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Measurements of Rb trap-loss collision spectra
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We describe studies of excited-state/ground-state collisions between optically trapped Rb atoms.

Collision

rates are deduced from the transients observed as atoms are loaded into a vapor-cell optical trap. The rates

are measured as a function of the frequency of the light used to excite the atom pairs.

A comparison of the

results for 8°Rb and 8Rb shows that excited-state hyperfine interactions play a vital role in the dynamics of
the collisions. In addition, the absolute rates are smaller than those expected from recent models.

PACS numbers: 32.80.Pj, 30.80.Ps, 34.50.Rk

1. INTRODUCTION

Over the past decade advances in laser trapping and
cooling have made it possible to produce atomic vapors
that are cooled to temperatures of 100 4K and below.
The most successful trap to date, the Zeeman-tuned
optical trap (ZOT), has been demonstrated with num-
bers of trapped atoms exceeding 10'0,2 densities ap-
proaching 10!2 cm~%,2 and ensemble spin polarization.®
In addition this trap can capture atoms directly from
a vapor cell.* A number of experiments have measured
rates for excited-state collisions between optically trapped
atoms.5-13 These collisions are of interest because of the
long collision times for trapped atoms, which approach
1 us, that result from the combination of low velocities
and sensitivity to long-range interactions. The most
striking consequence of the long collision times is that
excited-state collisions should be drastically altered by
effects of spontaneous emission.

Figure 1 illustrates a simple model, originated by
Gallagher and Pritchard,* for excited-state/ground-state
collisions between two optically trapped alkali atoms. As
two atoms approach each other from distances of 100 nm
or more they absorb photons from the laser that traps the
atoms and spontaneously emit photons after traveling,
on the average, approximately 3 nm. At a separation of
50 nm or so, the absorption of a photon puts the atoms
on a strongly attractive excited-state potential curve that
can accelerate them toward each other to a separation of
5 nm or less without spontaneously emitting a photon.
At these relatively small distances the atoms can change
fine-structure state or emit a photon that is strongly red
shifted with respect to the laser photon that was originally
absorbed. In either case the excess energy appears as ki-
netic energy, and this kinetic energy is sufficient to eject
the atoms from the trap. Thus excited-state collisions
between trapped atoms can be observed by measuring the
rates at which atoms leave the trap.

In this paper we present a detailed deacription of
the measurements of excited-state trap-loss collisions
of Rb atoms that we have reported briefly in previous
papers.'®’3 These measurements involve observations
of the number of trapped atoms as a function of time
as the atoms are captured by a vapor-cell ZOT and
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emphasize the use of an additional laser” that is used
to study the collision rates as a function of the laser fre-
quency. This catalysis laser technique has the useful
feature that it reveals information about the dynamic as-
pects of the collisions. Specifically, it gives information
about the motion of the atoms at large interatomic sepa-
rations befere the atoms reach the energy-transfer region
at small separations. This motion is affected by the exci-
tation process, by acceleration on the excited-state poten-
tial(s), and by spontaneous emission. The primary result
of our measurements is the unambiguous demonstration
that excited-state hyperfine structure plays an impor-
tant role in the collision dynamics. This demonstration
consists of measuring the frequency dependence of the
trap-loss collision rates (trap-loas spectrum) for the two
common isotopes of Rb, ®Rb and 5’Rb. For excitation
of the atom pairs at frequencies within the excited-state
hyperfine structure (region a in Fig. 2). a large isotopic
difference is observed. At detunings of approximately
one natural linewidth, this effect was previously observed
by Wallace et al.!! However, at detunings outside the
excited-state hyperfine structure (region b in Fig. 2) the
collision rates are the same for the two isotopes. We
conclude that the hyperfine structure plays a vital role
in these collisions.

