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Trap loss in a two-species Na-Cs magneto-optical trap:
Intramultiplet mixing in heteronuclear ultracold collisions
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We describe a comprehensive investigation of trap loss in a two-species Na-Cs magneto-optical trap. Ob-
served losses, due to the interspecies interactions, are attributed to collisions in which a change in the fine-
structure state of the Na partner causes the escape of atoms from the trap. Results are described in terms of the
heteronuclear pair potentials and the interaction of the colliding pairs with the radiatively active environment.
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PACS numbeis): 32.80.Pj, 34.50.Rk

In recent years there has been significant interest in the As a result of symmetry and energy considerations there
physics of ultracold collisions of laser-cooled and trappedare six possible IM processes in a heteronuclear alkali-metal
atoms[1]. More recently, a new interest has developed consystem (see Fig. 1 Because the trapping transition is
cerning the physics of ultracold vapors composed of mord *Sy;—n *Pg,, the system is dilute (~10" cm™®) and
than one atomic speci¢g]. T<1 mK [initial kinetic energy Eix) <Aegd, only three

In the homonuclear alkali-metal-atom magneto-opticalof the six possible processes can be observed in our MOT:
trap (MOT) we consider two types of excited-state ultracold
coI[I)isions[?;]. Both begin whenptwo ground-state atoms ab- Na(P3) + CSSy2) = Na(Pyj) + CS(Syp) + Aenars,

sorb a trapping laser photon at an internuclear separation of
~800 A. The ground—ground-state pair potentig Na(Papz) + CS(Syyz) = Na(Sy) +CoPap) + A,

(dipole-dipole~ 1/R®) and the ground—excited-state pair po- Na(S: )+ CY Par)— Na(Si )+ CS P+ A
tential V4 (attractive resonant- dipole 1/R%) bring the col- Sy +CPap) ASu) + CoPrp) + Ascsrs

liding pair into resonance with the trapping fields, a photon isHere Agyre=17 e, Aege=5241 cmt, and Aecgrs
absorbed, and a molecule is created by photoassociation. As554 cm L. We refer to these as NeCs:NaFS, Na

the nuclei slowly accelerate towards one another the com+Cs:EE, and NaCs:CsFS, respectively. In this paper we
plex may radiate, transferring kinetic enerdyge to the  focus on the roles of each of these processes in our@&a

pair. If Aege is greater than the trap depth the atoms will MOT (2MOT).

escape. This process is called radiative esode. The Trapping laser beams contain light Xf,=589 nm and
second type of process occurs when the photoassociatégs=852 nm(frequency stability<1 MHz) tuned by refer-
complex undergoes intramultiplet mixing resulting in aence to saturated absorption spectrometers. The Na trap laser
change in fine-structuré-S) state. In generalAegs far ex- is detuned byAy,=—13 MHz from the FS;(F=2)
ceeds the MOT depth and all FS collisions result in loss. The

reaction is induced at long range by the resonant dipole in- 0"
teraction, or at close range in the region of exchange-type ZO
interactions. Close-range couplings may be via heteroge- 33z* igtosgt ; Na (3%Psa) + Cs (65
neous interactiongCoriolis effect$, or by spin-orbit(SO) 231 1
mixing [4,5]. 1

The heteronuclear case is different because there is no?'m - 0+> Na(3Py) + Cs(65y)
long-range resonant dipole contribution\fg.. One conse- 10 2
guence is that the pair comes into resonance with the trap 0 - §1 > Na(FS,) + Cs(6P,)
lasers at much smaller internuclear spacing than for the o0+ 5 N
homonuclear case. The result is twofold: first, the probability 23z* )
of RE is drastically reduceff]; and second, changes of FS st st 0
all occur at short range<(20 A). Heteronuclear trap-loss 0 Na(3S,) + Cs(6P)
collisions, then, are dominated by close-range photoassoma-1 I L ; ’ ;
tion (PA) events resulting in intermultiplet mixingM) and 0
either FS change or excitation exchan§& : A+B* —A* -
+B). | 12+> 0t 0 1— Na(3'§,) + Cs(6S,)

