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Observation of flux enhancement in collisions between ultracold atoms
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We have observed a significant cooperative effect in ultracold trap loss collisions induced by two separate
lasers. One laser, tuned close to the atomic resonance, excites the atom pair to an attractive potential at long
range. The resulting acceleration and deflection give rise to an enhancement in the collisional flux of ground-
state atoms reaching short range, as probed by a second laser. Enhancements up to a~f&toavaf been
observed. This indicates that the atomic pair-distribution function can be significantly distorted in a typical
laser trap environmenfS1050-29406)51311-9

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

Recent experiments in ultracold collisions have revealed anore quickly, resulting in reduced excitation. Therefore, at
variety of novel effect§1-3]. At these extremely low tem- small detuningslarge R) there are many initially excited
peraturege.g., T<1 mK), the atomic motion can be signifi- atom pairs, but their survival to short range is poor, while at
cantly affected by the long-range interatomic potentials. Fotarge detuninggsmall R) there are fewer excited pairs, but
example, in a collision between a ground-state atom and their survival is greatly improved.
laser-excited atom, the energy associated with the resonant In the present work, we demonstrate a cooperative effect
dipole interaction can overwhelm the thermal energy, everetween collisions induced by two lasers, as shown in Fig. 1.
for internuclear separatiol®>100 nm. This high ratio of The first laser(e.g., the trap lasgrtuned close to the atomic
potential to kinetic energy has been used successfully to supesonance, excites a large number of atom pairs and causes
press inelastic collisions by exciting the atom pair to a repul-significant acceleration and deflection before spontaneous
sive potentia[4—8]. This shielding prevents the atoms from emission intervenes. The secofobe laser, tuned well
approaching closely enough for the inelastic process to odselow the atomic resonance, intercepts this enhanced flux
cur. In the present work, we demonstrate the opposite praand reexcites it, resulting in a short-range inelastic trap loss
cess: long-range laser excitation of an atom pair to an attragrocess. With only the first laser present, significant flux
tive potential, which results in a significa@ip to a factor of reaches short range, but the atoms arrive predominantly in
~3) enhancement in the collisional flux at short range, ashe ground state, so trap loss does not occur. If only the
probed by a separate laser. In general, experimental measusecond laser is present, less flux arrives at short range, but
ments of ultracold collisional processésg., photoassocia- the excited fraction is higher. The signature of the coopera-
tion) are sensitive to the atomic pair-distribution function tive effect is a collisional loss rate with both lasers present
and, if performed in the environment of a typical laser trap,
may be influenced by this flux enhancement.

The salient features of ultracold laser-induced trap loss  f-------------------~ - -~ 5S5+5P
collisions can be understood from the Gallagher-Pritchard
model [9,10]. As two ground-state atoms approach in the / A
presence of laser ligtifrequencyw) tuned below the atomic
resonancéfrequencyw), the atom pair can be excited to an
attractive molecular potential as shown in Fig. 1. If the laser
detuningA = w — wg is negative, the attractive dipole-dipole
potential U= —C3;R™ 3 is resonant at the Condon point
R=(—C3/%A)Y3 Once excited, the initially slow atoms ac-
celerate towards each other, gaining kinetic energy. Since the
excited state has a finite lifetime, it can decay before the
atoms reach short range, effectively terminating the collision.
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This survival of the excitation from long range, where it is k 7 T 1 25435
created, to short range, where an inelastic process leadingto  °! oo %0 100 » 190 R (Z;Om)
trap loss(e.g., a fine-structure changeccurs, is a crucial Ri R, R.

