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Evidence of a two-color trap-loss channel
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We have previously reported experimental results on the trap-loss rate for a mixed species magneto-optical
trap involving a pair of Na and Rb atoms@Phys. Rev. A59, R23 ~1999!#. The predicted dependence for the
heteronuclear trap-loss rate as a function of laser detuning assuming a colliding pair of ground-state–excited-
state atoms fails to explain the experimental results. Further investigation has shown that our observations are
consistent if one assumes a loss channel involving an excited state–excited-state colliding pair of atoms. Here
we present the model and discuss the physical interpretation applied to our previous experimental results. The
present interpretation opens up other ways to understand the trap-loss mechanisms.

DOI: 10.1103/PhysRevA.66.025403 PACS number~s!: 32.80.Pj, 33.80.Ps, 34.50.Rk, 34.80.Qb
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Trap loss of atoms continues to provide important inf
mation about inelastic processes taking place within
atomic sample of confined neutral atoms. During the l
decade the trap-loss rates have been measured for al
single species magneto-optical traps~MOTs! @1–3#. More
recently, heteronuclear trap-loss measurements were
ported, and a few two-species MOT systems have alre
been investigated. The production of dual cold atom
samples was first demonstrated by Santoset al. @4#, who ob-
served trap losses in an overlapping Na-K trap. Since th
other experiments have followed exploring different com
nations: Na-Rb@5#, K-Rb @6#, Rb-Cs@7#, Na-Cs@8#, Li-Cs
@9#, and more recently Cs-K@10#. It was observed that, fo
each measured mixture, the heteronuclear trap-loss rate
function of the light intensity presents a characteristic dep
dence, setting up the two-species MOTs as interesting
rich systems for investigating inelastic collisions.

For alkali-metal atoms, the main mechanisms contribut
to homonuclear trap losses in a MOT involves a pair
ground and excited-state atoms. While in the ground
excited states, the attractive part of the interatomic poten
accelerates the atoms toward each other, producing a q
molecule; the pair may then decay down to the ground
ground states gaining kinetic energy as the difference
tween the absorbed and emitted photon energies. When
gained energy exceeds the trap depth, the pair of collid
atoms escapes from the MOT. This process is named ra
tive escape~RE! @1–3#. Also, there is at least one other po
sible mechanism causing losses when alkali-metal atoms
lide: fine-structure changing collisions. However, as so
reported work has pointed out@11–13#, radiative escape ap
pears as the dominant mechanism; hence, most model
cludes only the RE channel.

In a recently published paper@5# we reported an investi
gation of the heteronuclear trap loss as a function of
probe laser detuning for a Na-Rb dual sample. The exp
mental results could not be reproduced by the adap
Gallagher-Pritchard~GP! model @14#, when assuming radia
tive escape from the ground-state–excited-state potentia
that paper we presented an explanation for that observa
based on double excitation during the atomic scattering
the following we shall explore this collisional mechanism
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more detail by proposing a semiclassical model that is
quite good agreement with the observations.

The details about our experimental setup can be fo
elsewhere@5#. Briefly, our mixed species MOT operates in
closed stainless steel vapor cell. The trap laser beam for
85Rb atoms comes from a Ti:sapphire laser, whose freque
is tuned below the 5S1/2(F53)→5P3/2(F854) transition
(DRb525 MHz). A repumper laser beam tuned
5S1/2(F52)→5P3/2(F853) is provided by a frequency sta
bilized diode laser. The total power in the trapping beam c
be as high as 300 mW while the repumper is around 50 m
The trapping light for the sodium MOT is provided by a dy
laser tuned below the 3S1/2(F52)→3P3/2(F853) transition
(DNa5210 MHz). The dye laser beam goes through
electro-optic modulator which generates the repumper be
tuned close to 3S1/2(F51)→3P3/2(F852), and its total
power is around 30% of the carrier frequency. We norma
operate at total laser intensities of about 150 mW/cm2 for
Na and about 200 mW/cm2 for Rb ~split into six trapping
beams!. Both laser beams have Gaussian profiles with wa
of about 5 mm.