- This paper is organized as follows. In Section 2 we
present the basic phenomenology of trap-loss collisions,
outline our basic approach for investigating these colli-
sions, summarize our results, and discuss their implica-
tions. In Section 3 we describe our trapping apparatus.
In Section 4 we analyze how the collisions affect the
operation of the trap and describe the catalysis laser
technique for determining the trap-loss spectra. In
Section 5 we show how we put the trap-loss spectra on an
absolute scale. '

2. TRAP-LOSS SPECTRA OF Rb

The Gallagher—Pritchard model* with refinements
to include fine-structure!® and nonperturbative effects
of the laser fields,'® has. been the most successful
model of trap-loss collisions to date. This model, il-
lustrated in Fig. 1(a), separates the trap-loss rates into
two factors. The first factor, which we refer to as
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Fig. 1. Gallagher—Pritchard model for excited-state collisions
of laser-cooled Rb atomis. (a) A colliding pair of atoms in the
ground state absorb a photon from the laser to an attractive R~2
excited-state potential curve. The atoms are accelerated along
this curve toward each other. If the atoms do not spontaneously
radiate to the ground state, thus terminating the excited-state
collision, then at small internuclear separations they may either
emit a red-shifted photon, as shown, or change fine-structure
state. 'The resulting large amount of kinetic energy of the atoms
causes them to leave the trap. (b) Characteristic trap-loss spec-
trum for Rb or Cs as predicted by this model.

a dynamic factor, is the rate at which atoms reach
the small interatomic separation region at which en-
ergy transfer can occur. This arrival rate depends
on the laser excitation rates, the amount of accel-
eration of the atoms caused by the excited-state po-
tential curves (including, in principle, nonadiabatic
effects of avoided croasings, although these are not yet
in the models), and the spontaneous emission proba-
bility. The second factor that determines the trap-loss
rate is the probability that energy transfer occurs once
the atoms arrive at small interatomic separations. At
this point the kinetic energy of the atoms iz 1 K or more,
which is sufficiently high that the physics that determines
the energy-transfer probability is likely to be similar to
higher-temperature collision experiments. However, be-
cause the atoms reach this region with very well-defined
velocities, interference effects that are averaged out by
the thermal motion at room temperature may be impor-
tant in calculations of energy-transfer probabilities.!”
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The dynamic factor is most interesting because it
involves radiative effects, in particular spontaneous
emission during the collision, that are not present
in high-temperature experiments.- In the original
Gallagher—Pritchard model the multiple excited-state
potential curves are replaced by a single effective
potential curve, and the trap-loss rate is given as

Bn? o« n? f 47R*ARR(R, Apexpl~t(R)/7]. ()

Here n4wR?dR is the number of atom pairs at a distance
R, R(R,Ay) is the excitation rate of these pairs to the
excited-state potential resulting from a laser whose fre-
quency is detuned from the atomic resonance frequency
by Az, ¢(R) is the time required for atoms to reach small
separation, and r is the excited-state spontaneous emis-
sion time. Therefore exp[—#(R)/7]is the probability that
the excited atom pair reaches small interatomic separa-
tion without radiating. The excited-state potential en-

. ters this equation in two places: it determines at which

distances the excitation rate is resonant, and it deter-
mines the time required for the atoms to reach the energy-
transfer region.

When the laser is detuned to the red of the atomic
resonance line by an amount that is large compared with
the natural width of the atomic line, and when motion
arises from a single excited-state potential of the form
—C3/R?, the trap-loss rate coefficient 8 simplifies to

A 2
B« (-A—’) exp[-(4,/A1)%], (2)
L

with the characteristic shape shown in Fig. 1(b). A, sets
the frequency scale for the collisions and is given by

C m
=281 _£___ =
4=9 (3‘590372) 115 MHz €)

for the heavy alkali metals Cs and Rb. Here u is the
reduced mass of the colliding atoms.

It is evident from the above considerations that a pow-
erful technique for studying the dynamics of the collisions
is to measure trap-loss spectra of the type modeled in
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Fig. 2. Atomic excited-state hyperfine spectrum for 5Rb and
87Rb. In region a we observe a strong isotope effect in the
collision spectra, and in region b the spectra are the same (see
Fig. 4).
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Fig. 3. Measured trap-loss spectrum for Cs from Ref. 8 for
I. = 10 mW/cm?.. The marks on the abscissa denote the
positions of the atomic hyperfine resonances.