*Present addresss: The Institute of Optics, The University of FIG. 1. Correlation diagram for NaCs. The diagram includes the
Rochester. D1 andD2 multiplets and combinations for Na and Cs.
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FIG. 2. Bya(lna) and Byacd Ina | cs= 230 mW/end) as a func- FIG. 3. Cs cold collision loss rat8c{lcJ as a function of ¢

tion of Iy, for Na loss. Eachy, is the total six-beam trap laser for loss from the Cs trap and for the M&s trap. For the 2MOT
intensity. The inset shows the absolute trap loss rat&(In2) data, | \,=88 mWicnt. Here, we extrac8c for the 2MOT by
and Byaced | nas | cs= 230 mW/cnd) for Na. neglectingByacs (see text |, is the total six-beam trap laser in-
tensity. The inset shows the absolute trap loss ratBs (|9 and
—32P,4,(F'=3) D2 transition. The 589-nm light is passed Bnacd | na=88 mWicnt,| ) for Cs.
through an electro-optic modulator that introduces sidebands
shifted from the input by+1.71 GHz. The blue detuned =230 mW/cnf) can be almost an order of magnitude
sideband couples thE=1 to F'=2 transition, preventing greater thamBy,(ln.) and(ii) during the Na filling measure-
loss due to optical pumping. The intensity of each sidebandnent made with Cs atoms in the trap, the Cs atom number
is 10% of the total intensity. The 852-nm light is detunedand density remain essentially constant. Since these mea-
Ace=—23 MHz from the 6S(F=4)—672Py,(F'=5) surements took place with the same Cs and Na background
D2 transition. Cs repumping light is provided by a stabilizedpressures, we exclude collisions between background Cs at-
diode laser tuned to thE=3—F’'=4 transition(intensity = oms and trapped Na atoms as the reason for additional Na
1.5 mW/cn?). Anti-Helmholtz coils produce a field gradient loss in the 2MOT. By comparing the intensity dependence of
of 20 G/cm. The traps are loaded using uncooled sources @y, and Bnacs We conclude that the the two-species loss is
10 1% Torr. not due to Na hyperfine changing collisions. Specifically,
We determine the number of atoms from the fluorescenc@y,cs continues to increase fog,>35 mW/cnt, where the
of each trapped species using narrow-baad €9 nm) in-  capture energythe “trap depth”) of the MOT has far ex-
terference filters and calibrated photomultiplier tubesceeded the Na hyperfine-splitting enef@10].
(PMT’s). Trap sizes and shapes were measured with interfer- In the next set of experiments we examine the filling of
ence filters and two calibrated charge-coupled-de{@&D) Cs atoms in the trap with and without Na atoms present. To
cameras(resolution <30 um) oriented so that complete illustrate the weak effect of the Na on the trapped Cs, we first
three dimensional overlap of the Cs and Na clouds could bextract Bcs, neglecting the effects oByacs [11]. Figure 3
assured. The number of atoms was obtained from the flusshows the resultingdc{I 9 for a pure Cs trap and for the
rescence rate using a steady-state two-field six-level calcul2MOT (Iy,=88 mWi/cnt). We note thatBc{lcd) agrees
tion. Individual trapped atom densities werel0' cm™®  with published value$§12]. In both measurementg does
with ~10° Na atoms and-10’ Cs atoms. Under these con- not noticeably change withes for | cc>80 mWi/cnf.
ditions multiple-scattering effects are negligithig. To explore the two-species losses further, we made Cs
The collision rates in the 2MOT were initially examined filling measurements as a function igf, fitting the data in-
by analysis of the trap loading. We describe the loading rateluding both 8, and Byacs: In Fig. 4 we show results for
of speciesi in the presence of specigsas, dN;(t)/dt=L  Bya.cdIna.lcs=221 mWicn?). Here I, was specifically
—aiNi(t)—BijNj(t)Ni(t)/V—BiNiz(t)/V, where gB;; is the  chosen because at this intensfy{lcd is approximately
loss rate from ultracold collisions between spediaad spe- independent of .. Similar results were obtained for other
ciesj, N is the number atom4, is the trap loading rate3; is  values ofl os. ConsideringByacsas measured from both Cs
the single species ultracold collision loss ratg,is the loss and Na filling experiments, we find that for €5,
rate due to background collisions, awds the trap volume. <180 mW/cn? Byacd I na) is best fit by a first-order polyno-
This rate equation is a Ricatti equation, which we solve exmial in | ,. The slopes)Bnacd Il na from these fits agree to
plicitly [8]. A series of trap filling experiments were carried within 10%, which was comparable to the reliability in the
out to determine th@n(1na), Bedlcd and ByacdIna:lc9 - individual fits. We therefore conclude that the dominant two-
First we measuredll,(t) for the Na trap with and with- species losses involve one excited Na a{&yi3] and con-
out Cs in the trap. Figure 2 shows the trap loss rgegl n2) sequently the absorption of one 589 nm photon. Further-
for the pure Na MOT an@yacd | na, | cs=230 mWicnt) for  more, becaus@yacd Ina.lcd does not change withes, we
the 2MOT. Bna(lna) agrees well with published valug8]. conclude that these collisions involve one ground-state Cs
There are two striking results: (i) PBnacdInalcs  atom. Finally, since(i) the Bya.cs measured from Cs trap
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18 there is no effective shielding by any long-range repulsive
164 ¥ Brecs @MOT) states correlating to this asymptote.
14 || & BACKGROUND Heteronuclear intermultiplet mixing occurs with the the
same type of close-range mechanisms as the homonuclear
case (SO and Coriolis mixing [17]. Consideration of the
correlation diagranfFig. 1) allows us to exclude some path-
ways. The channel leading to SO change at th& 3
—231I1 or 313 *—2 I crossing is closed because thé 0
state is repulsive at long range and there is no first-order
mixing between 0 and 0" [18]. This leaves only two chan-
nels for Na+Cs:NaFS: SO merging of the 21, and
2°311(%11,) states and Coriolis mixing of the %1 state.
B’ . , _ . . Similar inspection of Fig. 1 explains why N&Cs:CsFS

