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Trap-loss collisions of ®Rb and 8’Rb: Dependence on trap parameters
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We report on measurements of trap-loss collisions between ultracold Rb atoms that are confined in a
magneto-optical trap. Both isotope®Rb and 8’Rb, have been studied over a wide range of trap laser
intensities and detunings. The trap-loss collisional rate constant exhibits variations over three orders of mag-
nitude. At low intensities and/or large detunings, the trap loss is dominated by ground-state hyperfine-changing
collisions, while at high intensities and small detunings, collisions involving excited atoms are more important.
We see significant differences between the isotopes in both regimes. At large detunings, the ability of the trap
to recapture products of a hyperfine-changing collision is significantly diminished. This finding is supported by
our numerical simulations of the recapture process. The trap loss rates due to collisions with room-temperature
background gas have also been measured. A surprisingly large increase in this rate is seen when the confining
power of the trap is reducefiS1050-294®7)10011-7

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

[. INTRODUCTION Previous work has investigated TLC in various atomic
systems: L{13-15, Na[16-18§, K [19], Rb[20,2]], and Cs
Collisions between laser-cooled atoms have become &Y]. For atoms with relatively large ground-state hyperfine
important area of investigation in atomic and molecularsplittings (Na,Rb,C$, the following behavior has been ob-
physics[1-6]. At submillikelvin temperatures, long-range served. At low trap laser intensities, the trap is sufficiently
potentials dominate the collision dynamics. This fact,weak that inelastic ground-state hyperfine-changing-)
coupled with the low collision velocities, results in greatly collisions can result in the ejection of both colliding atoms
increased time and length scales for the collisions. The infrom the trap. As the trap intensity is increased, the trap
tense interest in these ultracold collisions stems not onlppecomes deep enough to retain these atoms and the TLC rate
from these novel features, but also from their importance irgoes down. At the same time, the higher intensity causes a
applications of laser-cooled atongs.g., atomic clocks and greater atomic excitation, which in turn results in an in-
Bose-Einstein condensatipnSince most of these applica- creased trap-loss rate due to collisions involving excited-
tions require high densities and low temperatures, collisionastate atoms. These inelastic collisions are due to either a
interactions between the cold atoms can be a limiting mechdine-structure changeA(J) in the excited atom or radiative
nism. Hence, a thorough understanding of these processesdscapgRE) in which the excited atom pair emits a less en-
important. ergetic photon(at short range than it absorbedat long
In this work, we concentrate on trap-loss collisionsrange, converting the difference into kinetic energy. Be-
(TLC), i.e., collisions that lead to ejection from the magneto-cause of these ground-excited collisions, the TLC rate
optical trap that confines the atoms. We also restrict ourfeaches a minimum when theF loss channel is turned off
selves to collisions that occur under the influence of the tragnd starts to rise again as the intensity is increased. The case
environment. We do not consider collisions induced by aof Li [13—15 is somewhat unique because of the relatively
separate laser. Such “catalysis” laser experimdms12]  small energy associated with&J collision. ThisAJ loss
provide much useful information, especially for relatively channel is similar to th&AF channel in the heavier alkalis in
large detunings from the atomic resonance. However, thethat it can be turned off by making a deep enough trap. In K,
do not yield insight into collisions that are important for the ground-state hyperfine splitting is so small th& col-
typical operating conditions of laser traps. Collisions due tdisions would be difficult to observe.
the trap itself are more difficult to understand fully because In atoms with more than one available isotope, significant
many relevant parameter@.g., temperature, excited-state isotopic differences have been observed 8iRb and 8’Rb
fraction, trap depthchange as the trap parameters are varied.20], the TLC rates exhibit a dramatic isotopic dependence at
On the other hand, careful investigations can yield informaboth low intensities, wherd F collisions dominate, and at
tion not only about the collisions themselves, but also abouhigher intensities, where ground-excited collisions are more
properties of the trap. As an example, in the present work wémportant. These findings have been explained in terms of
show that for our conditions, the confining power of the trapthe different hyperfine structures of the ground and excited
degrades rapidly as the trap detuning is increased. states, respectively. Striking isotopic differences in ground-
excited TLC have also been seen §hi and “Li [22] and
3K and 4K [19].
*Present address: Instituto Nacional de Astrofisica, Optica y Elec- Most experiments employ a magneto-optical &3]

