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Dynamics of photoinduced collisions of cold atoms probed with picosecond laser pulses

Fredrik Fatemi, Kevin M. Jones,1 He Wang,2 Ian Walmsley,3 and Paul D. Lett
Atomic Physics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8424

1Department of Physics, Williams College, Williamstown, Massachusetts 01267
2Electronics and Photonics Laboratory, The Aerospace Corporation, El Segundo, California 90245

3Institute of Optics, University of Rochester, Rochester, New York 14627
~Received 2 February 2001; published 17 August 2001!

Pump-probe experiments are performed in which cold colliding Na atoms are photoassociated to form Na2

molecules, and subsequently ionized. The experiments are performed in a regime where the pulsed photoas-
sociation to an intermediate potential takes place at long range, and to several electronic, vibrational, and
rotational states. A probe pulse then produces an ionization signal by further exciting these molecules to
autoionizing doubly excited states. The time dependence of the ion signal shows a dramatic flux-enhancement
effect on a nanosecond time scale due to the motion on the intermediate potentials. This time dependence can
be viewed as monitoring the inward motion and dephasing of a population wave packet formed at long range.
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A number of experiments in recent years have shown
way in which atomic and molecular dynamics can be illum
nated using femtosecond laser pulses@1#. There has also
been much written about the dynamics of ultracold co
sions, in which the time scale of the relevant collision p
cesses can become many nanoseconds@2–5#, thus no longer
requiring femtosecond resolution for study. Here we pres
experiments that begin to combine the pump-probe, puls
laser techniques originally developed for the study of f
molecular dynamics with the slow collisions of ultracold a
oms in order to study the dynamics of a photoassociat
ionization process in sodium on the nanosecond time sc

Proposals for experiments where wave packet mo
might be probed in cold-atom collisions were discussed
the literature@6#, but the only experiments reported we
performed in a regime where the excitation can be con
ered as narrowband or cw@2–5#. Boestenet al. @4#, for ex-
ample, looked at the time dependence of a signal from
shape resonance in Rb photoassociation. In these ex
ments the photoassociating laser addresses a single rota
line of one vibrational state. While probing the evolution
the colliding atomic population, such an experiment does
create a coherent superposition of excited states require
wave-packet formation in the molecule.

The combination of ultracold photoassociation@7–9# and
subsequent molecular ionization has been used w
continuous-wave lasers to perform photoassociat
ionization spectroscopy@7,10–13#. In sodium two atoms in
the 3S ground state collide, and are photoassociated
bound, excited molecular states by the absorption of a p
ton. The molecule can then be transferred to an autoioniz
potential by the absorption of a second photon~see Fig. 1!.
The photoassociation step depends on there being a b
state available in the molecule, and is very frequency se
tive. The second step can take place to an ionization c
tinuum just above the doubly excited asymptote@14#. This
allows one to produce a spectrum of the excited diato
molecules by measuring the ionization signal as a function
the photoassociating laser frequency with a fixed-freque
ionization laser. Alternatively, for the ionization step one c
1050-2947/2001/64~3!/033421~7!/$20.00 64 0334
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use a pulsed laser with a sufficient spectral width to acc
many autoionizing states near the dissociation limit, inclu
ing bound states@15#, to obtain such a spectrum.

In the present experiments we investigate the dynamic
the collision-ionization process by initiating the photoass
ciation using a short ('15 ps) pulse of light. Some of the
molecules formed are subsequently ionized by a seco
similar, laser pulse. The dynamics of the process can be
vestigated by varying the time delay between the two puls
The bandwidths of the pulses are large enough that one
no longer treat the photoassociation process as if the l
were from a narrow, cw laser. In this case the pulse spect
is broad and many vibrational levels can be excited. If onl
few states are excited the population cannot easily be lo
ized on the potential. The formation of a spatially localiz
population wave packet requires the excitation of a super
sition of '4 vibrational states, as indicated in Fig. 1~a!. In
the present experiments a relatively large number of vib
tional states near the dissociation limit~binding energies

