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Ultracold Collisions Observed in Real Time
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In laser-induced collisions between ultracold atoms, the combination of low velocities and long-
range interactions results in collision times which can exceed the excited-state lifetime. We use a
cooperative effect between two lasers to explicitly observe this time dependence. The first laser, tuned
near resonance, excites the atom pair at long range and enhances the collisional flux available for
short-range excitation by a second, far-detuned laser. Using pulsed excitation, we find this collisional
process to take place on ™ ° s time scale, in reasonable agreement with trajectory simulations.
[S0031-9007(97)05219-8]

PACS numbers: 34.50.Rk, 32.80.Pj

The ability to follow microscopic systems in real time In the present Letter, we investigate the temporal
has become an increasingly important factor in providingevolution of collisions involving laser-excited ultracold
information on the system dynamics. Since the relevanatoms. This brings into play the extremely long-range
time scale is typically quite short (e.gs107'2s for  (R™3) resonant dipole interaction between ground- and
molecules), extremely fast probes (e.g., ultrafast lasergxcited-state atoms. At low temperatures, this potential
are usually required. However, with ultracold atomsenergy can greatly exceed the typical kinetic energy even
(e.0.,T < 1 mK), the time scale for interactions can be for internuclear separation® > 100 nm. Combining
much longer. Obviously, the low atomic velocity is one this extensive length scale with the low initial atomic
contributing factor. The other, less obvious aspect is theelocities (v ~ 10 cm/s), we find a collisional time
fact that extremely long-range interatomic potentials carscale in the10™®s range. This is to be contrasted
dominate the interactions between these nearly stationawith collisions at room temperatute < 10> m/s) where
atoms, leading to a greatly increased length scale. Wthe atomic trajectories are not affected uRil< 1 nm,
report here our observations of the temporal dynamicyielding typical collision times on the order d0~!? s.
of collisions between ultracold atoms occurring on theObviously, in the ultracold case, collision times can
submicrosecond time scale. Our measurements can lexceed the excited-state lifetinte 102 s), meaning that
viewed as a stroboscopic following of these very slowspontaneous decay can occur during the course of the
collisions in real time. collision. This fact, coupled with the long range of the

A great deal of related work has been done on muclinteractions and the low atomic kinetic energies, has led
faster time scales. Transition-state dynamics and chemio a great deal of interest in the area of ultracold collisions
cal reactions have been probed using femtosecond lasgi2—15]. Understanding these collisions is also important
[1,2], and bound molecular wave packets have been crdsecause they can be a density-limiting mechanism for
ated and followed in real time using femtosecond pumpilaser-cooled atomic samples which are used in various
probe techniques [3,4] or time- and frequency-resolvedpplications (e.g., Bose-Einstein condensation).
spontaneous emission [5]. Trajectories of continuum wave In our experiment, we use a pump-probe arrangement
packets for dissociating molecules (half collisions) havewith two separate lasers to follow the collisional trajec-
been followed with picosecond resolution via Coulomb ex-tories in real time. Our signal is based on the flux en-
plosion [6], and photoassociation, the formation of bounchancement effect which we have recently observed in
molecules using light, has been observed to occur on thgteady state [16]. As shown in Fig. 1(a), one laser (the
femtosecond time scale at room temperature [7]. In atomitrap laser) is tuned close to the atomic resonance [de-
collision studies at room temperature, collision times ontuned byA, = —T'y whereI'y = 27(5.89 MHz) is the
the order of a picosecond were inferred from the depenatomic decay rate], thereby exciting atom pairs to the
dence of the collision rate on laser pulse duration [8].  attractiveC;R ~* potential at very long range [Condon ra-

There has been some limited work performed on slowedius R, = (ﬁc—&)1/3]. Since the atoms are initially mov-
time scales. Subnanosecond wave packet dynamics of uhg so slowly, and their acceleration is small, spontaneous
tracold photoassociative ionization has been discussed [9Qecay occurs before the atoms approach closely enough
and time-dependent studies of cold-atom photoassociatidior an inelastic trap loss process [e.g., radiative escape
have revealed a long-lived~(10"% s) shape resonance (RE) or a fine-structure changéJ)] to occur [17]. In
in the scattering of cold ground-state atoms [10]. Also,other words, the excitation does not survive to short range.
resonant energy-transfer collisions between velocityAlthough no observable trap loss collision occurs, the
selected Rydberg atoms have been observed to take platajectories are significantly affected. In particular, the
on the microsecond time scale [11]. deflections result in an enhanced ground-state collisional
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a Landau-Zener probability using the atomic Rabi rate di-
Y vided by+/3 (to account for directional averaging [16,18]).
Trap Laser The classical trajectory [Fig. 1(a)] of the excited atoms
Probe Laser Excitation._‘_ und_er the influence of the attra_lctive potential is foIIovx_/ed
Excitation " Sé’;;?;:ﬁ;?us until spontaneous emission at timereturns the atom pair
to the ground statéss;, + 5s1/2) potential, which is as-
sumed to be flat. Therefore, the velocity and time of arrival
R‘_’ atR,, where the second excitation occurs, are calculated
R, assuming a straight line trajectory after the spontaneous de-
' cay from the first excitation. The probability of excitation
at R, by the probe laser is also calculated as a Landau-
Zener process. The survival after the second (probe) ex-
—5s+5p citation is not an issue. The starting radius is sufficiently
small and the attractive potential sufficiently steep that an
excited atom makes it all the way into short range, where
the inelastic trap loss process occurs, before decaying.
Trajectories will have different collision times depend-
ing on the values 0b;, v;, andz,. Therefore we average
T s over j[hese parameters (weighted by their normali;ed dis-
tribution functionsP,,, P;, and P,) to arrive at the distri-
bution of collision times,
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FIG 1. (a) Typical classical trajectory of an atomic collision f(t..11) = f dv; Pvf db; Py Py 7 (v;, b;)
showing the flux enhancement effect. The solid (dashed) line v;=0 =