tronica, Tonanzintla, Puebla 72840, Mexico. (MOT) operating close to resonangeithin one or two natu-
"Present address: Rome Laboratory, Hanscom Air Force Baseal linewidthg because this optimizes the capture efficiency
Bedford, MA 01731. [24]. Therefore, most collisional investigations, with the ex-
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ceptions of Li[14,15 and K[19], have been restricted to this fixed at =10 mW/cnt and its frequency is modulated by
regime of small detunings. However, larger detunings are of-40 MHz at a rate of 1.6 kHz in order to facilitate long-term
interest because a reduced spontaneous emission rate canffequency stabilization.
sult in lower temperatures and higher densifi2s,26. In The trap is situated in a UHV environmentP (
this work, we present results for TLC for both isotopes of Rb~10"%° torr) and loaded with an atomic Rb beam that is
(®*Rb and *"Rb) over a wide range of trap laser intensities slowed by counterpropagating and frequency-chirped diode
and detunings. This extends our previous work to larger demser light. We operate at sufficiently low trapped atom den-
tunings and shows that the confining power of the trap, asities that radiation trapping effecf&8] are negligible, re-
measured by its ability to recapture products okl colli-  sulting in a constant volume throughout the decay. The
sion, degrades rather quickly as the detuning is increaseghaximum initial densitynumbey of trapped atoms used is
We are also able to gain some information on the rate ofypically 3x 10° cm™2 (5x 10°) for a trap detuning\=—1I"
ground-excited collisions under different trap conditions.and intensityl ~40 mW/cnf. At larger detunings and lower
This paper is organized as follows. In Sec. Il, we describe thgntensities (e.g., A=—4I' and I~5 mWi/cn?), the smaller
experiment. In Sec. lll, the measurements of the TLC rategxcited-state fraction allows larger densitiege.g.,
are presented. Numerical simulations of the trap confining 0! cm=3) and numberge.g., 5<10% to be used before
power and their comparison to experiment are discussed ifxdiative repulsion becomes significant. For measurements
Sec. IV. In Sec. V, we present and discuss the trap loss rateﬁvoh/ing a weak trar(i_e_' |arge detuning and low intensjty
due to background gas collisions. Section VI is a summaryit js neccessary to use an additional overlapping tfapned
with a separate lasgto assist in the initial loading of the
IIl. EXPERIMENT trap. o .
Determinations of the TLC rate constgBitrequire mea-

The trap-loss collisional rate consta@tis measured by surements of the absolute atomic density. The number of
monitoring the time evolution of the number of trapped at-trapped atoms is measured by combining the signal from a
oms [20]. Inelastic collisions between trapped atoms at acalibrated fluorescence collection and detec{iBMT) sys-
densityn lead to ejection from the trap at a rdfger atom of ~ tem with the atomic excited-state fraction determined by
An. In addition, cold atoms are lost from the trap at a ratephotoionization[29]. The effective volume of the trapped
(per atom of y due to collisions with room-temperature cloud is determined by analyzing the image obtained with a
background gas. A measurement consists of loading the tragharge-coupled devid€CD) camera. The clouds are Gauss-
with an initial number of atoms, turning off the loading, and ian in shape with ¥ diameters ranging from 120 to 266n.
measuring the temporal decay of the trapped sample. CarefRelative values of3 can be considered accurate at the 20%
fitting of this decay curve, coupled with measurements of thdevel, as limited by uncertainties in trap volume. However,
absolute atomic density, yields the quantit@sand v. absolute values g8 are only known to within a factor of 2,

The trap is a magneto-optical tr§P3] realized by inter- due to uncertainties in the atomic number calibration.
secting three orthogonal pairs of counterpropagating laser
beams at the center of a quadrupole magnetic field. This
magnetic field is produced by oppositely directed currents in
a pair of parallel coils that are situated symmetrically about Measurements of the TLC rate constant for both isotopes
the trap center. For all the measurements reported here, tli€°Rb and®'Rb) are shown as a function of trap laser inten-
axial field gradient is set to 4.8 G/cm, resulting in a radialsity, and for several different trap laser detunings, in Fig. 1.
gradient of 2.4 G/cm. Additional sets of coils allow the The most striking feature is the tremendous variafiover
Earth’s magnetic field to be nulled. The trap laser beams arthree orders of magnituge 3. We will first discuss the data
derived from a linewidth-narrowed and frequency-stabilizedfor smaller detuningsA=—1I",—2I". The general trend is a
diode laser[27]. The laser light is transported through a large loss rate at low intensities, which decreases rapidly as
polarization-maintaining single-mode optical fiber in order tothe intensity is increased. We interpret this behavior as fol-
spatially filter the light and ensure alignment stability. Threelows. At low intensity, the atoms are predominantly in the
equal-intensity beams are derived from the fiber output anground stateupper hyperfine levgland the effective trap
retroreflected to produce the MOT. Each pair is oppositelydepth is very small. Thus the trap loss rate is dominated by
circularly polarized ¢*— o). Antireflection coatings are inelastic ground-state hyperfine-changingF) collisions.
used on all optics and windows in order to ensure balance@he energy(velocity) gained by eactf®Rb atom in such a
intensities and a trap that forms at the magnetic field zerocollision is 73 mK(3.78 m/s if only one atom changes its
The trap beams are Gaussian with @’1diameter of 6.3 value ofF (denoted X AF), and 146 mK(5.34 m/3 if both
mm. Total trap intensitiegsum of all six beams at the trap atoms change their value &f (denoted 2 AF). The corre-
centej up to | ~40 mWi/cn? are used. The trap laser detun- sponding values for®’Rb are 164 mK(5.60 m/3$ for
ing A, measured relative to the 780-nmSjH (F 1XAF and 328 mK(7.92 m/sg for 2X AF. As noted previ-
=Fmad—5Pap (F'=F/,) cycling transition, is varied be- ously[20] (for a detuning of~—1T), this difference in the
tween—1.0I' and—4.0I" (I'/27=5.9 MHz is the full width at  ground-state hyperfine structure betwe®Rb and 8'Rb is
half maximum natural linewidth For 8Rb, F,,,=3 and responsible for the isotopic variation fat low intensities.