The number of trapped atoms for both species is de
mined using the MOT fluorescence measured by calibra
photomultipliers. The dimensions of the MOT are det
mined by imaging the sample onto a charge-coupled de
camera. These two measurements allow us to obtain
atomic density profiles. The number of trapped atoms is
the order of 106 for Na and 108 for Rb, and both densities ar
about 1010 atoms/cm3. During the experiment, one could d
rectly observe the spatial overlap such that the Na ato
were completely embedded in the cold Rb cloud, assur
that all the Na atoms could interact with the cold Rb samp

The time evolution for the trapped Na atoms in the pr
ence of the cold Rb cloud is given by the following ra
equation:

dNNa

dt
5L2gNNa2bE

v
nNa

2 d3r 2b8E
v
nNanRbd

3r , ~1!

whereL is the loading rate,g is the loss rate due to collision
with background gas~composed mainly of hot Na and R
vapor!, b is the exoergic loss rate due to collisions amo
©2002 The American Physical Society03-1
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Na atoms only, andb8 is the loss rate due to cold collision
between trapped sodium and rubidium atoms.

We evaluateL, g, b, and b8 individually for different
trapping conditions. We point out thatb8 stands for the loss
rate of Na atoms in the presence of Rb, which is not the sa
as the loss rate of Rb in the presence of Na. If one meas
the Rb loss due to the Na atoms a different result would
obtained. Here we are interested in evaluating the varia
of b8 with the laser detuning. In order to do that we use
‘‘optical catalysis’’ technique, originally developed for
single species MOT@15#, and adapted for our two-specie
MOT.

We added an extra~catalysis! laser to the system, whos
frequency was scanned around the Na trapping freque
Therefore, we introduced an additional and tunable co
sional loss ratebc , from here on called the catalysis loss ra
contribution. In this situation, the steady state number
trapped atoms for a single catalysis laser frequency is g
by

N.
L

g1~b1bc!nc
, ~2!

whereb is the loss rate due to the trapping laser beams,bc is
the catalysis loss rate arising from the extra laser, andnc
stands for the uniform atomic density in the steady st
regime. In order to obtain information aboutbc(D) one has
to keep the number of trapped atoms constant, for each l
detuning (Dc), for a given intensity of the catalysis laser,I c .
Also, it can be shown thatbc5bc(Dc)I c(Dc)/I 0, whereI 0 is
the intensity at some arbitrarily chosen reference freque
and therefore one getsbc(Dc) }1/I c(Dc). The details of the
technique can be found in Ref.@15#. It is worth mentioning
that in a two-species MOT the extra laser will increase b
the homonuclear and the heteronuclear collisions. Thus,
did not measure any specific catalysis loss ratebc or bc8 , but
a total lossbTc , which is a combination of both. Howeve
from our previous results@5# we strongly believe that the
contribution ofb8 to the total trap loss is higher than th
due tob, at least for this specific two-species system~Na-
Rb!.

The catalysis laser beam was provided by a second
laser ~Coherent 699!, near resonance with the Na 3S1/2(F
52)→3P3/2(F853) transition, and it was applied simulta
neously with the trapping beams. It was superimposed o
the three orthogonal MOT arms. The Gaussian beam w
and total intensity at the trapping region were about 8 m
and 80 mW/cm2, respectively.

There are special conditions to be fulfilled to assure t
the catalysis laser is not affecting the MOT performance.
observed that the MOT was not affected for detunin
greater than2100 MHz and that the signal to noise rat
was good enough to go to detunings up to ab
21000 MHz. Hence we have restricted ourselves to t
detuning range.

The measured dependence of the total catalysis loss
bTc as a function of detuning is presented in Fig. 1. The er
bars result from the standard deviation taken from each
dependent data point and each point is an average of
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runs. The logarithmic plot shows that the measured f
quency dependence for the total catalysis trap loss rat
bTc}D2260.2, whose uncertainty is obtained from three d
ferent trapping intensities. This dependence is different fr
that obtained for Na alone (bc}D27/6), correctly predicted
by the Gallagher-Pritchard model@14# when aC3 /R3 attrac-
tive potential is considered. In a first attempt to explain t
experimental result we modified the homonuclear GP mo
by simply changing the internuclear asymptotic depende
to a C6 /R6 attractive potential, which is the dominant coe
ficient for the heteronuclear long range interacting potent
when one atom is excited and the other remains in
ground state. The result for the loss rate isbc8}D25/6, which
is far from the experimentally observed dependence.