FIG. 1. Sketch of the potential energy for a pair of collidin
atoms versus the internuclear distance, and bound energy le
involved in the experiment. The pulse frequency bandwidths,
indicated to the right of the potentials, overlap many rovibratio
states.~a! Coherent wave-packet motion on the intermediate pot
tial. ~b! Simple spreading of the population on the intermedi
potential, or dephasing of the broad population wave packet.
©2001 The American Physical Society21-1



ti
tio
ed
he
i-

h
t

x-
o
c
op
ce
gh

m
e
tim
m
h
at
b

ls
e
m

m
o

i-

er
r
x

th
n
y

he
m
e
ti

ite
na
e
n
nd
n
d-

su
ac
um

e

nt

th
the
ed
b-
ser

ll

mic
e
hus
left
is
t a
les
s-
of
con-

y

n
re-
n

-
ry
w-

any
al.
our
of

ar

the

m.
ion
of
ting
is

ly;
ase
the

of
ns
on
si-

the
ol-
a

ter
-

FATEMI, JONES, WANG, WALMSLEY, AND LETT PHYSICAL REVIEW A64 033421
,60 GHz) are excited. This is because the photoassocia
process is most efficient near the molecular dissocia
limit, where the excited-state wave functions, weight
heavily toward the outer turning points, overlap well with t
collisional wave functions. In this region the density of v
brational states in a C3R23 potential becomes quite hig
~separations<5 GHz), and the signals are strong enough
perform the experiments.

The population ‘‘wave packet’’ that is formed on the e
cited potential in this case is quite broad, and extends fr
moderate to large internuclear separations. The wave pa
then spreads, fills in at short range, and decays. As the p
lation moves slowly inward to shorter internuclear distan
it can be probed with a second pulse of the same color li
which causes ionization through a doubly excited state@Fig.
1~b!#. The inverse of the local level spacing sets the ti
scale of any motion on the potential surface. In this cas
indicates that the dephasing should take place on the
scale of about a nanosecond. The present one-color, pu
probe experiments do not resolve recurrences or other co
ent wave-packet dynamics on the anharmonic intermedi
state potential, although there is hope that this might
accomplished in the future.

The motion of the population on theS1P molecular po-
tential results in an ionization signal from the second pu
which rises on a time scale of a few nanoseconds, as
pected. Competing against this enhancement due to the
tion is radiative decay of the population back to theS1S
potential. This occurs on a time scale related to the ato
lifetime, here 16 ns. In addition, flux enhancement effects
the type reported in Refs.@2,3# are observed. In those exper
ments a narrowband laser populated theS1P potential at a
specific internuclear distance, while in the present exp
ment the pulsed excitation will populate this potential ove
broad range of~large! internuclear distances. The present e
periments are a further illustration of the importance of
R23 long range interaction potential between ground a
excited atoms, and how it can substantially modify the d
namics of ultracold collisions@16#.

Although we have introduced a molecular picture of t
experiment, it can also be described in terms of an ato
collision process. The first laser pulse creates a sampl
excited atoms which can collide and undergo an associa
ionization reaction. The second pulse creates more exc
state atoms, resulting in an increase in the ionization sig
We observe that the ion signal increases if the delay betw
the pulses is made to be several nanoseconds, and an u
standing of this requires taking into account the grou
state–excited-state interaction. The strong attractive lo
range interaction@16# between a pair of ground- and excite
state atoms causes such pairs to be drawn together in
time between the pulses. The second pulse converts
pairs into pairs of colliding excited-state atoms. The attr
tive interaction produces a strong enhancement in the n
ber of such pairs which are able to survive to short range
autoionize and produce the signal.