F’ max=4, While for 8'Rb, F =2 andF’ ,,=3. In the present data, we see that the sharp decreageom

A separate free-running diode lagénewidth=30 MHz)  curs at a lower intensity foP°Rb than for 8’Rb (for both
overlaps the trap region and prevents optical pumping intdA=—1I" and —2I'), indicative of the smaller energy associ-
the lower hyperfine level of the ground state. Its intensity isated with the®Rb AF collisions. Another obvious feature is

lll. TRAP-LOSS COLLISION MEASUREMENTS
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(a) liding atoms ends up in the lower hyperfine level. We note
s o 5% 8 that properties of the trapped sample its@dfg., volume,
R o s excited-state fractionare unchanged for attenuations up to a
~ 10" N o o g $ s factor of 10. This is to be expected because optical pumping
; MY
t3

107

into the lower hyperfine leveby the trap laseris very slow
S 4 N \ o . g N dui ftto the large excited-state hyperfine s'pl_ittings of Rb.
er its sharp decreas@ reaches a minimum and then
starts to increase with intensity. The behavior in this regime
10 - o AeoT is complicated by a combination of several factors. As we
increase the trap laser intensity, the number of excited atoms,
and therefore the rate of ground-excited collisions, goes up.
However, properties of the trap also change. First, the tem-
perature of the trapped atoms rises with increasing intensity
[30]. In certain regimeglow temperature and small detun-
ing), we have seef21] a suppression of the ground-excited
. (b) collisional loss rate as the temperature is lowered. This is
because, at low collision velocities, the atomic excitation is
: 8 more likely to decay during the joumey from long range
(where it is createdto short rangdwhere the inelastic pro-
@ A B ) cess occuls Second, the trap gets deegee., it is able to
' N 3 confine more energetic atojnas we go to higher intensity.
L 101 4 A This latter factor is only important for RE because these
collisions impart a wide range of energies to the atoms. For a
N A A given trap depth, only those atoms gaining an energy greater
L, Rh than that depth will escape. All others will be recaptured.
‘s Therefore, as the trap depth increases, a smaller fraction of
T RE collisions will result in trap loss. More specifically, the
1 10 trap loss rate is predictg®] to scale with trap depth) as
R U6, This is not an issue foAJ collisions because they
Intensity (mW/cm") impart a well-defined energfl71 K) per atom that is large
compared to typical trap deptlis-1 K). Based on the simul-
taneous variation of excitatiowith possible saturation
dtemperature, and trap depth with trap laser intensity, and un-
certainties in the relative importance of RE aad colli-
sions, it is difficult to interpret the collisional trap-loss rate
that, for each isotope, the sharp decreasgsinccurs at a caused by trap laser excitation.
significantly higher intensity foA=—2I" than forA=—1T. At a detuningA=—1I', the general intensity dependence
This demonstrates that, for a given intensity, the trap depth i8f 8 for both isotopes is a relatively rapid increase over the
significantly less forA=—2T than forA=—1I". As we will  intensity range |, to ~4l,, where I,~2 mWi/cn?
see in Sec. IV, this is supported by our numerical simulation§~4 mW/cn?) is the intensity at whictg has its minimum
of the trap-loss process. value for 8Rb (8’Rb). We attribute this to the low-
Further evidence that the high values @fat low trap  temperature suppression effd@1] discussed above. Note
intensities are due tAF collisions is obtained by looking at that in the range arourid=10 mWi/cn?, we see the isotopic
the effect of the repumping laser. Obviously, afteA& difference previously observé@0], i.e., 8 for ®Rb is larger
collision, at least one of the atoms ends up in the lowethan that for®’Rb by a factor of~3. At higher intensities
hyperfine level. In order for the trap to recapture this atom, it(i.e., above~15 mW/cnf), 8 becomes relatively indepen-
must first be optically pumped back into the upper hyperfinedent of both intensity and isotope, assuming a value of
level. The longer this repumping takes, the further this fast~2x10 2 cm 3s™%. We do not have an explanation for
atom will move before feeling the force of the trap laser; e.g. this behavior. As discussed above, the detuning and intensity