Fig. 1(b). Because the atoms cannot be trapped over the
large range of laser frequencies shown in the figure, it
is advantageous to add another laser, the catalysis laser,
to the trap.  The role of the catalysis laser is to enhance
excited-state collision rates without affecting the opera-
tion of the trap. This technique was first used for Cs,”®
and the results are shown in Fig. 3. The general shape
of the spectrum was found to be approximately as ex-
pected but broader than predicted and with the position
of the maximum at.larger detunings than expected. As
shown, the spectrum peaks near the position of the lowest-
frequency atomic hyperfine resonance. Still, it is not ob-
vious from thé Cs data alone whether the maximum arises
at larger detunings as a result of A, being incorrectly pre-
dicted by the Gallagher—Pritchard model or whether'the
neglect of features such as hyperfine structure is respon-
sible. ) o

' In Fig. 4 we show our-analogous measurements of the
trap-loss spectra for the two stable isotopes 'of Rb, B5Rb
and 9Rb, and include the small detuning measurements
of Wallace ef al.l! We see that for ®Rb and $"Rb the
maxima in the spectra occur at the position of the lowest-
frequency component of the atomic hyperfine structure,
just as for Cs. Furthermore, for 8Rb another maximum
occurs near the next atomic hyperfine resonance, and
for small detunings the rate coefficients for the two iso-
topes differ greatly. For large detunings no experimen-
tally significant isotopic dependence is observed.

From these results we see that the excited-state hy-
perfine interaction has a profound effect on the trap-
loss spectra. On the basis of the ideas behind the
Gallagher—Pritchard model, there are several natural
reasons why this effect occurs.’® First, the modification
of the potential curves by the hyperfine interaction will
change the excitation function R(R,Az) in relation (2).
For a given detuning there will generally be a number of
different potential curves that can be resonantly excited
by the catalysis laser. Second, the hyperfine interaction
will affect the survival probability both through #(R) and
the spontaneous emission time 7. Third, curve crossings
and avoided crossings that arise from the interplay of the
hyperfine interaction with the dipole—dipole interaction
will affect the acceleration process once the atoms have
been excited. To illustrate this effect, we show in Fig. §
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selected potential curves'® for 5Rb. For the cataly-
sis laser tuned as shown, successful acceleration of the
atoms toward each other can happen only if a nonadi-

‘abatic transition occurs at the avoided crossing of the
potentials. This could explain the observed isotopic dif-

ference for detunings within the excited-state hyperfine

" structure because it is within that detuning region that
* most of the avoided crossings will occur. For large de-

tunings the 5Rb and #Rb curves are similar, and so the
isotopic difference is small.

An interesting feature of the 5Rb data (and possibly
the Cs data) is the minimum in the region between the
lower two atomic hyperfine resonances, This minimum
is somewhat surprising as we might expect multiple peaks
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Fig. 4. Measured trap-loss spectra for *Rb and 8TRb for
Ie¢ = 10 mW/em?. We have also included the two data
points reported by Wallace et al!! at 5-MHz detuning. The
marks on the abacissa denote the positions of the atomic
hyperfine resonances. We obtained the data by changing the
catalysis-laser intensity in order to hold the number of atoms
constant as the catalysis-laser frequency is changed. The data
are then scaléd to 10 mW/em? by the assumption of a linear
intensity dependence of the collisional rate coefficient 8. The
isotopic difference measured at small detunings, coupled with the
lack thereof at large detunings, points to excited-state hyperfine
astructure as being the primary effect that has been left out of
the collisional models to date. ,
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Fig. 5. Some of the excited-state potential curves relevant to
trap-loss collisions of 3'Rb atoms. Excitation of an atom pair
at a catalysis-laser frequency as shown will not lead to trap
loss unless nonadisbatic transitions occur to attractive potential
curves. The value of Cg for Rb is 0.071 eV nm?.
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Fig. 6. Schematic of the apparatus.

to arise to the red side of the atomic resonances if the ef-
fect of hyperfine structure is simply to make the spectrum
a sum of contributions similar to Fig, 1(b) but shifted by
the atomic hyperfine splittings. In this case the mini-
mum would be near the lower hyperfine resonance,
in contrast to our results that find the minimum ap-
proximately halfway between the two atomic hyperfine
resonances. We have no simple explanation for the po-
sition of the minimum but speculate that it may arise
from modification of the excitation rates in the region of
avoided crossings of the molecular potentials.?®

So far we have concentrated on the shapes of the spec-
tra, but the absolute rates are also of interest. Because
the absolute rates depend on both the dynamic factors
as well as the energy-transfer probabilities, a success-
ful comparison of theory and experiment requires accu-
‘rate calculations of both the dynamics and the energy-
transfer probabilities. Despite the neglect of hyperfine
effects on the dynamics by the models, there is quanti-
tative agreement between theory and experiment for the
case of Cs at small'® and large'® detunings. - These cal-
culations predict that Rb trap-loss collisions should oc-
cur at a rate approximately twice that of Cs collisions.1®
Thus, our observation of a factor of 5 or more smaller
rate than expected at amall detunings for Rb, confirmed
by Wallace et al.,!! suggests inaccuracies in the caleu-
lated energy-transfer probabilities. Further calculations
have been made that indeed show a strong sensitiv-
ity to the precise knowledge of the potential curves,'’
owing to interference effects. It is unclear whether this
sensitivity can explain some of the isotopic difference in
the trap-loss rates at very small detunings.

