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Abstract. We present direct measurements of the overall trap loss rate and the fine structure changing
collision rate for ultracold cesium atom confined in a magneto-optical trap over an intensity range of
5 mW/cm? to 200 mW /ecm?. This set of simultaneous measurements allows the accurate extraction and
separation of the fine structure changing rate and the radiative escape rate as these two processes compete
with one another to determine the overall trap loss rate.

PACS. 32.80.Pj Optical cooling of atoms; trapping —

1 Introduction

The development of laser cooling and trapping tech-
niques has provided a means to explore collisional physics
in an entirely new regime. The magneto-optical trap
(MOT) allows the experimentalist to generate samples
of atoms at submilli-kelvin temperatures and densities of
> 10'° em~3. Collisions between these laser cooled and
trapped atoms have a number of unique properties such
as their sensitivity to the long range interatomic poten-
tials and their basic quantum nature. Perhaps, though,
the most interesting property of ultracold collisions is that
the duration of these events can be longer than the sponta-
neous emission time scale. Because the decay time may be
shorter than the duration of an ultracold collision, sponta-
neous emission during a collision can result in trap loss as
kinetic energy is transferred to the colliding atoms from
the electromagnetic field. Such processes are among the
dominant loss mechanisms in the MOT and are referred
to as radiative escape (RE).

Because alkali atoms are relatively easily cooled and
trapped in a MOT, many studies of trap loss in these types
of traps have been carried out. Trap loss has been studied
in Li [1], Na [2], Rb [3], and Cs [4]. These investigations
have addressed many questions such as the roles of hyper-
fine structure [5], the long range part of the collision [6],
and re-excitation [7].

One problem with the experimental investigation of
trap loss in the MOT is that it is difficult to separate
out the different types of collisional processes. Few studies
have been able to separate the fine structure (FS) colli-
sion loss from that due to RE. In the special case of Li, it
was possible to infer the RE collision rate from the overall
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34.50.Rk Laser-modified scattering and reactions

trap loss data because the fine structure splitting in Li is
less than the trap depth for commonly achievable trapping
parameters [1], thus eliminating the F'S loss channel. In a
related experiment, the loss rate from a Na trap which was
run on the D1 line, and which is thus immune to FS loss
processes, was measured [8]. Perhaps the most conclusive
results concern Cs, where the presence of FS changing
collisions was elegantly demonstrated by direct observa-
tion of D1 line photons emitted by the atoms during the
collision [9]. In the present paper we present the results
of a simultaneous measurement of the intensity dependent
overall trap loss rate and the F'S changing collision rate for
Cs atoms in a MOT. Our results are in excellent agreement
with previous studies yet represent a distinct advancement
in that in our work both trap loss and FS loss rates are
studied in the same physical trap set-up, under identical
conditions including trapping laser parameters, beam pro-
files, chamber background pressures, etc. As a result, our
measurements allow us to separate the FS changing col-
lisions from the RE collisions with significant confidence
and to provide new insight into the interplay of the various
trap loss processes of the MOT.

Two distinct trap loss processes which occur between a
ground and an excited state ultracold trapped atom have
been identified in homonuclear alkali traps [10]. Both of
these processes happen when a pair of ground state atoms
approach each other and absorb a trapping laser pho-
ton at long range (~ 800 A). At this point, the ground
state interatomic potential energy (~ Cg/RS-essentially
flat) and the excited state interatomic potential energy
(~ C3/R3) resulting from an attractive resonant dipole-
dipole interaction, bring the colliding pair into resonance
with the trapping fields. A trap photon can be absorbed
at or near the point of resonance and a molecule is created
by photoassociation. Both of the most significant trap loss
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processes in a homonuclear trap begin in this way because
of the large cross-section for absorption at long range due
to the long range resonant dipole interaction.

Because the atoms in the MOT are cold, there is a
significant chance that as the atoms accelerate towards
one another on an attractive potential the complex will
radiate and transfer kinetic energy to the atomic pair. If
this energy is greater than twice the trap depth, the now
hot atoms will escape from the trap. This process is called
radiative escape (RE) and is represented in the case of
Cs by,

CS(6281/2) + CS(251/2) + hwtrap — CS;(6281/2 + 62P3/2)
— CS(6281/2) + Cs(6281/2) + Aerg + AWemittea (1)

where AgRE - h(wtrap - wemitted)'