if repumping takes 10Qus following a 8’Rb 2x AF colli- dependences are not easily interpreted in this regime because
sion, the atom will trave~0.8 mm away from the trap cen- the trap laser is not only causing the collisions, but also
ter without experiencing any opposing force. Since the# 1/ determining the properties of the trapped sample and
radius of the trap beams is only3.2 mm, this free flight whether or not collision products escape.
will significantly facilitate the atom’s escape. In the experi- For a detuning oiA=—2I", we do not see a pronounced
ment, we can lengthen the repumping time by attenuating theinimum in 8 as we do forA=—1I". The AF collisions
repumping laser. Setting the trap laser detuningat—1I'  dominateB out to much higher intensities due to the reduced
andl =2 mW/cm ? for 'Rb[i.e., on the sharply decreasing confining power of the trap at this larger detuning. After its
region of the curve in Fig.(b)], we look for a change igas  initial decreasdi.e., at intensities above that neccessary for
we reduce the intensity of the repumping laser. We see noomplete recapture akF collision producty B appears to
effect for attenuations up to a factor of 4, at which pagtht rise slowly, taking on values similar to those fve=—11I" in
increases sharply. This indicates that at least one of the cothis regime. We note that the curves for the two isotopes
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FIG. 1. Trap loss collisional rat@ vs total trap laser intensity
for (a) ®Rb and(b) ®'Rb. Different trap detunings are denoted by
different symbols. The axial magnetic field gradient is 4.8 G/cm an
the beam size is 6.3 mitl/e? diamete).
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appear to cross as they do fa=—1I". At low intensities, beams along, y, andz), the Gaussian intensity profiles of
where AF collisions dominate,8g;> Bgs, While at higher the laser beams, the spatially dependent magnetic field, the
intensities, ground-excited collisions are the major contribumultistate nature of the atom, and the nonlinear dependence
tor andBg;<<Bgs. The latter situation is consistent with pre- of the force on velocity(for fast atom$ and position(for
vious findings thatBg;<Bgs for ground-excited collisions |arge displacementsTherefore, we have performed numeri-
induced by a separate ladé,10] detuned by less than the cal simulations that take these various factors into account.
excited-state hyperfine splitting. This behavior has been exthese simulations are similar to those used recently to ex-
plained in terms of the effects of the isotopic difference ingmine the roles oAJ and RE collisions in L{15].
the excited-state hyperfine structygd,12. To simulate an inelastic collision, an atom is released
At the larger detuninggA=—3I" and —4I), the trap-loss  from the center of the trap with an initial speed and direction.
rates are very high for both isotopes over almost the entirghe radiative forces are then allowed to act on the atom and
range of intensities. We attribute this to the rapid deteriorathe trajectory is followed to determine whether it escapes.
tion of the trap’s ability to recapture products ofd& col-  we include the quadrupole nature of the magnetic field,
lision as the detuning is increased. This is supported by thenaracterized by an axial field gradidnt 9B, /Jz (typically
simulations discussed in the fOIIOWing section. EGF—SF, 4.8 G/CTT) We also account for the Gaussian intensity pro-
the data do show a decreasefivith increasing intensity at  fijles of the 6 laser beams, characterized by thesf tam-
fche highest intensities. Once again, the curves for the tw@ter A, (typically 6.5 mn). The trap laser is near resonance
isotopes appear to cross as they dofer—1I" and —2I. with the 5Sy,(F = Fna)—5Pso(F' =F'ma) cycling transi-
We have strong additional evidence, based on the effecigon and quite far from resonance with any other transitions,
of superimposing another MOT, that the large valueBat  yesyiting in negligible excitation to levels other thEfmay
the larger detunings are primarily dueAd- collisions. First,  (gng subsequent optical pumping irfe: F 5. Since opti-
we measures for ®*Rb atA=—4l and1=30 mWicnf.  cal pumping is unlikely(and quickly corrected by the re-