3. APPARATUS

In this section we describe our apparatus, at the heart of
which is a cell-loaded ZOT.* Figure 6 shows a diagram
of the apparatus. The vacuum chamber was constructed
from standard 1.5-in. (3.8-cm) stainless-steel UHV com-
ponents, with viewports for optical access from six direc-
tions, An 8-L/s ion pump provided a base pressure of
~10-1® Torr. A reservoir containing Rb metal was con-
nected through a valve to the vacuum chamber. We ob-
tained a base Rb vapor pressure of =10~? Torr in the
chamber by opening the valve, heating the reservoir un-
til the vapor pressure in the chamber reached the de-

gired value, and then closing the valve. With the valve
closed the Rb vapor pressure would slowly decrease over
a time scale of several weeks. A pair of magnetic-field
coils wound in opposite directions produced a magnetic
quadrupole field of typically 8,B, = 23,.B, = 23,B, =~
25 G/cm at the center of the vacuum chamber.

The lasers used for the experiment were diode lasers

(Sharp LT024MDO) that were stabilized with optical feed-

back from a grating in a manner similar to that described
in Ref. 20. Two lasers were used for the trapping and
hyperfine pumping and were locked to Doppler-free reso-
nances by the use of standard saturated absorption spec-
troscopy. The trapping laser was locked 5-10 MHz to
the red of the 85Rb 52S,3(F = 3) — 53Psy(F' = 4) or the
5"Rb 528)(F = 2) — 52Pgy(F' = 8) resonance (natural
linewidth, 5.9 MHz). The detuning of the trapping laser
was determined to =1 MHz by linear interpolation refer-
enced to the line centers of the above resonances and the
nearest crossover resonances. The output beam was sent
through an optical isolator and a spatial filter/telescope to
produce a 1. 5-cm-diameter beam, which was then passed
through a A/2 plate, a polarizing beam splitter, and a
nonpolarizing beam splitter, producing three beams that
were used for trapping along the x£, §, and £ directions.
The A/2 plate was adjusted to make the intensity of the
*2 beam one half that of the others, thus compensating

for the stronger magnetic-field gradient along the 2 direc-

tion and giving a roughly isotropic confining force for the
atoms. The three beams were ahgned to intersect at the
center of the vacuum chamber and were passed through
A/4 plates to give the appropriate circular polanzatlons,
some of which are shown in Fig. 6, for producing the stan-
dard ZOT.®' The total spatially averaged intensity of the
trapping laser light at the position of the trapped atoms
was 5.0 = 0.5 mW/cm?. - The saturation intensity for Rb
is 3.1 mW/em?, averaged over Zeeman levels,

The hyperfine pumping laser was locked to the ®*Rb
52S1a(F = 2) — 5?Pya(F' = 8) or the ¥Rb 528 5(F =
1) — 5%Pyy(F' = 2) resonance and served to counteract
occasional optical pumping into the untrapped hyper-
fine state.?! The 1.5-cm-diameter beam from this laser
was combined with the trapping laser beam in one of
the beam splitters and produced an average intensity of
1.8 mW/cm? at the position of the trapped atoms.

A CCD video camera was focused onto the cloud of
trapped atoms in order to observe its shape. We could
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adjust the position and shape of the cloud by slightly
changing the alignments of the trapping beams as well as
by adding a trimming magnetic field by the use of extra
coils or a permanent magnet. In this way the shape of
the cloud of atoms could be made to be nearly spherical,

and the growth of the cloud as atoms were added was ob-
served to be symmetric. For quantitative measurements
of the spatial distribution of the atoms, a single horizontal
line of the video output was selected for analysis.

The fluorescence from the trapped atoms was measured
with a photodiode. For measurements of the density of
the trapped atoms, a small fraction of the trapping laser
was split off and focused through the cloud of atoms in
order to probe the absorption. These measurements will
be described further in Section 5.