75 100 125 150 175 200 should be weak: there is neither strong Coriolis mixing nor

INTENSITY [ mW cm® ] SO merging between the two states, which could lead to a FS

change: the'll; and %1, states. The lower asymptote does
admit SO coupling of 23" —13I1 and 2!+ —1°3I1, but
these will be shown to be small.

Since the reduced mass of NaCs is only 19.6 amu we
expect Coriolis coupling to dominate the N&s:NaFS cross
loading agrees with thg8y,csmeasured from Na trap loading section, just as in the NaNa case[4,5]. Coriolis-induced
and (i) we observeBya.cs to change withly, for Ics  NaFS occurs as Hund's caé® breaks down becoming case
=221 mWicndi, we conclude that the the two-species loss is(b) coupling (S uncoupling. The same process occurs when
not due to Cs hyperfine changing collisions. an excited alkali-metal atom collides with a noble-gas atom

Given that the Cs atom is in its ground state, Na[19]. This mechanism favors NaCs:NaFS, since the cas¢
+Cs:CsFS cannot be be importdittrequires an excited Cs to caséb) uncoupling parameter is proportional to the SO
atom. We nevertheless attempted to directly detect Nasplitting [20].
+Cs:CsFS by measuring the Cs FS rate in the 2MOT and The second path, a merging of® and the ZII due to
comparing it with that of a pure Cs MOT. Measurement ofthe SO interaction, occurs in the transition from Hund’s case
the Cs FS rate was made by detectidd fluorescence (c) coupling to caséa) coupling. This mechanism is also a
through a 10-nm bandwidth filter followed by a SPEX result of a time-dependent field created as the electron spin
1700-2 1-m monochromator witkc8 A bandpass. Photons decouples from the orbital angular momentum. This occurs
passing through the system were detected by an avalanchshen other interaction§mostly exchangebecome compa-
photodiode(dark counts~50 Hz). We measured the FS rate rable to the atomic SO interaction and there is a resulting
for pure Cs trap as a function df4 from 5 mW/cn? to breakdown of caséc) coupling[19]. The only nonzero ma-
300 mwi/cnt [10] and found no modification of the Cs FS trix element, to first order, i$2 I1,|Hsd2 ®I1,). The cou-
rate when the Na MOT was present. The resolution wapling between the 2I1 and the 211 states has been esti-