Then we superimpose another MOT witt=—1I' and | pumping lase, the simulation is restricted to the cycling
=2 mWi/cn? and measurgg again. This second MOT is ca- transition.
pable of recapturing products of &F collision [see Fig. The simulations utilize rate equations to calculate the lo-

1(a)], so we would expegs to be reduced significantly when ca| steady-state populations of the various magnetic sublev-
it is present. This is exactly what we observe. The secong|s me and mg, . The quantization axis is taken to be the
MOT reducesB by ~80%, indicating that the majority of the ' djrection of the local magnetic field. Each laser beam is then
captured by the second MOT. The residgahay be due to  axjs and the excitation rates for eaoh—mg, transition
ground-excited collisions caused by the=—4I" MOT. _from each beam are calculated, accounting for the strength
~ One trend of the complete data set is somewhat surprissng zeeman shift for each transition, and the Doppler shift
ing. For a given detuning, we would expect the valueBat  for each beam. Saturation is included by accounting for the
the lowest intensitieéwhere the excited-state fraction is very iotal stimulated rateabsorption and stimulated emissjon
low) to be limited by the total rate of ground-stalé- col-  gue to all 6 beams. The steady-state solution of the rate equa
lisions (recall thatg is the collisionallossrate, not the col- tions (including absorption, stimulated emission, and sponta-
lisional ratg. Such a plateau, corresponding to a 100% esneous emissiongives the sublevel populations at that loca-
cape rate foAF collisions, is indeed seen in the data. It is tjon. The force from a given beam is then calculated as the
especially clear fof'Rb. However, the level of this plateau net absorptior(absorption minus stimulated emissjorate
seems to increase significantly as we go to larger detuninggom that beam times the momentum per photon. Note that
This is rather unexpected since the rate of ground-state cofhjs force is a time-averaged value and does not include the
lisions should be independent of detuning. One possible exeglatively small fluctuations caused by spontaneous emission.
planation is that the trap laser enhances the flux available f%|50, our Dopp|er Coo|ing treatment ignores Wave|ength-
these ground-state collisions. Such an enhancement has I€-ale po|arization gradients that are responsib|e for sub-
cently been observed for ground-excited collisions in RbDoppIer cooling mechanisni83,34). At the relatively high
[32]. initial velocities corresponding ta\F collisions, Doppler
cooling will dominate over sub-Doppler cooling. It is this
IV. NUMERICAL SIMULATIONS OF THE TRAP Dopple.r force at high velocity that plays the major role in
RECAPTURE PROCESS determm.lng whether the atom escapes or is recaptured.
The simulations proceed by fixing the parameters of the
As discussed in the preceding section, the ability of thetrap, and following a large number of trajectoriesg., 1000
trap to recapture products of &F collision depends criti- that have a fixed initial spee@orresponding to &F colli-
cally on the intensity and detuning of the trap laser. In gension) and are uniformly distributed in their initial direction.
eral, the radiative forces acting on an atom in a MOT areThis determines the escape fraction. The averaging over di-
dependent on both the atomic velocitya the Doppler shift  rection is very important because of anisotropies in the mag-
and the atomic positiofvia the Zeeman shift The former netic field(i.e., the axial gradient is twice the radial gradjent
dependence gives rise to a damping fofie small veloci- and the fact that the incident radiation is not spherically sym-
ties while the latter results in a restoring for¢fr small  metric. This latter fact, coupled with the nonlinear depen-
displacemenis The actual forces are rather complicated duedence of the force on velocity, causes the magnitude of the
to the three-dimensional aspects of the light fiéld., pairs  radiative force to depend on the direction of motion as well
of counterpropagating and oppositely circularly polarizedas the speed. Results of these simulations are shown in Fig.
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TABLE I. Comparisons of measured and simulated critical in-
A o *e ’o C’oo (a) tensitiesl ; (in mWi/cn?), defined according to 10% escape fraction,

A for various detunings and for the two isotopes. Blank entries were
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detuning dependence, and isotopic dependem@ecommon
to both. In order to make quantitative comparisons, we find
the values of trap intensity neccessary to recapture 90% of
the escaping atoms. According to this criterion, the trap
depth is defined by the energy that results in a l@%#ec-
tionally averageflescape fraction. From the data, this critical
PN m 0 intensity | . is determinedfor a given isotope and detunipg
L) S L RLLLL) DL LR | by first finding the maximum value ¢ at low intensity(i.e.,
1 . 10 100 the low intensity plateaul . is then the intensity at whicjg
Intensity (mW/em”) has fallen to 10% of its maximum value. Valuesl gfresult-

FIG. 2. Fraction of atoms escaping from the MOT as a functionIng from the experiment .an.d fr_om the Slm_ulatlons are com-
of total trap laser intensity fofa) ®Rb and(b) *'Rb. The three- pared in Table_l. _Unc_ertamtles in the experimental values are
dimensional numerical simulations assume initial velocities corre-dl‘Ie to uncertal_ntles in the level of the plateal_J as well as the
sponding to Z AF collisions:v =5.34 m/s for®Rb and 7.92 m/s ovgrall _scatter In t_he measurements. T_here IS alsel&%
for 8Rb. Different trap detunings are denoted by different Symbms_callbrgthn uncertainty in the measured intensity. OveraII', the
The axial field gradient is 4.8 G/cm and the beam size is 6.5 mnfluantitative agreement is seen to be reasonable. The simula-
(1/e? diametey. tions tend to underestimate the experimental valuels. 6

some degree. The measured detuning dependentg ief
2. Parameters are chosen to correspond to the experimematched quite well with that from the simulations, verifying
(assuming X AF collisions and the escape fraction is plot- the rapid deterioration of the confining power of the trap at
ted as a function of trap laser intensity for different detun-larger detunings. The isotopic difference is also in reasonable
ings. Several features are immediately obvious. First, for @greement with the measurements. For a given detuning, the
given detuning, the anisotropy of the trap manifests itself irratio of 1 .(8’Rb) to I (®*Rb) is seen to be-1.6 in both the
the finite slope of the curve. If the trap were isotropic, with asimulations and the measurements. The measured values for
single, well-defined trap depth, the escape fraction would\=—3I", however, do not seem to follow this trend. Finally,
drop suddenly from 1 to 0 when this trap depth matched thave note that X AF collisions were assumed in the simula-
fixed energy gained in the collision. The magnetic field an-tions shown in Fig. 2. If XAF collisions were assumed
isotropy is verified to contribute to the trap depth anisotropyinstead, the values df. would be significantly lower, mak-
by performing one-dimensional trap depth calculati(ais-  ing them somewhat inconsistent with the measured values.
cussed later in this sectipfior different magnetic-field gra- Although we cannot rule out contributions from both types
dients. Second, we see that for our relatively small beamgf collisions, our comparisons between data and simulations
the ability of the trap to recapture products of & &F col-  do indicate a significant presence okKAF collisions. This
lision degrades rapidly as we go to larger detunings, i.e., as consistent with recent measurements of trap démsing
larger detunings, a larger intensity is required for recapturetepulsive trap-loss collisions which demonstrate that for
Finally, in comparing the two isotopes, we see that for aconditions whereBgs is minimized[see Fig. 13)], the trap is
given detuning®’Rb requires a higher intensity for recapture sufficiently deep to confine products of ax2F collision
than does™Rb. This is due to the larger ground-state hyper-{35].
fine splitting, and therefore higher initial velocity, 8fRb. An important result that emerges from these simulations
Our simulations indicate that for a given initial energy, theis that under our conditions of relatively small laser beams
ability of the trap to recapture the two isotopes is similar. and magnetic-field gradients, the velocity-dependent damp-