We perform the experiments in a continuously-load
dark spot magneto-optical trap~MOT! @17#, and the setup is
similar to that used in a number of previous experime
03342
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@7,18#. This leaves the atoms in theF51 hyperfine state
when the MOT light is turned off. Atoms are confined wi
temperatures of approximately 0.5 mK, and densities in
101021011-cm23 range. We detect the ions that are produc
with a channel electron multiplier. The light pulses are o
tained from a cavity-dumped, synch-pumped dye la
pumped with a mode-locked Nd:YAG~yttrium aluminum
garnet! laser system with an 80-MHz repetition rate. The fu
80-MHz repetition rate of the laser allows only'12 ns be-
tween the pulses. This is unacceptable since the Na ato
lifetime is '16 ns, and most of the molecular lifetimes w
are concerned with are also in the range of 8–16 ns. T
each pump pulse becomes a probe pulse for population
from the previous pump-probe pair if the repetition rate
this high. Consequently, we cavity dump the dye laser a
much lower rate to eliminate this problem. This also enab
us to perform ion time-of-flight discrimination. Such a di
crimination is important because of the high probability
producing atomic ions from other processes under some
ditions, masking the signal.

The molecules are formed with very little kinetic energ
~approximately the same as the'0.5-mK temperature of the
atoms they are formed from!, and the ejection of an electro
does not impart any significant momentum to the ion. The
fore, the time of flight to the detector is fixed for a given io
species. Previous experiments have shown that Na2

1 ions
can be photodissociated@19,20#, and may arrive at the detec
tor as Na1 if this happens. This ionization process is not ve
efficient under conditions similar to those present here, ho
ever, and this is not expected to be a significant effect. In
event, this would only decrease our molecular ion sign
The fact that we see nearly 100% molecular ions under
experimental conditions confirms that photodissociation
Na2

1 is not important. The molecular ions in our particul
apparatus require approximately 2.3ms to arrive at the de-
tector. Given the cold, essentially point source of ions,
factor of 2 mass difference in the species gives aA2 differ-
ence in the flight time, and we can easily distinguish the
The experiments were performed with a 300-kHz repetit
rate, allowing 3.33ms between the pulses. A clear sorting
the ions by mass was then made by using 300-ns coun
windows centered on the mean arrival times. The MOT
operated with a 50% duty cycle2100 ms on followed by
100 ms off. The pulsed laser is introduced continuous
however, the ions that are created during the MOT-on ph
of the trap are discarded, and only those created when
MOT light is off are gated into the counters.

A sufficiently low intensity (,10-kW/cm2 or ,100-mW
average power at a 300-kHz repetition rate, in a spot
500 mm radius! makes it possible to produce molecular io
almost exclusively. The signal remaining in the atomic i
channel is consistent with detector noise. At higher inten
ties the ions become predominantly Na1 atomic ions pro-
duced by three-photon ionization of the atoms, instead of
desired two-photon photoassociation and ionization of m
ecules.~Absolute intensities given here are uncertain to
factor of 5 due to difficulties in measuring the beam diame
at the position of the MOT.! Typical signal rates were ap
proximately one count per 104 laser pulses or less.
1-2
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DYNAMICS OF PHOTOINDUCED COLLISIONS OF COLD . . . PHYSICAL REVIEW A64 033421
The dye laser pulses are approximately 15 ps in durat
leading to a 60-GHz bandwidth. The pulses are tuned so
their bandwidth overlaps the 3S-3P3/2 atomic transition. The
experimental results are not qualitatively very different ov
the entire range of detunings where we were able to ob
data. In fact, even quantitatively we were unable to vary
time scales by any significant or discernable amount over
range where we still were able to obtain a signal. To obta
usable signal the laser is tuned so that the pulse spectru
typically centered 10610 GHz below theS1P3/2 dissocia-
tion limit. This tuning produced the best signals, althou
larger detunings and detunings of the center frequency ab
the dissociation limit produced similar, athough smaller, s
nals. In short, over the limited range of detunings availa
to us, which required the laser spectrum to overlap the
sociation limit, the signal was not qualitatively sensitive
detuning.