The second process which may occur is that the pho-
toassociated complex may undergo a change of fine struc-
ture at long range induced by the resonant dipole in-
teraction or at close range in the region of exchange
interactions. The long range mechanism is particularly
strong in the lighter alkalis such as Na. The couplings
at close range may be due to heterogeneous interactions
(Coriolis effects — S uncoupling which causes the transi-
tion from Hund’s case (a) to (b) coupling) or rotational
mixing at radii where Hund’s case (c) to case (a) coupling
occurs (spin-orbit mixing) [11,12]. If half the fine struc-
ture splitting, Acpg, of the trapped atoms is larger than
the trap depth the colliding pair will escape the trap. In
general Aepg is large enough for all the atoms undergoing
these types of collisions to escape the trap. This is cer-
tainly true in the case of Cs where Aepg = 554 cm ™!
These processes are generally referred to as FS changing
collisions and are represented in the case of Cs by,

Cs(6%S1/2) + Cs(6%S1 /2) + Mwirap(852 nm)
— CSE (6281/2 + 62P3/2) — CSZ (6281/2 + 62P1/2)

— Cb(6281/2) + CS(6281/2) —|— A&‘FS + th1/2(894 nm).
(2)

In this work we deduce the ratio of RE and F'S loss rates
for an ultracold sample of Cs in a MOT. We directly mea-
sure the F'S ultracold collision rate as a function of the
trapping laser intensity, building on the work of [9] and
in addition, we provide a simultaneous, new and accu-
rate measurement of the Cs trap loss rate also as a func-
tion of trapping laser intensity. With these two measure-
ments we are able to extract the RE ultracold collision
rate for Cs. We find that the RE rate reaches a constant
value. Our observations differ from previous predictions
where the RE rate was thought to decrease as the trap
depth increased [13]. Finally, we provide a cross-section for
RE given that the sample temperature is approximately
equal to the Doppler temperature, Tpoppler = L ¢s/2kp =

144 pK for intensities, I > Isyy = 1.06 mW/cmZ.
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The experiment is run in the standard MOT configura-
tion [14]. The chamber is run with a background pressure
< 10~ torr and a magnetic field gradient of 20 gauss/cm.
The trap is loaded from an uncooled source [15]. The op-
tical fields are generated by a stabilized ring dye laser
running at ~ 852 nm. The trapping laser is run with a
linewidth ~ 1 MHz and is referenced by saturated ab-
sorption spectroscopy to the Cs atomic spectrum. The
Cs trap laser is red detuned by A = —4.47I", from the
Cs 6281/2(F =4) - 62P3/2(F’ = 5) transition. A diode
laser repumps the Cs 6281/2(F =3) — 62P3/2(F’ = 4)
transition. Throughout the experiment the Cs repump-
ing light had a constant intensity of 1.4 mW/ cm?®. The
trapping light passes through a single mode optical fiber
which spatially filters the light before it enters the trap.
Trap beam profiles and alignments were therefore highly
reproducible and independent of laser detuning and in-
tensity. The trapping beams travel throughout the appa-
ratus with diameters ~ 25 mm. The trapping beam in-
tensities are continuously variable throughout the range
5-300 mW /cm?. The trap densities and number of atoms
may be found in [16]. For most of the range of the exper-
iment the density was ~ 10 cm™3.

The volume of the trap was measured as a function of
intensity and time during the filling of the trap. We find
that when the MOT laser beams were carefully aligned
the traps are consistently oblate spheroids in shape with
an eccentricity = v/2/2 reflecting the shape of the mag-
netic field (the field gradient along the axis of the anti-
Helmholtz coils is twice that found along the radius of the
coils). We therefore choose to characterize the traps by a
single radius. This radius was measured and verified by
acquiring an image of the trap with two CCD cameras. A
Gaussian profile was then fit to the trap cloud image to de-
termine the full width at half maximum, o. We found that
a Gaussian shape fit the trap cloud image well throughout
the entire range of our experiment [16].

The number of trapped atoms was measured through
the fluorescence signal detected by a photomultiplier tube
(PMT). The PMT was calibrated at 852 nm with light
from the Cs trapping laser and all frequencies were tuned
by saturated absorption spectroscopy. The fluorescence
was converted into the number of trapped atoms, N, us-
ing N = Ra/I'csOpee, where g is the spontaneous decay
rate for the trapping transition (I'cs = 6 MHz), Ry is the
fluorescence rate detected by the PMT, pee is the excited
state population and @ is a geometrical factor determined
by the angle subtended by the detector with respect to
the trap cloud. pee is determined with a six level two field
steady state calculation [17] where one field was the re-
pumping field, the other field was the trapping field, and
the six levels correspond to the hyperfine structure of the
Cs 6281/2 — 62P3/2 transition. The populations deduced
in this way were in excellent agreement with experimental
measurements [9].