The catalysis laser was tuned to a specified fre-
quency near the ®Rb 52S;u(F = 3) — 5%Pyy or the
87Rb 53Sys(F = 2) — 5%Pys resonances by the use of
an optical spectrum analyzer (finesse ~ 150; free spectral
range, 300 MHz) as a frequency reference. To correct
for slow drifts in the spectrum analyzer, we simultane-
cusly measured a small fraction of the trapping laser
output as a stable reference frequency. The cataly-
sis laser beam, after passing through an optical isola-
tor and an electro-optic intensity modulator, progressed
through a telescope to produce a beam with a diameter
of 3.0 mm. The beam entered the cell at a slight angle
relative to one of the trapping beams and overlapped the
cloud of trapped atoms. We obtained optimum align-
ment of the catalysis laser through the trapped-atom
cloud by tuning the catalysis laser near one of the atomic
resonances to put a force on the trapped-atom cloud. Ad-
justments were made to the catalysis-laser beam align-
ment to maximize the displacement of the cloud. For the
experiment, retroreflection of the catalysis laser reduced
its mechanical influence on the trapped atoms.

4. BASIC METHOD: FREQUENCY
DEPENDENCE

We base our collisional rate measurements on observa-
tions of the number of trapped atoms as a function of
time as slow atoms from the background Rb vapor are
captured by (that is, loaded into) the trap. By contrast,
other research®™!! has studied the time dependence as
the atoms leave the trap with no loading. In a cell trap
the loading cannot be turned off without also affecting
other trapping parameters.

The rate equation that governs the number of atoms in
the trap N is'? :

dN
ar

Here L is the rate at which atoms are loaded into the
trap from the background vapor and depends on factors
such as the Rb vapor pressure, the intersection volume of
the trapping lasers, the temperature of the cell, and most
importantly, the intensity and detuning of the trapping
lasers and the magnetic field gradient.* yN is the rate
at which atoms are lost from the trap owing to collisions
with (hot) untrapped Rb vapor and other vacuum contami-
nants. This factor is expected to be relatively insensitive
to the trapping parameters, although our method makes

~L-yN-8 f ni(r; N)dr . @
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no assumptions about this effect. The last term in Eq. (4)
is the rate at which atoms leave the trap owing to colli-
gions between the trapped atoms. It depends on the rate
coefficient B as well as the spatial average of the square
of the trapped-atom density n(r; N), which depends para-
metrically on N.

The collision rate in Eq. (4) depends on n, the total

.atom density, but not on the atomic excited-state frac-

tion, as would be the case with high-temperature collision
experiments, because spontaneous emission causes the
de-excitation of the colliding atoms before they interact
with the catalysis laser. For further. discussion of this
point, see Ref. 9.

Two primary collision processes are known to con-
tribute to the last term in Eq. (4). In addition to the
excited-state/ground-state collisions of interest for this
research, there are ground-state/ground-state collisions
as well. The ground-state collisions involve the change
of the hyperfine state of the colliding atoms, releasing
one._ half the ground-state hyperfine energy splitting to
each atom. This energy corresponds to 0.15 K for *Rb

and 0.33 K for 8Rb. These values can be comparable

to typical trap depths for small trap-laser detunings or
low intensities.}! Ground-state collisions should have no
catalysis-laser intensity dependence.

In contrast, the excited-state collisions have -the
important signature that they are linear in the intensity
of the laser that excites the atoms.” Thus the addition

" of the catalysis laser to the trap inherently selects only

excited-state collisions.  In this case the rate coefficient
is 8 = B, + B., where B, represents the rate coefficient
with only the trapping lasers present (this may include
contributions from both ground-state and excited-state
collisions) and 8. is the contribution of the catalysis laser.
If a linear intensity dependence for 8. is assumed, the
frequency dependence of the excited-state collisions (trap-
loss spectrum) can be obtained directly from the steady-
state behavior of Eq. (4). In the steady state we have

L

oyt p( f nz(r;N)dsr.) / N

Although changes in the catalysis-laser detuning 4. affect
both 8 and the atomic density distribution, we can ad-
just the intensity I,(A.) of the catalysis laser to hold the
number of atoms constant as we vary A,, and the density
distribution will remain constant as well. In this case

N=:

®

B =B + BeBL(AN et ©®)

is independent of A, 80 8.(A.) is inversely proportional to
I(A.). For our data presentation in Fig. 4, we then scale
B. linearly by the assumption of a constant catalysis-laser
intensity I of 10 mW/em?.