As previously discussed for this experiment, there
other possible loss channels occurring when the extra las
on. Indeed, the sodium MOT is located in a cloud of R
atoms, and by introducing an extra excitation channel
sodium atoms one may turn on an additional collisional p
cess involving the presence of double excited sta
Na* -Rb* , increasing the trap losses. In fact, in our previo
investigation with the Na-Rb system@5# as a function of trap
laser intensity, it was observed that the main mechanism c
tributing to b8 was the Na-Rb* collision channel. The trap
laser intensity dependence was correctly obtained when
this channel was supposed to cause the heteronuclear
rates. On the contrary, when a contribution of Na* -Rb was
assumed, the result was completely different from the exp
mental observation in Ref.@5#.

Hence, it seems natural now to assume that the cata
laser exciting sodium atoms is introducing an extra lo
channel: Na* -Rb* . To verify this possibility we imple-
mented a model whose main steps are illustrated in Fig
First, we suppose that the collision starts at some inter
clear distanceR0. The Na-Rb colliding pair absorbs a photo
from the Na catalysis laser,vc . This takes the atoms to a
attractive potential asymptotically connected to the Na* -Rb
dissociation limit, which depends on the internuclear d
tance asC6 /R6. After some time moving in this potentia
the pair is expected to decay back down to the ground st
or it also may absorb an extra~infrared! photon from the Rb
trapping laser (vRb). The extra photon takes the pair to

FIG. 1. Experimental total catalysis loss rate (bTc) as a function
of the catalysis laser detuning.
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C5 /R5 attractive potential asymptotically corresponding
Na* -Rb* . The whole process occurs just like ‘‘two-color
trap loss@1# with a special detuning dependence of the
talysis laser in the first step. Due to theC5 /R5 internuclear
separation dependence, the final potential is stronger w
compared to the intermediateC6 /R6, and the atoms’ kinetic
energy can increase faster in the Na* -Rb* potential. There-
fore, this channel appears to be a reasonably important
tribution to the loss mechanisms, at least in the case of
experiment.

During the motion in this doubly excited state, eventua
either Na on Rb or both may decay, releasing kinetic ene
If the gained kinetic energy overcomes the trap, depth b
atoms escape from the trap increasing the losses. The t
retical loss rate due to the doubly excited potential,b

**
8 , is,

according to Ref.@6#, given by

b
**
8 5

1

2E0

`E
0

R0
4pR0

2eNa~R0 ,vc ,I c!PS~R0 ,R1!

3eRb~R1 ,vRb,I Rb!PRE~R0 ,R1 ,Resc!
dR1

v~R0 ,R1!
dR0 ,

~3!

whereeNa(R0 ,vc ,I c) is the excitation rate for the first pho
ton absorption;PS(R0 ,R1) is the probability that the atomic
pair will not decay or undergo a RE process while in t
Na* -Rb potential;eRb(R1 ,vRb,I Rb) is the excitation rate for
the second photon absorption~the 1/R5 potential of the
excited-state–excited-state combination and the 1/R6 poten-
tial of the excited-state–ground-state combination are ta
into account!; v(R0 ,R1) is the velocity of the pair atR1 ;
dR1 /v(R0 ,R1) is the transit time in the region of the secon
absorption; andPRE(R0 ,R1 ,Resc) is the probability that a RE
will take place while in the excited-state–excited-state pot
tial. In the model, the possibility of oscillation within th
potentials is taken into account in the expressions forPS and
PRE. The value ofResc is the internuclear separation whe
the released kinetic energy is high enough to free the
atoms from the trap. We used theC5 and C6 coefficients
provided by Marinescu and Sadeghpour@16#, while we con-

FIG. 2. The doubly excited trap-loss channel, level scheme,
steps assumed in the model to explain the experimental result
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sidered the ground-state–ground-state interacting pote
Na(3S1/2)-Rb(5S1/2) flat compared to the singly and doub
excited ones. Details about the model and Eq.~3! are avail-
able in Ref.@6#.