Each pulse is split to form pump and probe pulsesP1 and
P2, which can be autocorrelated in a nonlinear KDP crys
or sent to interact with the atoms in the MOT at timesT1 and
T2, respectively. The light in the two pulses is parallel a
linearly polarized. The pulse spectrum is monitored with
grating spectrometer, and adjusted to be smooth and clo
transform limited. For the data presented here the pulse s
trum is nominally centered on the atomic transition. T
pulse delayDT5T12T2 is tunable from215 to 115 ns by
a computer-driven delay line. Large beam diameters w
used for low divergence, so as to maintain good beam o
lap over the large distances implied by these delays.
beams are recombined on a nonpolarizing beam splitter
high intensities three-photon ionization of Na atoms p
duces an atomic autocorrelation signal that can be use
ensure good pulse overlap in the MOT for short delay tim
Integrated counting periods of several seconds at eachDT
are used to measure both the Na1 and the Na2

1 signals
under conditions with both pulsesP1 and P2 entering the
trap chamber, with onlyP1 entering andP2 blocked, and
with P1 blocked andP2 entering.

Figures 2 and 3 show the molecular ion signal as a fu
tion of the delayDT out to 12 ns. From these figures, we c
clearly identify three time scales on which the Na2

1 ion
signal exhibits different behaviors. For extremely short tim
scales, on the order of the pulse length (DT<20 ps), the
signal exhibits a small ('10%) peak above the baseline si
nal ~see Fig. 2!. For 20 ps,DT,3 ns, we observe a rapi
rise in the signal@Fig. 3~a!#, while for DT.4 ns the signal
decays gradually@Fig. 3~b!#.

Even at low intensities a single pulse is able to produ
molecular ions. This results from a two-photon resonant
citation of colliding atom pairs at long enough range to
resonant with theS1P states within the bandwidth of th
pulse. The pairs are excited to bound or continuum auto
izing states near theP3/21P3/2 asymptote~see Fig. 1!. The
excited population must then travel on these weakly attr
tive (V}C5R25) doubly excited potentials to small internu
clear distances where autoionization can occur (R,10a0).
The probability that this occurs before radiative decay of
molecule is small because of the relative flatness of th
03342
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potentials. Such survival factors are characteristic of c
collisions, as discussed in Refs.@21,22#.

The small time-dependent signal at the shortest time
lays is an autocorrelation of the two laser pulses as see
the molecular ion signal. Figure 2 compares the short-ti
dependence of the molecular ion signal with the optical
tocorrelation signal obtained from overlapping the pulses
a KDP crystal. Clearly the shapes of the two signals ag
quite well over the displayed range of times. If the dire
two-photonS1S→P1P excitation process in the molecul
were not nearly resonant with an intermediate state at l
range, we could expect only this autocorrelation signal. T
autocorrelation is due to theI 2 dependence of the excitation
as the temporal overlap of the pulses is varied. The existe
of the intermediate (S1P) state in the molecule causes th
ion autocorrelation signal not to decay to a flat backgrou
when the pulses do not overlap, however. Thus the auto
relation only decays by about 10% from its peak value.

We carried out a calculation of the expected autocorre
tion signal, given the resonant intermediate state, the ran
phases of the electric fields of the pulses, and a 15-ps Ga
ian pulse with a maximum intensity of 7 kW/cm2 and a
pulse area of 0.25. The calculation of the population of
upper level of a three-level system@23# given these fields
gives a reasonable match to the 10% peak in the data.
this calculation of the short-time autocorrelation we igno
any nuclear motion. As can be seen in Fig. 3~a!, the molecu-
lar autocorrelation signal atDT50 is less than the level tha
one would expect from adding the fields of the origin
pulses coherently@'440 molecules/106 pulses in Fig. 3~a!#,
as it must be given the uncontrolled relative phases of
pulses. At these intensities the Na1 atomic ionization signal
is completely flat, and what little ionization we see in th
channel is consistent with noise (<0.5 counts/106 pulses!.
At higher intensities a clear autocorrelation signal can
seen in the Na1 ion signal due to three-photon ionization o
the atoms.