Comparing the simulation&Fig. 2) to the data(Fig. 1), ing forces av) and the position-dependent restoring
we see that the three features discussed alfanisotropy, forces (—kz) both play a role in preventing the escape of an
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atom. The relative importance of these two forces changes 7 A =——A=IT O

throughout the trajectory. At the beginning, the atom has a 1 O weees A=-2T
O -am A=—4T" o gansaasssInIIIees,

s

large velocity and is located near the trap center. Obviously,
the damping force dominates here. Away from the trap cen-
ter, the velocity(and thus the damping forces reduced,
while the Zeeman shiftand thus the restoring forgés in-
creased. In the Doppler cooling picture, the force as a func-
tion of velocity is linear near zero with a sloje «) that is
proportional to intensity. The force maximizes when the
Doppler shift matches the detuning, and then decreases for
higher velocity. If we have a fixed distaneg,,, to stop the §
atom(determined by the laser beam sizad the velocity is e
restricted to the region where the force is linear, the trap 0.1 1 10

depth is given byU=(a22r2na>)/2m, wherem is the atomic

mass. Sincex is proportional to intensityfor intensities low

enough that saturation is not importgnive see that the trap

depth should be proportional to the square of the intensity. 1
This is in contrast to the case where position dependence

1 1 IIIIIII

Trap depth (K)

(=4

<>

et
]

Intensity per beam (mW/cmZ)

- |

-

dominates. Thet) = (kZ2,,,)/2, and sincé is proportional to g ]

intensity (again ignoring saturationwe would expect a trap = T

depth proportional to intensity. We have performed simula- 2 ]

tions where we fix the intensity and vary the initial velocity ': 0.1

in order to determine the trap depitiefined by 10% escape s 3

fraction). Plotting the trap depth as a function of intensity in = .

Fig. 3(a), we see a power-law dependence for low intensities i

with an exponent betweenl1.6 (for A=—1I") and~1.4 (for §

A=—4I"). These values are obviously between 1.0, expected 0.01-—, T -f-m, L L) e e o
for a pure restoring force, and 2.0, expected for a pure damp- 0.1 1 10

ing force. At the higher intensitie.e., larger trap depths
and therefore higher initial velocitigsthe slope is reduced
by a combination of saturation and the deviation from linear- F|G. 3. (a) Dependence of'Rb trap depth on trap laser intensity
ity of the velocity-dependent force. To further demonstratefor different detunings. The points are the results of the three-
the importance of the restoring force, we have decreased thfimensional simulation$10% escape fractiorwith a beam size
axial magnetic field gradient from 4.8 to 2.4 G/¢far 8Rb,  (1/e? diametey of 6.5 mm, while the continuous curves are the
A=-2I", I=8 mW/cn?) and seen that the trap depth de- results of the one-dimensional simulations with, =3 mm. The
creases from 0.27 to 0.13 K. If the trap depth were deteraxial magnetic field gradient is 4.8 G/cm for all cases. Note that the
mined solely by the velocity-dependent forces, it would notabcissa is intensity is per beam, i.gotal intensity/6 for three
change with the field gradient. dimensions. The energyper atom corresponding to a 2 AF col-

The dependence of the trap depth on detuning is mordsion for 87Rb is 328 mK.(b) One-dimensional simulations with
complicated. However, the rapid deterioration of the confinZmax=6 mm. Other parameters are as(&.
ing power of the trap at larger detunings can be understood
in terms of the Doppler shifts relative to the detuning. For aOur experiments have used a fix¢and relatively small
8Rb 2XxAF collision (v=>5.34 m/s), the initial Doppler beam size. If we had used larger beams, the critical intensi-
shifts range from 1.16 in the (1,0,0 direction to 0.6T in ties for recapturel() would have all been lowered signifi-
the (1,1,) direction. For a 8Rb 2xAF collision (v cantly.
=7.92 m/s), the corresponding Doppler shifts are I.a&d In our simulations, we have considered the escape of at-
0.99". Since these are on the order df,lwe see that a oms with a fixed initial velocity at the center of the MOT.
detuning ofA=—1I" will be more effective overall thar-2I"  This situation is closely related to the loading of a MOT by
in terms of exerting a large initial force. In addition, the capturing slow atoms from a room-temperature vajae.
damping coefficienfa) is much larger for the smaller detun- In the capture process, an atom enters the trap region with
ing. some initial velocity and must be prevented from leaving the