The trap loss rate is determined by monitoring the
fluorescence of the atoms as they fill the MOT. The rate



J.P. Shaffer et al.: Cs radiative escape and fine structure changing collision rates

equation for this process can be written as,

—aNi(t) — D).
This is in the form of a Ricatti equation with constant
coefficients. L is the trap loading rate, « is the loss
rate due to collisions between ultracold trapped atoms
and background atoms and (3 is the loss rate due to
collisions between ultracold trapped atoms. Our equa-
tion may be solved explicitly using the transformation;
N;(t) = V/B[(AN;(t)/dt)/N;(t)], where we have assumed
V is a constant. If the trap is initially empty the solution is

dN;(t)

=1L
dt

(3)

2L sinh[yt/2]
asinh[yt/2] + 7 cosh[yt/2]

where v = /a2 +4L3/V. This expression was used to

calculate the trap loss rate constant from the time depen-
dent fluorescence rate of atoms during filling of the MOT.
As t — oo the steady state number of atoms in the trap is,
Noo = tli>Holc N;(t) = 2L/(a + 7). This expression reflects

Ni(t) = (4)

the fact that the number of atoms in the trap is limited
by a balance between collisions and the loading rate of
the trap. If \/4L3/V > « the number of atoms in the
MOT is ultimately limited by rates of collisions between
ultracold trapped atoms and

ﬂ tanh (%t)

ORI

(5)
with N ~ /LV/3.

To justify the assumption that \/4LB/V > «, we: (1)
note that for similar chamber pressures and trapped atom
densities, other workers have shown the trap losses to be
dominated by two-body collisions [3,4] and (2) estimate
a [18] as a & (1/4)TorsUpbackPec- Since the FS contribu-
tion to Cs trap loss is believed to be comparable to other
contributions [9], for our estimate of o we use the known
value of opg which for Cs is opg = 3.1 x 1071° cm?
[11,19]. For a background, ppack, density of 10% ¢cm=3
(~ 10710 torr) and ¥ = (vrms)cs = 389 m/s with the laser
intensity above saturation, acs ~ 0.001 Hz [20]. Since
VALB/V =~ 107! —1 Hz and a ~ 1073 Hz at a background

pressure of 10710 torr the approximation \/4LB/V > «
is well-satisfied. These values compare well with our col-
lision rate measurements and are in good agreement with
those of others [4].

The direct measurement of the fine structure collision
rate for Cs is made by detecting D1 light emission from
the trapped sample. This is done by collimating the trap
fluorescence and sending this light through a 10 nm band-
width filter centered around the 6S;/, — 6P1/3 (894 nm)
transition of Cs. After the light from the trap is passed
through the interference filter it is imaged through a SPEX
1700-2 1m monochromator adjusted for an 8 A band-
pass. This is necessary to filter out photons from the
wing of the 6281/2 — 62P3/2 (852 nm) trapping tran-
sition. The inset of Figure 4 shows the bandpass of the
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Fig. 1. The correlation diagram for Csz. The right hand side
of the diagram shows the separated atom states relevant to
the MOT. The cooling transition is 62S1/2 — 62P3/2. From
left to right the internuclear separation increases. On the left
hand side of the diagram are separated Hund’s case (a) states.
Immediately to the right of these states are the intermediate
Hund’s case (a) states where the spin-orbit interaction has not
yet separated the case (a) states. At still further internuclear
separations are the Hund’s case (c) states. The attractive states
which contribute to ultracold collisions are 1., Oy, 24, 14, and
07 all of which correlate with the singly excited IT states.

monochromator and demonstrates that the fluorescence
from the 62P3/2 — 6281/2 trapping transition has suc-
cessfully been filtered out of the 62P1/2 — 6281/2 fluo-
rescence signal. The photons passing through the system
are detected by an avalanche photodiode (APD) (dark
counts < 100 Hz). The quantum efficiency of the APD
was calibrated at 894 nm by the manufacturer (EG&G)
and the APD was also cross-calibrated against the PMT
used to detect the fluorescence from the trap. This was
accomplished by using light from the Cs trapping laser
tuned to the 3281/2 — 32P1/2 transition of atomic Cs.
The fact that the laser was indeed at 894 nm was verified
by saturated absorption spectroscopy. The product of the
measured monochromator throughput and the quantum
efficiency of the detector was 0.104 and the measured
transmission including geometrical through the imaging
system was measured to be 2.6 x 1073, The loss through
the imaging system and monochromator was measured
by passing light generated by the Cs trapping laser,
again tuned by saturated absorption spectroscopy to ei-
ther 852 or 894 nm, through the entire fluorescence collec-
tion/detection system, following the ezact path of the trap
fluorescence. The filter transmission coefficient was mea-
sured to be 3.52 x 10~7 at 852 nm and 0.500 at 894 nm.
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Fig. 2. The trap loss rate 8 as a function of laser intensity for a detuning of A = —4.4I". The error bars reflect the mean