factor in the rate of trap loss collisions. Obviously, larger

detunings result in better survival because the excitation 0C- 5 1 schematic of the flux enhancement effect. The atom pair
curs at smalleR where the acceleration is larger. However, 5pnraches on the ground-state potential and is first excited by the
there are other competing factors. At large detunifsgsall  ap |aser aR, . Acceleration and deflection occur before spontane-
R) the number of available atom paiiis a spherical shell of ~ ys emission returns the atom pair to the ground state. Reexcitation
thicknessdR) is significantly reduced by the phase-spacepy the probe laser takes placeRy followed by further accelera-
factor 47R?dR. Also, because the potential becomes steepetion. Excited atoms that reach the inelastic radRigesult in trap

at smallerR, an atom pair passes through the Condon pointoss.
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atom reachR;=7 nm, the radius at which we assume the
inelastic process$involving an excited atomoccurs. In Fig.
2(b) pee is plotted as a function oR for the case of both
lasers present. When trajectories over a wide range of impact
parameters are analyzed, the general features discussed
above become evident. With the trap laser only, a large num-
ber of trajectories are initially excited neldy and experience
significant acceleration and deflection. However, their exci-
tation decays away before reaching short rafigd. With
: - the probe laser only, a smaller number of trajectories are
50 100 150 affected, but survival of their excitatioicreated neaR,) is
greatly improved. With both lasers present, there are several
&1 () trajectories[e.g., Fig. #a)], which would not have yielded
012 excitation at short range in the presence of either laser alone.
0.10 This is the signature of the cooperative effect: enhanced flux
0.08 caused by trap laser excitation is intercepted and guided to
short range by the probe laser. In terms of angular momen-
tum, we can think of the flux enhancement as helping the
004 atom pair overcome the long-range centrifugal barrier,
0.02 thereby allowing more partial waves to contribute.
. . , . In order to quantify the effect, we follow a large number
0 s0 RT(C;%) 150 200x10° of trajectories, labeled by, whose impact parameters are
separated byb=2.5 nm. The contribution of thgh trajec-
tory to the effective cross sectian is weighted by the cor-
FIG. 2. (a) Atomic trajectories in the presence of the trap laserresponding value op., at R;. The trap loss collision rate
alone(dashed ling the probe laser alor(gotted ling, and trap and  ¢onstant is then defined as
probe lasers togethésolid ling). The circles indicate the Condon
radii R;=140 nm ancR,=35 nm, where the trap and probe lasers )
are resonant with the attractive potential, and the inelastic radius B=voo=v0>, 5‘71:002_ pedR)27béb. (1)
R;=7 nm.(b) pee as a function oR for the solid curve ina). The J !
transit times forR— R, and R,—R; are 293 and 34 ns, respec-
tively. Parameters aret,=3.8 mWicn?, A,=—-T,=—-27(5.9
MHz), 1,=7.6 mW/cn?, Ap=—2m(400 MH2, vo=15 cm/s,
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Since we are interested in the additional probe-induced trap
loss rate caused by trap laser flux enhancement, we define an
enhancement factao:

b=70 nm.

that exceeds the sum of the loss rates due to each laser indi- _ Bip= Bt By

vidually. This effect is a purely mechanical one due to an n= By - B_p 2
enhanced flux of ground-state atoms. It is not a stepwise

excitation requiring the presence of both lasers. where B;, B,, Bi+p are the loss rates for trap laser only,

In order to gauge the magnitude of the cooperative effectprobe laser only, and trap and probe lasers together. Note
we have performed semiclassical simulations based on th@at if the contributions to the trap loss rate from the trap and
optical Bloch equation$11] (OBE’s). Three situations are probe lasers are independefiie., no cooperative effext
compared. In the first, only the trap lagén,|~I', where  then »=1. For the case shown in Fig. Af/2m=—400
I'a=2m(5.89 MH2 is the atomic decay rafes present; in  MHz), »=2.8. For a larger probe detuning,,/2w=—1
the second, only the “probe” lasef4,[>T',) is present; GHz, we find =4.5. This increase im with A | is due
and in the third, both lasers are present. A trajectory withprimarily to a reduced value @8, at larger detunings.
initial relative velocityv, and impact parametds is fol- The experiment is performed by comparing the collisional
lowed in the presence of excitation by the Idsgto a single  |oss rateg for ®Rb atoms when the trap and probe lasers are
attractive potential. This potential is taken to be thg, 0 present either simultaneously or separately. The magneto-
which has C;=1.1x10"% Jm® and a decay rate optical trap[14] (MOT) is loaded from a laser-slowed atomic
I'=4T'5/3 (Ref. [10]). Each Rabi rate is taken to be beam. When the loading is turned off, the number of atoms
Q=(3)"Y20,, whereQ =T A[1/(3.24 mW/cn?)]*?is the in the trap(measured by their fluorescendeegins to decay,
atomic Rabi rate andl is the laser intensity. The factor of in part due to ultracold inelastic trap loss collisions that eject
(3) Y2 is a result of directional averaging of the collision atoms at a ratdper atom of gn. Analysis of the decay
axis relative to the polarization axj42]. The internal state curve, together with absolute measurements of the trapped
of the atom evolves according to the OBE’s, while its trajec-atom densityn, determiness.
tory is determined by the attractive force weighted by the In order to compare loss rates for the two cadesp and
local excited-state fractiop,e. probe together vs trap and probe separately appliee