FIG. 2. Autocorrelation signal of the two pulses as measured
the Na2

1 signal~filled squares! and the optical signals from a KDP
crystal ~open diamonds! as a function of the pulse delay timeDT.
The Na1 signal ~filled circles! measured concurrently with th
Na2

1 signal is also shown. Note the large offset and different sc
of the Na2

1 signal.
1-3
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On longer time scales, we begin to see a time depende
due to the dynamics of the colliding atoms. The Na2

1 signal
rapidly rises, reaching a maximum atDT'3 –4 ns, and then
slowly decays. The decay is approximately exponentia
form, and has a decay constant of'16 ns. During the 15 ps
of the pulse, the pump laser excites some population to
relatively flat, doubly excitedP1P potential, as discusse
above. In addition, it excites a much larger population to
potentials near theS1P, singly excited asymptote. Thes
potentials have a steeply attractive,C3R23 form, which rap-
idly accelerates the atoms toward one another. Subseque

FIG. 3. Molecular ion signal versus optical delayDT. The upper
panel shows the signal on a time scale of23 to 13 ns, while the
lower panel shows the long time behavior out to 12 ns. In the up
panel the traces, from bottom to top, are the signals obtained a
optical delay is varied with only pulseP1 entering the chamber
with only a pulseP2 entering the chamber, the sum of these tw
signals, the ‘‘coherent sum’’ of the two pulses~the sum of the
square roots of the signals, squared! and finally, the signal obtained
with both pulses present. The ratio of the intensity in the pulseP1 to
that in pulseP2 was measured to be 1.1:1, and the peak intens
were both approximately 10 kW/cm2. In the lower panel the
dashed line indicates an exponential decay with a 16-ns time
stant for comparison with the data at largeDT. The laser detunings
and the MOT density were slightly different when the data for
two plots was taken, leading to the differences in the signals.
03342
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the probe pulse is also able to excite some small popula
from the groundS1S state directly to theP1P state, and
take additional population from the ground state to theS
1P state. More importantly, however, it is able to take som
of the population that has been placed on theS1P potential
by the pump pulse and promote it to theP1P potential. This
population has been accelerated on the attractive poten
and has moved to closer distances during the delay t
between the pulses. This population, because of its hig
velocity, has a much better probability of surviving on th
P1P potential to distances where autoionization can oc
before it is removed by spontaneous emission. If the de
between the pulses is too long, however, the population
decay from theS1P potential~lifetimes'12 ns for a typi-
cal Na2 molecular potential in this region!, and the signal is
again attenuated by poor survival. Between these two
tremes excitation to the molecularS1P potential allows ap-
proximately a threefold enhancement in the autoionizat
signal.

Another aspect of this signal enhancement is that, by
ing through the attractiveS1P states, we can overcome th
angular momentum barriers that inhibit the higher par
waves from interacting on theS1S and P1P potentials.
This analysis is similar to that given for the flux enhanc
ment effects observed by others in ultracold systems@2,3#.
By including higher partial waves, a much larger fraction
the phase space of atoms is available to contribute to
signal.

The delay-dependent signal of Fig. 3~b! should depend on
the center frequency of the spectrum of the pulsed laser.
find that the more spectral power that is near the ato
resonance, the stronger the signal. The signal beco
smaller as the pulse spectrum is detuned below and a
from resonance. This is both because the Franck-Con
factors for the photoassociation step go down and beca
the overlap with good ionization states in the second s
becomes smaller. Unfortunately, there seems to be on
rather small detuning range where a reasonable signal is
tained. When we detuned far enough red that a single p
did not produce a molecular ion signal, we also found
pump-probe signal. Before reaching that point the pum
probe signal remained similar in form but became smalle
larger detunings. From additional experiments comparing
photoassociation with pulsed ionization and pulsed photo
sociation with cw ionization, it is apparent that the poor e
ficiency of pulsed photoassociation is the limiting factor
these experiments.

We have modeled the system~for nonoverlapping pulse
delays! using a simple classical Monte Carlo simulation
the atom-pair trajectories. Although the simulation is bas
on a vast simplification of the actual physical system, it
produces most of the experimental features reasonably w
There are several potentials that might be involved at b
the S1P and P1P asymptotes. Nevertheless, we abstr
these to a single potential at each of the asymptotes, and
these representative potentials some average properties
acteristic of the sodium dimer.