If the size of the laser beams is increased, keeping alfrap region in order to be captured. Obviously, the maximum
other parameters constant, the trap will rapidly becomevelocity that can be captured will always exceed the maxi-
deeper. For®’Rb, A=—2T", =8 mWi/cnf, expanding the mum velocity that can be recaptured because for cagtare
beam size from 6.5 to 10 mm, increases the trap depth fromapture, the force acts over the diameteadiug of the trap.
0.26 to 1.3 K. Since larger beams allow atoms to sampléhis ability to capture higher velocities, reinforced by the
larger magnetic fields, the relative importance of velocity-increased weight given to higher speeds in a Maxwell-
and position-dependent forces will be altered. In additionBoltzmann distribution, will result in an optimum detuning
larger beams can recapture faster atoms, whose Doppléor vapor cell capture that is somewhat larger than the opti-
shifts are better matched by larger detunings. Therefore, theaum value for recapture following an inelastic collision.
detuning that optimizes trap depth will depend on beam size. In order to more fully understand the intensity depen-

Intensity per beam (mW/cmz)



56 TRAP-LOSS COLLISIONS OF°Rb AND ®'Rb: . .. 4061

dence of the trap depth, we have looked at the simpler case V. LOSS RATES DUE TO COLLISIONS
of one dimensioi36]. An exact expression for the radiative WITH BACKGROUND GAS
force experienced by 3=0—J'=1 atom in counterpropa-

gatingo* — o~ laser beams has been derijed]: In the previous sections, we have concentrated on the loss

of atoms from the trap due to inelastic collisions with other
I'N cold trapped atoms. However, an elastic collision with a
F—ﬁkgay background gas molecul@t room temperatujewill also
eject a trapped atom if the energy transfer is sufficiently
where high. These two different loss mechanisfesld collisions
and background gas collisionare distinguished by the de-
N=87[1+472 2'_) pendence of their rates on trapped atom density. Cold colli-
| sions occur at a rat@n/2 (per atom proportional to the
) trapped density while vy, the rate(per atom of background
'_) gas collisions is proportional to the background gas density,
but independent of the density of trapped atoms. Fitting the
} temporal decay of trapped atom density allows us to separate

these two contributions.

A collision with a background gas molecule can transfer a
wide range of energies to the trapped atom, depending on the
interatomic potential, the impact parameter, the initial veloc-
ity, and the mass ratio. At long range, the energy transfer
will decrease with increasing impact parameter, so that for a

Q=[€>— »?1%+ 7%, given trap depthJ, we can calculate the maximum impact
parameteb,,,, that will result in ejection. The corresponding
kv up dB cross section for ejection is simpby= m(bn)° For a long-
n=—=+= -2 : —CrN (tuni _ : :
r "4l dz range potential/(r)=C,r " (typically n=6) and in the im-
pulse approximation, it can be shoW88] that o~U "
Here,5=A/T" is the dimensionless detuninigis the intensity ~ Therefore, as the trap depth is reduced, the background gas
per beam, | is the saturation intensity [I¢  collisional loss rate will slowly increase.
=(2mhcl)/(3\%)=3.24 mW/cn? for Rb], and ug is the The above discussion is completely classical and ignores
Bohr magneton. We have assumed a spatially varying maghe wave nature of the collision. For a sufficiently small scat-
netic field B=(dB/dz)z and ag factor of unity for thed  tering angle of the incident particlg.e., sufficiently small
=0—J'=1 transition. The positionz) and velocity ¢) energy transfgr it is well known [39,4Q that diffraction
dependence is contained i) the sum of the Doppler and becomes important and the classical treatment breaks down.
Zeeman shifts. Note that this expression is valid for arbitraryThis causes the differential cross secti@md therefore the
intensity and velocity. We calculate the trap depth for atotal cross sectiorto level off at a constant value, instead of
given z,,.« (Which corresponds to the size of the laser beamsdiverging, as the scattering angle goes to zero. However, this
by following atomic trajectories that start a=0. The trap transition from classical to diffractive scattering occurs at
depth isU=mu2/2, wherev, is the maximum initial veloc- energy transfers that are quite Ide.g., 14 mK for N col-
ity that can be stopped in the distanzg,,. The results of liding with Rb (C¢=297x10 % erg cnf, Ref.[41])] com-
such a calculation are shown in Fig§aBand 3b). In Fig.  pared to typical MOT depths. Therefore, we would expect to
3(a), we directly compare the results of the one-dimensionabe in the classical regime, where the loss rate is proportional
simulations with the more sophisticated three-dimensionalo U~ ™. Based on the discussion in Sec. IV, we expect the
ones. The behavior with respect to both intensity and deturtrap depth to vary between linearly and quadratically with
ing is seen to agree rather well, especially for the smaller traphe trap laser intensity. Therefore the loss rate should have
depths. We note, however, that this comparison is somewhat power-law dependence dnwith an exponent between
artificial because we have imposed a cutoff in the one-—1/n and —2/n, i.e., between-1/3 and—1/6 for n=6. If
dimensional simulations that is meant to correspond to théhe trap is shallower than expectgulitting us in the diffrac-
beam sizg1/e? radiug in the three-dimensional simulations. tive regime, then the loss rate should approach a constant
If the problem were truly one dimensional, there would be novalue.
cutoff. The relative loss ratey/y,, is plotted as a function of