-There is a significant advantage to adjusting the
catalysis-laser intensity in order to hold the number
of atoms in the trap constant. Because the density dis-
tribution is inherently difficult to measure, the separate
dengity measurements at each catalysis-laser detuning
that would otherwise be required would cause unnec-
essary scatter in the trap-loss spectra. By holding the
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number of trapped atoms constant, the density distri-
bution is also held fixed and therefore affects only the
absclute scale and not the shape of the trap-loss spec-
trum, Thus, to the extent that the trapping lasers can
be held stable cver time, the determination of relative
values of B, at various detunings is much more reliable
than if the density distribution is measured separately for
each detuning. For these reascns, the resulting collision
spectra were found to be much more reproducible than
measurements takken when N was not held constant. On
the basis of the reproducibility of the shapes of the spec-
tra, we estimate the relative error of the measurements
at different frequencies to be ~20%. )

The reliability of this method depends on the assump-
tion that the catalysis laser affects only the collisions and
in particular does not affect the density distribution of
the atoms. This assumption is most likely to be violated
when the catalysis laser is tuned near one of the atomic
hyperfine resonances. We performed a number of tests
to verify that the catalysis laser did not affect the trapped
atoms for this experiment (aside from trap-loss collisions).
When any of these tests failed, the data were discarded.
First, with the video camera we monitored the position
of the cloud to make sure it did not change when the
catalysis laser was blocked or unblocked. Second, we
monitored the fluoreacence from the trapped atoms as
the catalysis laser was blocked or unblocked. If a rapid
(millisecond} change in the fluorescence was observed,
this was taken as evidence that the catalysis laser was
causing significant (and unwanted) optical pumping of
the atoms. This effect could sometimes be observed even
though no motion of the cloud of atoms was evident.
Third, using the video signal from the camera, we moni-
tored the distribution of the atoms in the trap. . Some-
times the distribution of the trapped atoms fluctuated
vigibly owing to the catalysis laser even though the overall
position of the cloud did not change. Finally, because it is
conceivable that the catalysis laser might affect the load-
ing rate without affecting the trapped atoms, we checked
for possible variations in the loading rate by studying the
rate at which atoms were captured into an initially empty
trap with and without the catalysis laser in the trap. Be-
cause the solution of Eq, (4) at small ¢ is N(¢)} = Lt, the
slope of the number of atoms versus time does not depend
on the presence of the catalysis laser unless the catalysis
laser is affecting L. ‘

Although the role of the catalysis laser is to cause
collisions without affecting the trapped atoms, it is possi-
ble that the catalysis-laser-produced collision rates are
affected by the presence of the trapping light. This
effect might arise, for example, by the trapping laser
affecting the flux of colliding atoms, by optical pump-
ing, or by ac Stark shifts. We expect that the optical
pumping and flux-changing effects will principally af-
fect the magnitudes of the measured rates and not the
shapes of the spectra because the trapping lasers in.
teract with the atoms at larger intératomic separations
than does the catalysis laser. Therefore, these-effects
should be independent of the catalysis-laser detuning.
The ac Stark shifts are only a few megahertz and so
should not have any marked effect on the much broader
features studied here.. We do not believe that any -of
the above effects are important for the data that we
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present, as evidenced by the reproducibility of our ab-
solute rate measurements at the 30% level when the
trapping laser intensity and frequency are changed (see
Section 5).

The measured trap-loss spectra are shown in Fig, 4,
and their significance is discussed in Section 2. In Fig. 4
we have placed the measurements on an absolute scale,
which requires a more detailed study of N versus ¢, as
described in Section 5.

5. ABSOLUTE CALIBRATION

In this section we discuss the determination of an ab-
solute scale for the measured rate coefficients. We do
this by measuring loading transients that obey Eq. (4).
Here, a critical issue is the inherent nonlinearity of the
term B [n?(r;N)d®r that represents the collisions be-
tween the trapped atoms. In particular, a complication
ariges because of radiation trapping, which forces the
density distribution n(x; N) to depend in general on the
number of atoms in the trap. This complication is why
other experiments®™!! have worked with small numbers
of atoms, typically N < 10%, where the absence of radia-
tion t{rapping effects means that the shape of the distri-
bution is independent of the number of atoms in the trap
and hence independent of time as the atoms are ejected
from the trap owing to collisions. However in our experi-
ment, with the number of trapped atoms in the cloud
exceeding 105, radiation trapping®?® causes the cloud to
expand, thus changing the shape of n(r). To extract the
collision rates by observing the number of atoms versus
time, we need to understand how the density distribution
changes with time or, equivalently, how the density distri-
bution depends on N. We will show that for N = 108, a
good approximation is to consider the density distribution
to be approximately spatially uniform, with a correction
to account for the smooth reduction of the density from
its maximum value to zero near the outer edge of the
trapped-atom cloud.