The initial ensemble is assumed to be of uniform dens
in three dimensions, so that the probability of finding tw

er
the
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n-
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atoms separated by a distanceR scales asR2. R is allowed to
vary over a range of 0a0 to 2000a0 (1a050.0529177 nm).
Each atom is given a velocity from a Maxwell-Boltzman
distribution corresponding to a 500-mK temperature. An
atom and its collision partner are selected, and the rela
approach velocity and classical angular momentum of
pair are recorded. The atoms are then allowed to propa
on a set of one-dimensional potentials in the internucl
coordinateR, including the appropriate angular momentu
barriers.

We assume for simplicity that the excitation probability
independent of the internuclear separation~dipole moment
independent ofR), which approximately holds over the sep
rations involved @24#. The initial distribution naturally
weights the excitation toward large internuclear separatio
where most of the population is. AtT50, the atoms are
excited and placed onto theC3R23, S1P potential, where
they accelerate toward smallR. The system is allowed to
evolve for a timeDT on this potential. During this time the
population is reduced by a survival factor to account
spontaneous decay. The factor is given by the molecular s
lifetime that corresponds to the value ofC3. At the time of
the second pulse the population from theS1P potential is
moved to, and allowed to travel on, an attractiveC5R25, P
1P potential. This population is again allowed to decay w
an exponential lifetime characteristic of this state, and a
population surviving in to a separation of 30a0 is considered
to have ionized and is counted as signal. The additional t
to reachR50 from 30a0 is at most 6 ps for any reasonab
choice ofC5, which is negligible compared to the lifetime o
the state.

The states that are asymptoticallyS1P3/2 are well known
from cw spectroscopy@18#, with 1g , 0g

2 , and 0u
1 symme-

tries. The potentials near theP1P asymptote are not as we
characterized@15#. The present experiments may very we
involve several potentials at each asymptote. It is imposs
to tell, however, which of these may be contributing. Sin
the potentials at both theS1P and P1P asymptotes are
neither identified nor selected for, theC3 andC5 coefficients
are chosen to have more or less ‘‘average’’ values for N2
potentials.C35210.0 a.u. is taken as an average or‘‘typ
cal’’ value @24#, corresponding to a lifetime of'12 ns.~The
atomic units for C3 are hartreea0

3; 1 hartree54.359
310218 J.! Recent experiments examining the pathways
cw photoassociative ionization@15,25# have shown that 0u

2

and 1u doubly excited states withC5 values of approxi-
mately 2250 a.u.~atomic units forC5 are hartreea0

5) are
major contributors. We use a value ofC552250.0 a.u. and
a lifetime of 8 ns for this state in the model.

The results from the simulations are shown in Fig.
along with the data. Although experimentally we obser
that a single pulse can excite population directly to theP
1P potential, there is no provision for this in the simulatio
In the absence of depletion of the ground-state populat
this should only result in a constant offset to the signal.
did not use an offset in Fig. 4. The overall height of t
simulated signal is adjusted to match the data.
03342
e
e
te
r

s,

r
te

y

e

le
e

o

,
e

n,
e

The scatter in the data gives a representation of the re
ducibility and statistical uncertainty in the data. The scatte
a bit worse than purely statistical@as can be seen in Fig
3~a!#. This is mostly due to the fluctuations in the MOT las
intensity and frequency, which result in fluctuations in t
density of trapped atoms. Some variation in the detuning
the pulsed laser from day to day also contributes to the
certainty in our signal size. The important results of the e
periment are qualitative. We can see a time-delay dep
dence of the signal, with a peak signal that is a factor of 3
4 larger than that at very short delays, and it appears
delay of 3.561 ns. The uncertainty in our measurements
such that we cannot determine the height of this peak
better than about 25%. That the peak occurs on a time s
of several nanoseconds is also important. It identifies it a
dynamical effect; we can clearly distinguish it from pr
cesses on much faster or slower time scales, such as the
autocorrelation and the long-time decay of the signal due
spontaneous emission.