squared fluctuation of the experiment. Each point is the average of approximately 20-30 measurements.

The filter attenuation at 894 nm was measured (1) us-
ing the Cs trapping laser and (2) using a calibrated spec-
trophotometer. The transmission losses of the vacuum
chamber windows were independently verified using the
Cs trapping laser as the light source at both 894 nm
and 852 nm. In our experiments the maximum FS pho-
ton count rates were approximately 40 Hz.

3 Discussion

Figure 1 shows the correlation diagram for the molecular
levels of Csy for the states relevant to collisions which oc-
cur in the MOT. The hyperfine structure is not shown.
The attractive long range Hund’s case (c) levels are 1,
and 0, which correlate to the '1I,, =3 IT, Hund’s case (a)
states (6281/2 + 62P3/2 asymptote) and 2,, 1,, and 0
which correlate to the I, —3 IT, Hund’s case (a) states
(6281/2 —|—62P3/2 asymptote). According to this correlation
diagram the only exoergic process which can occur when
two atoms collide is a collision which results in a change of
fine structure. Changes of hyperfine structure may cause
trap loss as well but the energy separation between the
6281/2 (F =4) and the 6281/2 (F = 3) ground state hyper-
fine levels is ~ 9.1 GHz which is less than the trap depth
for total intensities above ~ 20 mW/ cm®. The fact that
in the high intensity regime there are only two significant
processes (RE and FS) one of which may be measured di-
rectly (FS changing collisions [9]) supports our argument
that by accurately measuring the overall trap loss rate and
the FS changing collision rate simultaneously we may ex-
tract the loss rate due to RE. This is a familiar example of

a differential measurement which can be used to separate
the two dominant channels of trap loss.

Figure 2 shows the measured trap loss rate for the Cs
trap as a function of trapping laser intensity for a fixed
detuning of A = —4.4I". The rates at low intensity are in
good agreement with previous work [4]. The shape of the
curve has been discussed in the literature and is due to
the different types of trap loss processes which occur and
their interplay with the trap depth and atom recapture
processes. The trap depth in units of energy for a one-
dimensional Doppler model [16,21] is shown in Figure 3.
In this light, consider Figure 2. Initially, as the intensity
of the trapping light increases the trap loss rate decreases.
The reason for this is that as the intensity is increasing the
trap depth is increasing as well. This process attenuates
the losses due to hyperfine changing collisions. The trap
loss rate reaches a minimum at around 20 mW/ cm”. This
value of intensity corresponds to a trap recapture energy of
~ 4.6 GHz which is approximately one-half of the ground
state hyperfine splitting of Cs (9.1 GHz). As the intensity
of the trapping beams increases still further, the excited
state fraction in the sample increases and the processes
of RE and FS become dominant. This is exhibited in the
increase in trap loss rate above 20 mW / cm?. The fact that
this rate increases linearly with intensity until it saturates
is in agreement with a weak field assumption [12,22].

Figure 4 shows the FS collision rate measured di-
rectly by observing 894 nm photons emitted from the
Cs MOT. In a similar fashion to that observed in
Figure 2, the FS rate increases sharply as the inten-
sity grows for I > 20 mW/cmz. The rate when I >
Lt is fBrs = 1.8 x 1071 cm3/s for A = —4.4rI.
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The intensity dependence of Opg and the saturated ab-
solute value of fOps agree well with the value 1.1 X
10~ c¢m3 /s measured at a detuning of A = —31I" as pre-
sented in [9]. Given the atom temperature (~ 144 yK) (at

high; I > 50 mW/ch) our rate corresponds to a cross-

section of opg(I > 50 mW/cm®) = 1.1 x 10713 cm?2. We
note that the cross-section is 22 times larger than the high
temperature result [11,19]. This indicates that, as pointed
out by Julienne and Vigué [12], the cross-section for FS
changing collisions indeed does not simply scale as the
thermal wavelength.