In Fig. 2(@) we compare sample trajectories for the threechop the two lasers with a 50% duty cycle at a frequency of
cases: trap laser only, probe laser only, and both lasers t& kHz. When the two lasers are chopped in phase, the trap
gether. The impact parameter chosen clearly displays the cend probe are present simultaneously, and the cooperative
operative effect. Only in the presence of both lasers does theffect due to flux enhancement is expected. When the two
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lasers are chopped out of phdge., alternated in time their
contributions to the loss rate will simply add. Since we make
our comparison by changing only the phase of the chopping, 104
systematic uncertaintié®.g., trap volumgin measuringg | s
cancel when we look at the ratio. >

The MOT is operated at a total trap intensfgum of all
six beamy 1,=3.8 mW/cn? and a detuning A=
—I'p=27(—5.9 MH2 relative to the 5;,(F=3) N
—5Pg(F'=4) transition at 780 nm. The spatially filtered 0.2 - 8
diode laser beams are Gaussian with & Hiameter of 6.3 s
mm. A pair of coils with opposing currents produces an axial 0 2 4 6 8
magnetic field gradient of 4.8 G/cm. From previous time-of- Probe Intensity (mW/cm’)
flight measurement§l5], the temperature is known to be
~50 uK (vo~15 cm/9 under these conditions. A repump-  FIG. 3. Collisional loss rate8 vs probe laser intensity, for
ing laser, which is on continuously, is tuned to the A,=—2w(400 MH2. The open symbols indicalg,, i.e., the trap
5S,,,(F=2)—5P3,(F'=3) transition and prevents optical and probe alternated out of phase, while the closed symbols indicate
pumping into the lowerE = 2) hyperfine level of the ground By ie., thfa t_rap an_d probe alternated in phase. The ratio of slopes of
state. These operating conditions of the trap are chosen #€ bestfit lines given an enhancement facjer1.4.
order to minimize the collisional loss rafg . The intensity L .
is above that necessary to recapture products of ground-state 1'€ enhancement is independent of the chopping fre-
hyperfine-changingAF) collisions and low enough to mini- quency over the range .1'7_10.0 KHz. Bel_ow 1'7. k.HZ' the
mize contributions from ground-excited collisiofss]. We enhancement factor begins to rise. We believe this is due to

. - ballistic expansion(and therefore lower densijtyof the
note that the low-temperature suppression eff&@f is par- . ; o
; ; _ “13 .3 trapped cloud during the trap-off period. This is supported by
gglly responsible for the low value qf;=2.5<10 ™ cm the fact that the time-averaged volume of the trapped cloud

The probe [aser is combined with the rap lamtore the 820 R8T 6 BREE T e PUES TRICAEEn I
spatial filtep and is therefore identical to it with regard to 9

geometry, beam size, and polarization. The two lasers ar%vilr{clonsga[le'g";jgo 2?1 Itrr:'gltgrhga;]éa(l)gr chopping fre-
chopped with acousto-optic modulators. We are careful gfuency Is alway W IS 1l '