The important features seen in the data are reproduce
the simulations. In particular, the signal rises from short
lay times to peak near 3–4-ns delay. The signal then dec
with a time constant of about 16 ns.~The decay is not nec
essarily exponential, and it does not simply derive from
16-ns atomic lifetime; while obviously related to it, th
number is not explicitly present in the simulations.! The off-
set or zero-delay signal in the simulation comes from the fi
pulse exciting population to theS1P state and the secon
pulse placing this population on theP1P state without al-
lowing any propagation on theS1P potential. The short-
time autocorrelation is explicitly not included in the mode

The simulations allow one to examine where the sig
originates from for different delay times, information n
available in the experiment. Figure 5~a! shows the population
that contributes to the signal as a function of the start
internuclear separation, for different delay times. It is easy
see both the effect of the expanding phase space and
increased survival factor due to travel on the intermedi
potential. At increasing delay times atom pairs at larger
ternuclear separations contribute to the signal; the pairs
are excited at long range can approach on the intermed
S1P potential, and gain enough velocity to survive to sh

FIG. 4. Number of molecular ions collected per 106 pulse pairs
versus the optical delayDT. Experimental results~solid points with
a line to guide the eye! are compared with the simulation resul
~dashed line!.
1-5
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range and contribute to the signal. The fact that there
more and more pairs available in the expandingR2dR shell
allows the signal to grow for longer delays. Radiative dec
from both theS1P and theP1P potentials causes popula
tion starting from 1000a0 or further out to be severely at
tenuated; even theR23 potential is quite flat at these dis
tances, and the population takes too long to approach
30a0 cutoff that represents ionization. At very short del
times the population that is excited at long range~where
most of the pairs are! must travel most of the distance t
short range on theR25, P1P potential with a small veloc-
ity. Again, decay from spending a long time on this flat p
tential supresses the signal. The difference between trave
the R23 and R25 potentials can be seen by compari
how far an atom, initially at rest, can travel in 20 ns
each potential. Pairs placed on theC3R23 potential
(C35210 a.u.) will travel from 1000a0 to 50a0 in this
time, while on theC5R25 potential (C552250 a.u.) only
population fromR,500a0 will arrive. In fact, theC3 poten-
tial dominates the dynamics for all but the shortest de
times and settingC5 5 0 in the simulation~a flat doubly
excited potential! makes very little difference. The peak i
the signal near a delay of 3–4 ns can be modified somew
by changing the value of theC3 coefficent, while only the
behavior nearDT50 is affected by the value of theC5 co-
efficient.

In the simulations we can also examine the contributio
to the signal of the various angular momentum partial wa
for different DT, as seen in Fig. 5~b!. At short delay times
only the lowest partial waves can contribute to the sign

FIG. 5. Simulation results.~a! The relative contributions to the
signal of different initial internuclear separations for pulse de
times of 0, 2, 8, and 17 ns.~b! The relative contribution to the signa
of different angular momentum partial waves for pulse delay tim
of 0, 5, and 17 ns.
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re
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primarily s andp waves, and limited tol<3. For a delay of
5 ns the distribution of partial waves peaks aroundl 52, and
cuts off aroundl 57 or 8. For delays as long as 17 ns th
contributions to the signal peak aroundl 54, and cut off
aroundl 59 or 10. The contribution of these higher parti
waves helps increase the signal size at longer delays. P
lation accelerating in on theS1P potential can get past th
angular momentum barriers that exist to a much greater
tent on both theS1S and P1P potentials. It can then be
promoted to theP1P potential inside of these barriers.

Our classical discussion of the motion on the internucl
potentials of the quasi molecule and survival on these po
tials is very similar to that given by Gallagher and Pritcha
@22# early in the investigation of ultracold collisions. Al
though that model has been used to describe some trap
experiments, it is not directly applicable to cw photoassoc
tion. In the short pulse regime explored in the present exp
ment the discrete level spacing of the molecule is not imp
tant and such a classical description is acceptable.