In Fig. 3 we show the theoreticalb
**
8 result as a function

of the catalysis laser detuning. By plotting it on a logarithm
scale we obtain the value22.0 for the slope, that is,b

**
8

} D22.0, in quite good agreement with the experimental o
servation. That is obtained assuming the following co
sional loss channel:

Na~3S1/2,F51!1Rb~5S1/2,F52!1\vc

⇒Na~3P3/2!1Rb~5S1/2,F52!,

Na~3P3/2!1Rb~5S1/2,F52!1\vRb

⇒Na~3P3/2!1Rb~5P3/2!.

We note that the above channel is very likely to be pres
within our dual species MOT, especially because we re
larly run the experiments with the trapping lasers at f
power ~intensity!, far above the saturation intensity lim
(<6 mW/cm2). Thus, we believe that the many excite
cold atoms colliding with each other will enhance the tr
losses. On the other hand, if we assume another collisio
channel where the Rb atoms are first excited, and then the
atoms are later excited, we obtain a different depende
b

**
8 }D21.35. The reason that the former channel overcom

the latter is not clear to us and therefore demands fur
investigation.

A possible explanation is the following. AssumingR26

andR25 distance dependence for the singly and doubly
cited potentials, respectively, the transition frequency
tween those states does not present a strong dependen
R. That is, in the frequency range of the experiment, theR
dependencies of those potentials are so similar that the
quency for the singly to doubly excited state transition d
pendence onR is not large. Hence, this transition~singly to
doubly excited! is still close to resonance for smallR even

d FIG. 3. Theoretical heteronuclear doubly excited trap-loss r
(b

**
8 ) evolution obtained from the model. The linear dependen

with slope22, is in quite good agreement with the experimen
results presented in Fig. 1.
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for the relatively small detunings of the Rb MOT beams, a
so it is likely to occur following the excitation by the cataly
sis laser. The reverse process would entail excitation firs
the Rb MOT beams, which would likely occur at relative
largeR, followed by survival to smallR and excitation by the
catalysis laser. These processes seem less likely to o
especially for the larger catalysis laser detunings, wh
would require survival to smallerR; this is apparently con-
firmed by the success of the model.

During the experiment@5#, we also investigated the tota
catalysis loss ratebTc for a few different sodium trap lase
intensities. The results are shown in Fig. 4~a!; in Fig. 4~b! we
plot the theoretical evolution obtained from the model. W
observed that the slope ofbTc vs D does not present signifi
cant changes for the three different trapping intensities u
in the experiment. This was verified and is true within t
experimental uncertainties~10%!. The theoretical and the ex
perimental loss rate constants both exhibit the same mo
tonically decreasing behavior as a function of the cataly
laser detuning, as one can see from the two plots in Fig

In conclusion, the investigation of the detuning depe
dence for the heteronuclear trap-loss rate in the Na-Rb
tem indicates that the doubly excited channel is allowed
occur and contribute to the observed losses. In fact, i
recently published work with a mixed trap involving K-R
@6# the explanation for the observed intensity dependenc
the trap-loss rate was also based on the doubly excited c
nel. Trap losses certainly still demand a lot of study to
well understood and other mechanisms that could be pre
may contribute to building more realistic models. In a sing
species trap the intermediate potential with aC3 /R3 depen-
dence is strong enough to suppress losses due to a do
excited channel. Nevertheless, there is no theoretical re
forbidding it to take place in regular experimental conditio
and thus it remains to be investigated. For two-spec
MOTs, the doubly excited channel seems to be a fundam
tal mechanism to be taken into account when heteronuc
trap losses are experimentally observed.
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FIG. 4. ~a! Experimental total loss rate plotted as a function
the catalysis laser detuning for three different trap laser intensi
~b! Theoretical heteronuclear loss rate as a function of detun
predicted by the doubly excited model for the same trap laser
tensities as in~a!.
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