6 s !, placing an upper bound foBya:icscsrs Of 5 mated[17] to be Aecges— Aenard6. The fact thatA ey,es
x 10 1 cm®s ™, thus ruling out Na-Cs:CsFS as a key con- < (2 1;|Hgd2%I1,) indicates that, although we believe
tributor to loss in the 2MOT. that the SO mechanism is of less importance than the Cori-

Na+Cs:EE has not yet been ruled out, so we attempted tolis, the SO cannot be automatically dismissed. We note that
observe it directly. We extinguished the Cs trap light forin general for heteronuclear collisions this channel becomes
50 us and during this period, we searched for the productionncreasingly important as the mass of the molecule increases.
of CsD2 photons. We saw no signal due toNas:EE. The The NatCs:CsFS rate is small because the SO coupling
resolution was 20s" with a background count rate of 100 between 23" —13I1 and 2'3*— 1311 is less than the Cs
Hz. This places an upper boundByacsee<3 SO splitting. The largest SO coupling between tH&2 and
x10 B cm’s™!, meaning that NaCs:EE makes a negli- 1°I1,, states has been founfll7] to be V2(Aeyars
gible contribution toByacs- +Aecerd/6 and the3S ™ and °I1; states to be Aenars

Having ruled out Na Cs:CsFS and NaCs:EE, we con- 4+ Aecs9/6. In both cases we find the interaction energy to
clude [14] that BnacdInalc9d is dominated by Na be less than the FS splitting in the N&Qsanifold.
+Cs:NaFS. The fact that NeCs:NaFS should dominate the ~ The cross section for EE has been evaludtieq and is
possible intramultiplet mixing processes is consistent witrsmall — sinceAegg is large, this probability is negligible.
the scaling of the energy defeatssyrs=17 cmi L, Aege Experiments on K-Rb collisions at 370 K give cross sec-
=5241 cm !, andAecrs=554 cm L. tions for EE of ~2-40 A? [17]. The cross sections for Na

Calculationg[15,16 show that all the long-range Hund’'s +Cs:EE can be expected to be much smaller since
case(c) potentials in the NaCsmanifold are attractive. In  Aege(KRb)/Aegg(NaCs)=0.043. This is consistent with
the N& Cs manifold, the casé) states 0,07,1 correlating  our work: EE in NarCs appears to be absent.
with Cs(62S,,) +Na(3%P,,,) and 0,1,2 correlating with The loss rate we infer as due to N&s:NaFS is large
Cs(62S,,,) + Na(32P5,) are attractive. An important point compared to both measured and predicted FS rates for homo-
is that for NaCs the Hund’s cage) states correlating to the nuclear collisions. This is not surprising because hetero-
Cs(6°S,),) + Na(32P,,,) asymptote arell attractiveand so  nuclear molecules with wealCg/R®) van der Waals poten-

o
1
—@—i

FIG. 4. Bnacd Ina 221 mW/cn?) for a measurement of Cs trap
loss. The baselingircles represent the background fluctuations of
the Cs trap in absence of trapped Na.
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tials on theS+ P asymptotes have more favoralie-g to  intramultiplet mixing processes for Ne&Cs. Our differential
g+e Franck-Condon factors than homonuclear moleculesneasurements have been able to discriminate the input chan-
that have strong attractive resonant dipole-dipole interactionsels and states contributing to the N&@s:NaFS process. We
(C3/R®) [15]. The fact that the collision begins at smaller have concluded that the significant mechanisms that lead to
internuclear spacings than the homonuclear counterpart algga+Cs:NaFs are Coriolis mixing of%‘[L2 with the 2311,
means that the heteronuclear attempt rate for the reaction jgvels and SO merging of 1, with 2 'II,. This measure-
larger: in the homonuclear system the time scale for the colment provides experimental information to motivate calcula-

lision allows only a single passage through the transitionjons that may help to provide a full understanding of both
region, whereas in the heteronuclear case the photoassociai§Syonuclear and heteronuclear ultracold collisions.
guasimolecule has time to vibrate several times before it de-

cays(most likely at the outer turning point where the Franck- We thank P. Julienne and C. Williams for important dis-

Condon factors are larger dissociates. cussions. This work was supported by the National Science
In conclusion, we have presented an extensive study of Roundation and the David and Lucille Packard Foundation.

heteronuclear ultracold trap-loss inducing reactive collisionJ.P.S. thanks the Horton Foundation.
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