We base our analysis on the radiation trapping model
of Sesko et 0.2  When the number of atoms in an optical
trap is small, the atoms move independently of each other
and the spatial distribution of the atoms is determined by
the shape of the trapping force field and the temperature.
For a force proportional to displacement, F = —kr, the
distribution is n(r) = n(0)exp(—kr?/2T), where T is the
temperature and F and k are expressed in terms of tem-
perature units. When the number of atoms confined by
the trap is very large, the density distribution is domi-
nated by radiation trapping and is given by

[_3N 18
n(r) =1 Mmex TS\ (N
0 otherwise

In general, neither limiting case is appropriate, and it is
necessary to consider the intermediate regime in which
both - nonzero temperature and radiation trapping are
important. Figure 7 shows density distributions in the
intermediate regime. A convenient parameter for dis-
cussing this case is Ny, = 47 nn.x(T/k)*2, which is nearly
the number of atoms contained in a uniform sphere of ra-

dius (2T/k)2. As shown in Fig. 7, for N/N,, = 0.10 or
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Fig. 7. Theoretical density distributions of optically trapped
atom clouds for nonzero temperatures at various numbers of
trapped atoms. 7y is the radiation trapping limited density, T
is the temperature of the atom cloud, and % ig the spring constant
of the Zeeman trapping force; (2T/%)Y2 is roughly the radius of
the atom distribution when radiation trapping is not present.
The number of atoms in the trap required for radiation trapping
to begin to affect the atomic density distribution is approximately
Nyt = 47 nmax(T/E)2,

.more the density is limited to the value ng,., so we can
write n(;N) = Rpa g(r; N) with g(O;N) = 1. A typical
value for Amay is 2 X 10! cm™2, and (27'/k)"2 is typically
approximately 150 um, giving N = 3 X 105, For our
experiment N/N,; is typically 20.

Although the density of the atoms is limited by radia-
‘tion trapping to the value ny.;, we need to consider the
effect of temperature on the density distribution near the
edge of the cloud. This effect is important because
the collision rate B fn?(r;N)d%r preferentially weights
large r, where the nonzero temperature reduces the
dengity below np... To include this effect, we rewrite
Eq. (4) as

AN : fgz(r;N)d‘*r
S =L~ N =~ Brow N. (8)
[ grsmaer
The factor in parenthesis,
22(r; N)d®r
f(N)= =47 9
f g(r; N)dér

is a measure of the reduction of the collision rate owing
to the nonuniform density distribution that arises from
nonzero temperature. For T =0, f = 1.

In Fig. 8 we present model calculations of f(N) for
various values of N/N,. The dependence of f on N is
very weak, slower than logarithmic, approaching one only
for N/N,; => 1000. Because the dependence is so weak,
we can approximate f[N(¢)] as being independent of time
and rewrite Eq. (8) as

dN

S =L+ Brauf (NN, 10
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where N, = L/T and T’ = y + BRpyaxf (Vx). This equation
has transient solutions

N(#) = N[1 — exp(-T¥)] (11)

for when the initial condition is taken to be N{(0) = 0.
As Fig. 9 shows, Eq. (11) indeed fits the observed time
dependence. Because y and Bnmaxf (N.) are not inde-
pendently determined by a fit to Eq. (11), we use the
catalysis-laser technique to isolate the contribution of 8.
To do this we collect two transients, one with the ca-
talysis laser and one without, and the catalysis-laser con-
tribution Bcftmaxf (W) is the difference between the two
measured values of T'.