i i

indicates the atom'’s trajectory while in the excited (ground) o

state. The incoming atom approaches from the right. The atom X [1— PLZp(vi,b,-)]] dt, P, P1zp(vys, by)

pair is excited aRk, by the trap laser pulse and is accelerated by 1,=0

the attractive long-range potential. After spontaneous decay, it x 8(t! 1= feoll) 1)
co >

proceeds taR,, where it may be excited again by a probe laser
pulse. The atom pair is then accelerated quickly into shortwhere
range, where either RE &kJ may occur, leading to trap loss.

(b) Molecular potential diagram for the same process. p. = M vie~ Vi(M/4KT)
v sz L 9

. D _ 2

flux available for the second (probe) laser which is tuned Py = 2bi/R;,

farther below the atomic resonandd,| > I'4) and ca- and
pable of exciting atom pairs at shorter rangg, < R;). _ —i)r
Atom pairs excited by the probe laser are quickly acceler- P, =e /7
ated by the steeper attractive potential and are much more Here 7 is the (R-dependent) molecular excited-state
likely to undergo an inelastic trap loss collision. However,lifetime, M is the reduced masg; is temperature, and
the rate of collisions induced by this laser alone is rela+t;,; is the total time fromr, to R, for a molecule that
tively low, because its smalld®, results in less collisional spends time, in the excited state.Ppz, and P.z, are
flux intercepted. The two lasers, acting in concert, yield ahe excitation probabilities due to trap and probe lasers,
relatively high rate of collisions, i.e., the trap laser providesrespectively, using the Landau-Zener formula in the
an enhanced flux which the probe laser causes to collidéressed-atom picture [15]. The facfdr— Pz, (v;, b;)]
efficiently. The key point of the present paper is that thisin (1) takes account of the fact that in our experiment
flux enhancement effect takes place on a rather long timere measure the difference between inelastic collision
scale; i.e., the atoms travel slowly froRa to R,. We ob- rates with both lasers on and with the probe laser
serve this by pulsing the two excitations and measuringn alone, so the effect of the probe laser alone must
the enhanced collision rate as a function of delay betweehe factored out of the simulation. We assume delta-
the pulses. function trap and probe pulses. The hyperfine structure
We have performed semiclassical numerical calculais ignored and detunings are referenced toshg,(F =
tions of the distribution of collision times for the pa- 3) + 5p;»(F’ = 4) asymptote fofSRb.
rameters of our experiment. In these simulations, we The five curves in Fig. 2 are plots ¢fz.,;) for each of
calculate the collision time (i.e., the time to travel from the five attractive [Hund’s case (c)] molecular states of the
R; to R,) for an atom pair with initial impact parameter Rb atom which are optically coupled to the ground state
b; and relative velocity;. The atom pair is assumed to [17]. Clearly each of these states, characterized by differ-
interact with the trap laser only &; i.e., off-resonant ex- entC; coefficients (ranging frorf.4424> for 1, to 1.667d>
citation is ignored. The excitation process is calculated afor 0, whered? = 10.1¢%4j is the square of the dipole
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changesg,, induced by the probe laser. Both lasers are
chopped by acousto-optic modulators with(% — 90%

rise time of 30 ns. Other details of the trap parameters
can be found in [16]. The temperature of the atoms at
the intensity and detuning we use was previously [21]

measured to be-50 uK.