: In conclusion, we have observed a cooperative effect in
keep the probe laser detuning large enogbhp|>27-r(300 T ;
MHz)] and its intensity low enoughl {=8 mW/cn?) to trap loss collisions induced by two lasers, one tuned slightly

avoid perturbing the trap. This is verified by measuring thebeIOW the atomic resonanée.g.,A= —I',— excitation oc-

volume (and position of the trapped cloud, as well as its curs atR,= 140 nm and the other tuned much farther below

fluorescence, in the presence and absence of the probe las&SOnancee.g., A= —68l ,— excitation occurs aR, =35
The collisional loss rate is measured for three situationspm)' The first excitation deflects and accglerateg the incom-

First, the probe laser is blocked and the loss rate due to th89 atom, but spontaneous Qed@pfore an inelastic process

(chopped trap laser alone is measured. This yiels Then can occuy results in a relatively small loss rate caused by

ot he ap and probe lasersare applie, ut aemate 5254 2200 A0, Howeuer, = Erect o e eiecoes
time. This yieldsg,+8,. Since the two lasers are tempo- 9 Y

rally separated, the contribution due to the probe laser alongggc:?]gr:g;t?tsvgtﬁgfetgg;:rvae\éagiﬁfnLc;rrfgr?t';aﬂo':obg Fgc?tor
is Bp=(Bi+Bp) —PBi- Finally, both lasers are applied, ' b

chopped in phase in order to be present simultaneously. Th%; |~3' Semh|cla53|cal tsmula:lor:js tpr?d'Ct :chtﬁ observed trend

yields B;,,. The enhancedoy the trap laserrate of colli- of larger enhancements as the detuning of the sequiote

sions caused by the probe ladent including those colli-

sions caused by the trap itsei§ B,= B, ,— B;. For a fixed

probe detuning, we measuyg, and EF’J at various probe 3.0 {

intensities and verify the expected linear dependence, an ex-

ample of which is shown in Fig. 3. For this particular ex-

ample, the enhancement factp{Eq. (2)] is ~1.4. 2.0 {
We presenty as a function of probe detuning, in Fig. - {

4. A maximum enhancement af~ 3 is observed at the larg- 7 }

est detuningl GHz). We are unable to measugy reliably P

for |Ay|/2m>1 GHz because of our limited probe intensity.

Although the trend of increasing with increasing|A | is 0351

reproduced in the simulations, measured values are signifi-

cantly smaller than results of the simulations. This is not 1000 800 600 400 200 0

surprising in light of the simplicity of our moddil.e., clas- Probe Detuning (MHz)

sical trajectory, single attractive potential, no hyperfine struc-

ture) and shortcomings of the OBE method at low energies FIG. 4. Enhancement factar vs probe laser detuningy, . Error

due to ambiguities in the trajectoris8—20Q. bars represent statistical uncertainties.
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laser is increased. Our measurements indicate that these ebntext, the effect may actually prove beneficial, resulting in

fects must be considered in any ultracold collision experiincreased rates of molecule formation at short range. Finally,
ment using a separate probe “catalysis”) laser to inves- We note that this flux enhancement induces nontrivial density
tigate the collision dynamid21—25. If the trapping laser is ~ correlations9]. At high densities, such effects may become

on simultaneously, its enhancement of the collisional fluxVery significant.

may significantly alter the measurements. Since the en- \e acknowledge A. Kumarakrishnan for developing the
hanced flux resides in the ground-state, inelastic ground-stat&mputer codes used in the numerical simulations. This work
collisions (e.g., hyperfine-changing collisioni46] or ioniz-  was supported in part by the Division of Chemical Sciences,
ing collisions of metastable rare gag&7]) may be simi-  Office of Basic Energy Sciences, Office of Energy Research,
larly affected. This point also applies to photoassociativel.S. Department of Energy. V.S.-V. acknowledges financial
spectroscopy experiments using ultracold atg@. In this  support from the CONACYT and the INAOBMexico).
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