The present experiments are similar in spirit to many fe
tosecond pump-probe experiments that demonstrate w
packet dynamics on molecular potentials. The ‘‘wa
packet’’ that is created in the present experiments, howe
is not one that could demonstrate the recurrences sugge
in Ref. @6#. The population on the intermediate-state poten
is in a superposition of so many vibrational levels that t
rather extended wave packet that is excited by the pu
pulse simply ‘‘dephases,’’ and the population diffuses towa
short range, as in Fig. 1~b!, rather than moving as a localize
wave packet, as indicated in Fig. 1~a!. The signal rises as this
wave packet fills in at short range, and then decays as
~now fully diffuse and dephased! wave packet decays.

In order to study coherent wave-packet motion expe
mentally a larger detuning, where the laser bandwith cov
only 4–5 vibrational states, is required@Fig. 1~a!#. In that
situation, however, no ionization signals were observed
our apparatus. In the future such experiments may be p
sible, but they will require a more efficient path to ionizatio
than available here using a single color. Using pump a
probe pulses with different central frequencies may allow
excitation pulse to be detuned so as to excite only a limi
number of vibrational states. At the same time the probe
then be tuned to optimize the ionization probability fro
these particular states.

Pulsed-laser experiments such as these can somet
help reveal the dynamics behind the similar cw experime
In the present case the two-photon, single-color cw photo
sociation or ionization process can apparently take place
several pathways~excitation to doubly excited autoionizin
states as well as short-range direct excitation to the mole
ion @19#!, but it is not clear that these channels are the sa
ones that are open in the case of pulsed excitation. The
that the behavior of the signal size as a function of detun
is different in the two cases suggests that, at least under t
conditions, they are not.

Machholmet al. in Ref. @6# did not consider pulse detun
ings such that the probe pulse could produce excita
above theP3/21P3/2 asymptote. In the detuning regimes the
considered these authors suggested that a large contrib
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to the ionization results from excitation of the population
the S1P3/2 intermediate potentials to ionization continu
above theP1/21P1/2 or P1/21P3/2 asymptotes. In the presen
experiments these channels should be open, although no
dence of ionization through them is seen. If the detuning
the lasers in the experiment is such that the bandwidth of
pulse does not allow excitation above theP3/21P3/2 asymp-
tote, the ionization signal disappears. On the other han
may once again be a function of the poor photoassocia
efficiency that we cannot see evidence of this channel. T
color cw photoassociation experiments did produce evide
of ionization 1 mK above theP1/21P3/2 asymptote@14#, but
the weakness of the signal indicated that there may b
barrier to ionization on this potential. Presumably here
excitation ~near theP3/21P3/2 asymptote and'17 cm21

above theP1/21P3/2 asymptote! would be above any very
weak barrier. Nevertheless, a barrier of 17 cm21 or more, of
course, would still explain the present results.

An interesting future step in pulsed-laser photoassocia
experiments will be the study of a pulsed-Raman STIR
~stimulated Raman adiabatic passage, or counter intu
pulse order! type of excitation@26–28#. In particular the de-
sire to form stable bound ground states of cold dimer m
ecules drives this interest. Recently there has been some
troversy in the literature about pulsed photoassociation r
ev
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in the form of a question as to whether STIRAP-type ex
tation will work at all in a MOT, and whether the rates wi
be enhanced in the situation of photoassociation in a Bo
Einstein condensate@27,28#. The intensities required fo
adiabatic passage with pulse durations on the order of 1
makes such experiments unrealistic, as the present re
indicate that atomic ionization would dominate. On the oth
hand, longer pulses may still be effective, and such inve
gations are planned.

While the broad bandwidth of femtosecond pulses ma
them ideal for spectral manipulation, the slow time scales
cold-atom experiments may make them well suited for m
nipulation by temporal shaping of pulses. We can hope t
in the future these kinds of experiments will lead to a varie
of coherent control with time-dependent pulses that will e
able the experimenter to guide the dynamics of the s
photoassociation collisions, rather than just observe them
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