To understand this scaling, we note that the proba-
bility of a change of FS during a collision is tempera-
ture dependent at high temperatures, whereas the rate
is dominated by the accessible angular momentum at low
temperatures. In fact, at the microKelvin temperatures
characteristic of the MOT, the limited amount of angular
momentum (a limited number of partial waves — “I” val-
ues) determines to the FS cross-section. One consequence
is that the crossing probability (the probability to un-
dergo a change of F'S) at the potential curve crossing, in
a Landau-Zener picture, becomes almost temperature in-
dependent at low energies (for fixed angular momentum)
since the velocity spread of the atoms is small compared
to the energy splitting at the crossing point.

We also note that Julienne and Vigué have calculated
the FS rate for different input channels and they find that
for Cs the 07 input channel contributes almost exclusively
to the FS changing collision loss rate [12]. Although we
did not explore the resulting role of hyperfine structure
on the rate of FS changing collision rate, we note that
this was a primary focus of the complementary work of
the Pisa group [9]. Figure 5b shows the RE collision rate
as a function of intensity. Figure 5a illustrates the rel-

ative size of the total trap loss, 8, as compared to the
loss due to FS changing collisions, Brs. The points in Fig-
ure 5b were calculated by subtracting [Bpg from (. The
rate of RE type collisions is then, Srg = [ — Brs. The
rate when I > 50 mW /cm? is frg = 3.0 x 107 cm?/s.
At the Doppler temperature for Cs (144 pK) and high
(I > 50 mW/cm®) intensities this rate yields a cross-
section of ogg(l > 50 mW/cm®) = 1.9 x 1073 cm?.
One of the most striking aspect of the RE rate shown
in Figure 5b is that, whereas the trap depth increases
with intensity (Fig. 3), the RE rate reaches a constant
value at an intensity where the trap depth is still chang-
ing. Previously [13] it was suggested that as the trap depth
increased, the net RE loss rate would simultaneously de-
crease because the energy released in RE would become
less than twice the trap depth.

One interpretation of our experimental observations is
that, at high intensities (I > 50 mW/ cm?), most of spon-
taneous decay which drives RE occurs at small internu-
clear spacing, so small that the energy released exceeds the
trap depth. In this picture, the saturated (flat) intensity
dependence in Figure 5b suggests that most RE happens
at distances where the potential has dropped in energy by
more than 22-24 GHz, with the vast majority of RE-class
events therefore resulting in trap loss. According to the Cs
coefficients calculated by [23], C3 = —1.993x10% cm~! A3,
and measured by [24], C5 = —2.022 x 10° cm™! A®, we
estimate that, in this scenario, the spontaneous emission
which leads to RE would have to occur at a distance
Rgrg < 63 A.

Figure 6 shows the ratio of the FS collision rate to
the RE collision rate as a function of intensity, Ors/Org-
This value was calculated in [12] to be 65:35 1.8
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for I = 10 mW/cm?, A = —1I", and T = 130 pK. The
value shown in Figure 5 is quite different. The measured
ratio of F'S changing collisions to RE collisions is fBrs(I >
20 mW /em?)/Bre(I > 20 mW/cm?) = 0.58 + 0.03 and
is constant within the accuracy of the experiment. The
difference between the theoretically calculated value of
Ors/Pre and that measured could be attributed to the
difficulty in calculating the Franck-Condon factors for the
decay back to the ground state.

4 Conclusion

We have measured the rate of F'S changing collisions and
RE collisions occurring in the MOT. The cross-section
for FS changing collisions is opg(/ > 50 mW/cm®) =
1.1 x 1073 em?. The cross-section for RE collisions is
ore(I > 50 mW/cm?) = 1.9 x 1013 ¢cm?2. We found that
the RE collision rate suggests that the majority of the
spontaneous emission which occurs during a collision and
causes RE takes place at distances Rgrg < 63 A. Many
questions about these collisions which occur near the dis-
sociation limit remain; most notably the role of hyperfine
structure.
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tion, the David and Lucile Packard Foundation and the Army
Research Office. J.P. Shaffer would like to thank the Horton
Foundation for financial support. We acknowledge invaluable
conversations with E. Arimondo, A. Fioretti and J. Miiller.
We also note that during the revision of this manuscript, we
learned that the PISA group has obtained further data on Cs
trap loss and that their results when combined with their pre-
vious measurements of the F'S rate are in very good agreement
with the results presented in this paper [25].
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