of trapped atoms requires further theoretical analysis

shofgld bte tvxt/lce ”?e RE rate..Ourt refu“:nihowhtg?t the hybf the multiple scattering process. Our direct measurement of
perting structure piays a prominent rofe. ougn the paramyrs provides a challenge to improve the theoretical calcula-

eters accessible in the experiment may modify simultayiong for the cold-collision processes. Any progress in the
neously the trap operation and the FS losses, and these W@ nification of the detailed cesium loss mechanisms may

effects are difficult to disentangle, our model provides sevy,ermit 4 reduction of the trap losses through optical suppres-
eral important indications on the dependencies of the FSjon of the collisions.

losses. These losses are produced by collisions between at-

oms in the 3 ground state excited by the repumping laser. We are grateful to M. Colla and S. Grego for help in the
Excitation by the trap laser appears to be not important, buitial stage of the experiment, and to N. Bigelow, K. A.
optical pumping by the trap laser opens the possibility forSuominen, and C. J. Williams for useful discussions. This
atoms in 4, state to contribute to FS losses. Application of study was supported by the European Community, TMR
our results to an analysis of other experiments requires &rant No. ERB4061PL950044, and the Consiglio Nazionale
precise knowledge of the trap parameters of each experdelle Ricerche of Italy. J.H.M. acknowledges financial sup-
ment, becaus@™ depends on both hyperfine fractions andport from the European Community.
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