We have also used the one-dimensional simulations ttrap intensity for both isotopes and several different detun-
examine the effects of beam size. The trap depth for a 6-mrings in Fig. 4. Herey, is the loss ratéwithin a given run for
cutoff is shown in Fig. &). These curves are to be compared ®®Rb at A=—1I" and 1=1.9 mWi/cnf. This “standard”
with the corresponding curves in Fig(a® where a 3-mm  value is used to normalize the loss rate because the pressure
cutoff is assumed. As can be seen, not only does the trais slightly different for each of the several runs needed to
depth increase significantly with beam size, but the depenebtain the complete data set. Typically;=0.01s* for a
dence on detuning also changes. At higher intensities, theressure of~10 °torr. As can be seen, there is a general
trap depth is optimized at a larger detuning for larger beam&end of increasingy as we go to smaller trap depthe.,
because of the better match of the higher initial Doppler shiflower trap intensity and/or larger detunjndt the largest
with the detuning. detuning, the loss rates for both isotopes are seen to increase

|
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trap [45], but in this case the enhanced loss may have been
due to optical pumping caused by scattered light.

A=IT

oce Qo
B
[I§
w2
=

VI. SUMMARY

We have investigated the dependence of Rb trap loss col-
lision rates on parameters of the MOT laser trap. In particu-
lar, we have varied the trap laser intensity and detuning and
found the following behavior. As we increase the intensity
(for a fixed detuning the loss rate decreases sharply as the
products ofAF collisions are recaptured with higher prob-
T L L L ability. As the detuning is increased, the intensity neccessary

1 10 for recapture also increases. These trends, as well as the ob-

served differences betwe&fRb and®'Rb, are in reasonable
agreement with results of numerical simulations of the recap-
(b) ture process. From these simulations, we conclude that, for
our conditions, both the velocity-dependent and the spatially
Rb dependent forces are important in the recapture process.
Q Above intensities high enough to recapturefai collisions,
the loss rate increases with intensity as a result of ground-
excited @-e) collisions. In general, the loss rate is higher for
8Rb (8°Rb) whenAF (g-e) collisions dominate. Finally,
we have examined the loss rate due to collisions with room-
temperature background gas. Weaker ti@gps, larger detun-
ings and smaller intensitigbave higher loss rates, as antici-
pated. However, the increase in the loss rate for the weakest
T T T T —T traps is much more significant than expected.

Yo

J
[ . d
L d
m
m

llllll

Intensity (mW/cmz)

L1 1.1

1 10 There has been significant recent effort directed towards
. 2 characterizing, understanding, and optimizing MOT's
Intensity (mW/em”) [43,24,30,25,26,36 The present work is a comprehensive

FIG. 4. Normalized background gas collisional loss ratg, vs StUdy- of the COI-“SIOnaI properties (.)f a MOT. AS.SUCh’ It
. . . 85 a7 0 contributes to this overall progress in both a practical sense
total trap laser intensity fot) “Rb and(b) “Rb. The different i.e., collisional loss and density limitationand a more fun-
symbols denote different detunings. The straight lines are best-f@‘ ! . . .
power laws to the data with slopes, in order of increasing detuning; amenta}l .sense'e" understanding ultracold collisions "."”d
(@ —0.12, —0.34, —0.53, —1.50: (b) —0.036, —0.48, —0.47, the confining power or d_epth of a !\/IQ.‘I‘I’hese results will
~1.12. be relevant to any application using a MOT to prepare a
laser-cooled sample. We should emphasize that our measure-
significantly as the laser intensity is lowered. At the smallesfents(@nd most of our simulatiop$iave been performed for
intensity, y exceedsy, by a factor of~40. This is rather & f|?<ed (_jlame_ter pf.the trap beams. If Iar_ger bgams are used,
unexpected in light of the above discussion. If there weréVhile still maintaining the central laser intensity, the influ-
significant Rb background vapor, ground-excited collisionsence of ground-state hyperfine-changing collisi¢hs main
(n=3) with background Rb atoms would eject trapped RbPTOCess studied herean be greatly reduc_ed. Also the gen-
atoms with an increased cross secfid8—44. However, we eral depe_nd(_ance of th(_e trap de_pth on various parameters will
have very little Rb background vapéas evidenced by the change significantly with the size of the laser beams.
absence of trap loading without the atomic b¢and the
Iosg ra_te i; Iarg_e_st _at the lowest .intensities, wherg the atomic ACKNOWLEDGMENTS
excitation is minimized. A possible explanation is that for
the weakest traps, there is some inherent loss mechanism thatThis work was supported in part by the Division of
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