The timing scheme for the experiment is shown in
Fig. 3(a). The trap laser is chopped with 1@ us
period and &0% duty cycle. During thes us cooling-
trapping phase, the trap laser is on at low intensity
FIG 2. Classical simulations of time-resolved collisions at(3-8 mW/cn?) to keep the atoms cooled and maintain
T =50 uK. The trap (probe) laser intensity and detuningthe trap depth. During thé us probe phase, a more
are 152 mW/cn? (7 W/cnv) and —IT (—169T), respec- intense(15.2 mW/cn?) 100 ns (FWHM) trap laser pulse
tively. The five curves are generated using thecoefficients g applied, followed, after a variable deldy by a 100 ns

and excited-state lifetimes for each of the Hund's case (c . . :
attractive molecular states. Plotted is the probability for qux)prObe laser pulse. This sequence is repeated 5 times, once

enhancement to take place as a function of collision time (i.e.£very1 us, during the probe phase. o
time to travel fromg, to R,,). To measure the increase in the trap loss collision rate

constant(8), we measure it with only the trap laser on

(B:), then with both trap and probe lasers 0f;+ ).
matrix element) and lifetimes (ranging fro5007, for ~ We then define8, = B,+, — B:. By subtractingg;,
0, t01.85074 for 1,, wherer, = 27 ns is the atomic life- we ensure that any systematic errors produced by small
time), will contribute a different distribution of collision changes in laser alignment, trap laser intensity, excited-
times to the total measured. In particular, theand2,  state fraction, or density of the atom cloud will be reduced.
states, which have the longest excited-state lifetimes, con- Experimental results are shown in Fig. 3(b) whge
tribute significantly more to the flux enhancement than thés plotted as a function of pulse delay. As can be seen,
other three states and have considerably shorter collisiohere is a well-defined peak in the time-dependent signal,
times. This is due to the improved survival (after the firstcharacteristic of the transit time between the two laser
excitation) of these longer-lived states and the larger ra-
dial velocity (and hence greater deflection) obtained during
their longer lifetime on the attractive excited potential. In
fact, the simulations show that the lifetime is much more i
important than theC; coefficient in determining the dis- P
tribution of collision times. Another fact which emerges - (@)
is that the energy gained as a result of the first excitation '
is typically rather small, indicating that the decay does in-
deed occur at long range, causing the atoms to travel most Probe Laser H ” ”
of the way fromR; to R, in the ground state. As we would 3000 4000 5000 6000 7000 8000 9000
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expect, simulations at higher temperatures yield shorter av- Time (ns)
erage collision times. We note that thgstate is coupled
to the ground state only through retardation effects [17]. 3.5x107
Its lifetime is therefore strongly dependent Bn(infinite 304 ¢t i (b)
at short range), a fact which is included in the simulations. g2 29 ¢

The experiment is performed by measuring the laser- 5 209 = LI
induced collisional decay rate 8tRb atoms confined in g 157 ¢
a magneto-optical trap [19] (MOT). The trap and probe o 104
lasers are detuned by, = —1T andA, = —169T" from 0.5
the 5s1/2(F = 3) — 5p3,2(F' = 4) atomic resonance at 00 o o P w00
780 nm. The probe laser passes through the MOT at Pulse delay (ns)

45° between the two radial MOT trapping beams, with .
FIG 3. (a) Timing of the trap and probe laser pulses for the

1 .
ars dlameter'rou_ghly twice tha_t of the atom cloud. Theexperiment. The trap laser is on at g8 mW/cnv) intensity
probe laser is circularly polarized and retroreflected toor 5 45, This is followed by a series of short (100 ns), intense
create a uniform intensityy ™ — o~ laser field with a  (15.2 mw/cn?) trap pulses. The probe pulses are 100 ns long
total intensity of7 W/cm?. The trap laser intensity is and are peaked at timé after the peak of each trap pulse.

fixed at3.8 mW/cr?, resulting in a very small trap-laser- |ne entire pattern repeats every us. (b) j, plotted as a

. . _ _ function of 6. The flux enhancement effect increases only
13 1
induced collisional loss ratg; < 10 cm’s™!, due to after a delay of 200 ns, indicating a minimum collision time

the low-temperature suppression effect [20]. Keeping thigf ~200 ns. " It then drops off slowly, in reasonable agreement
low background3 is crucial to accurately measuring small with the simulations (Fig. 2).
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excitations at long and short range. There are essentiallynd time scale, such as those responsible for the trap loss
no enhanced collisions until a delay of 200 ns. The curvesollisions we have investigated here. The present results
then rises steeply and falls off slowly for long delays.are not only a striking demonstration of the ability to fol-
This behavior is consistent with the predictions of thelow these slow collisions in real time, but have already
simulations (Fig. 2), in particular, the contributions of theyielded useful information concerning the importance of
the 1, and2, potential curves, indicating the importance long-lived molecular states to the trap loss process.
of long-lived molecular states to the trap loss process. We acknowledge technical assistance from S. Ciris
There is a rate of inelastic collisions which is independenand useful discussions with E. Tiesinga regarding the
of delay, which, of course, are those collisions induced byeffects of hyperfine structure on the long-range molecular
the probe laser without any enhancement by the trap lasegpotentials. This work was supported in part by the
It is difficult for us to quantitatively compare our mea- Division of Chemical Sciences, Office of Basic Energy
surements and simulations because hyperfine structuciences, Office of Energy Research, U.S. Department of
and nonadiabatic effects significantly influence evolutionEnergy. S.G. acknowledges financial support from the
on the interatomic potentials near the atomic asymptote€onnecticut Space Grant College Consortium.
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