The approximation f(N) = f(N.) is even better than
suggested by Fig. 8 for two reasons. First, for small ¢
the transients depend only on the loading rate, N = L,
so the collision rate does not affect the transients at small
t. Second, the curvature of the transients, which deter-
mines I', is determined mainly by 0.5L/T < N < L/T,
and in this regime f varies by at most 10%. As an addi-
tional test of this approximation, we have also measured

1.0
0.8
0.6
£
=4
0.4
0.2
0.0 +rr— e ——r——
10 100 1000
N/N,

Fig. 8. Plot of the parameter f(N), which measures the de-
crease of the binary collision rate for an optically thick cloud
at finite temperature from the rate for zero temperature. The
number of atoms in the trap required for radiation trapping to
begin to affect the atomic density distribution is approximately
Nyt = 40 nmey(T/RP2. -

Fluorescence

. T 1 1 T 1
0 5 10 15 20 - 25
Elapsed Time (s)

Fig. 9. Fluorescence from the cloud of trapped atoms during
continual loading of atoms into the trap, with fits that use
Eq. (11). Trace a is the observed transient with no catalysis
laser present, and trace b shows the change produced by the
addition of the catalysis laser.
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Fig. 10. Catalysis-laser mtens:ty dependenoe for “Rb at-a de-
tuning of 300 MHz,
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transients for which the trap was allowed to fill without
the catalysis laser present, then the catalysis laser was
added, and the resulting transient was observed. - The
time constants measured in this way agreed te within bet-
ter than 10% than those obtained in the manner described
above. Alternatively, we can consider the fit of the expo-
nential function in Eq. (11) as a convenient approxima-
tion that obeys the rigorous limits N = L¢ for small ¢ and
N = L/T = L{[y + Blumssf (N=)] for large ¢.

To determine 8 from the value of Bnu..f(N«) as de-
duced from the transients, we need an absolute measure-
ment of the density distribution n(r). The distribution is
deduced from the CCD camera output, with an absolute
scale set by an absorption measurement. In analyzing
the data we have found a convenient parameterization
for the density distribution to be

M) = ¥ expltr — ro)/rn] 12

where r. is the radius at which the density falls to halfits
maximum value, and rp corresponds to the range of dis-
tances over which the density deviates from ngey. - This
functional form fits the calculated distributions of Fig. 7
and the observed distributions quite well.

The procedure to determine n(r) was to first determine
r. and rr by a fit of the output of the CCD camera to the
integral of Eq. (12) along the'line of sight. Then we used
the absorption measurement with a caleulated absorption
cross section to.determine np,.,. Typical measured densi-
ties were in the range of 1 X 10'° to 3 X 10'° cm=3. Using
the distribution, we calculated f(N.) from Eg, (9). We
checked this procedure for internal consistency by tak-
ing data at various trap-laser detunings and intensities
and background Rb vapor pressures. The variation in
our results was found to be +30%, and the results were
reproducible over several months.

Because the absorption measurement is performed
with the trap on, a possible concern is the effect of
Raman wave-mixing processes®?® on the absorption sig-
nals, These effects are prominent when the probe-laser
and trapping-laser frequencies differ by ~1 MHz, How-
ever, because our probe used for absorption is split off
from the trapping laser; it has ‘precisely the same fre-
quency, and so we do not expect the Raman processes to

)90.-4.‘5»9-9!:»‘;0.*-
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be important. To check, we also measured the density by
using fluorescence (which is insensitive to these effects),
and the results agreed to within 50%, the estimated un-
certainty of the fluorescence measurement.

The measurement of the frequency dependence
(Section 4) assumed a linear dependence of B on the
catalysis-laser intensity. The assumed linearity was
checked in two ways.” First, the trap-loss rate was
measured from transients as described above at sev-
eral catalysis-laser intensities for a single detuning of
—300 MHz for ¥Rb, as shown in Fig. 10. Second, the
spectra were measured by the use of different catalysis-
laser intensities, and the shape was found to be the
same within experimental scatter. Because the method
for obtaining the spectra relies on a linear intensity

‘dependence;, finding that the shapes of the spectra

are independent of intensity i¢ equivalent to doing an
mtenslty dependence over the whole range of detunings.

6. CONCLUSIONS

We have measured trap-loss spectra for %Rb and ¥Rb
atoms. The spectra reveal information concerning the
dynamics of the trap-loss collisions that canmot be
obtained by a simple measurement of the trap-loss rate
due t0 the trapping lasers. In particular we have demon-
strated the strong effects that the excited-state hyperfine
interaction lias on the collision dynamics. The catalysis-
laser technique used here should be applicable to: a
wide variety ‘of other excited-state collision processes.
In particular experimeéents on associative ionization (for
Na) or energy pooling would benefit ﬁ'om using two ca-
talysm lasers 28
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