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Probing ultracold collisional dynamics with frequency-chirped pulses
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We report on the dynamics of ultracold collisions induced by near-resonant frequency-chirped light. A series
of identical chirped pulses, separated by a variable delay, is applied to an ultracold sample of 8Rb, and the rate
of inelastic trap-loss collisions is measured. For small detunings of the chirped light below the atomic reso-
nance, we observe that the rate of collisions induced by a given pulse can be increased by the presence of an
earlier pulse. We attribute this to the enhancement of short-range collisional flux by the long-range excitation
of atom pairs to an attractive molecular potential. For larger detunings and short delays, we find that a leading

pulse can suppress the rate of collisions caused by a following pulse. This is due to a depletion of short-range
atom pairs by the earlier pulse. Comparison of our data to classical Monte Carlo simulations of the collisions

yields reasonable agreement.
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Recent years have witnessed enhanced capabilities in con-
trolling both the external and internal degrees of freedom of
atoms and molecules. Laser cooling and evaporative cooling
of atoms [1] and the coherent control of excitation processes
in molecules [2,3] represent prime examples. The possibility
of combining these two areas, i.e., applying coherent control
techniques to ultracold systems, has generated a great deal of
interest, especially in the context of using short laser pulses
to produce ultracold molecules by photoassociating ultracold
atoms [4-15]. Part of the appeal is the prospect of control-
ling the internal state distribution of the resulting molecules.
Understanding and controlling the dynamics of the formation
process will be key to these efforts. In the present work, we
explore the nanosecond time-scale dynamics of a closely re-
lated process: ultracold atomic collisions induced by
frequency-chirped light [16], shown in Fig. 1. By varying the
delay between successive pulses of chirped light, we observe
that the collisions induced by a given pulse can be either
enhanced or suppressed by the presence of a preceding pulse,
depending on the range of frequencies spanned by the chirp.
If the chirp encompasses frequencies close to the atomic
resonance, long-range excitation to the R~ potential (R is the
internuclear separation) leads to collisional flux enhance-
ment. For chirps centered well below the atomic resonance,
efficient adiabatic excitation by the first chirp depletes the
short-range atom pairs available to be excited by the second
chirp.

A number of previous experiments [6,17-20] have em-
ployed time-dependent excitation with fixed-frequency light
to investigate dynamical effects in ultracold atomic interac-
tions. The frequency-chirped light utilized in the present
work is unique in two important ways [16]: (1) the chirp
provides adiabatic, and therefore very efficient, excitation of
atom pairs; and (2) the wide range of frequencies spanned by
the chirp results in the nearly simultaneous excitation of
atom pairs over a wide range of R.

In the experiment, we illuminate trapped ultracold ®*Rb
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atoms with pulses of frequency-chirped light and measure
the resulting collisional rate constant 8 for inelastic pro-
cesses which lead to ejection from the magneto-optical trap
(MOT) [16]. Such trap-loss collisions occur when atom
pairs, initially excited to an attractive molecular potential by
a chirped pulse, arrive at short range (e.g., R < 100a,, where
ay is the Bohr radius) in the excited state. The rate constant 8
is determined by fitting the decay curve for the number of
atoms in the MOT. There are two contributions to this decay:
ultracold collisions occurring at a rate per atom Bn, where n
is the atomic density; and collisions with background gas
occurring at a rate per atom . We are careful to operate at
sufficiently low densities that radiative repulsion effects [21]
are negligible, resulting in a constant effective volume for
the MOT cloud. We also operate at low background pres-
sures, ~107'9 torr, yielding long MOT lifetimes: y~! ~ 50 s.
This is achieved by loading the primary MOT with a slow
beam generated from a second MOT located in a separate
vacuum chamber [22]. In addition to the collisions induced
by the frequency-chirped light, the MOT itself has an inher-
ent rate of trap-loss collisions. This contribution to 3 is care-
fully measured by monitoring decays in the absence of the
chirped light. The values for B reported here have had this
contribution subtracted. The chirped light can cause noncol-
lisional perturbations to the MOT, especially when the chirp
passes through resonance. The time-averaged fluorescence
per atom and the volume of the MOT cloud can both in-
crease (up to 3% and 30%, respectively) due to atomic exci-
tation by the chirped light. These fractional changes are
minimized by reducing the number of chirps per cycle, and
are accounted for in determining absolute values of (3. In the
present work, we are interested in the collisional dynamics
and, therefore, focus on the dependence of B on the delay
between successive chirped pulses.

The primary MOT is configured in the phase-stable
geometry [23] which reduces fluctuations in the properties
of the trapped sample. It is operated with an axial field
gradient of 12 G/cm, a total (sum of all six beams)
peak intensity of 40 mW/cm?, and a detuning of —1.5I" with
respect to the 58,,(F=3)—5P5,(F'=4) cycling transition
at 780 nm. Here I'=27 (5.9 MHz) is the natural linewidth of
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FIG. 1. (Color online) Schematic of the frequency-chirped ex-
citation and resulting collisions, showing enhancement (a) and
depletion (b) effects. Each frame shows the ground-state (55+55)
and excited-state (55+5P5,,) potentials and the evolution of collid-
ing atom pairs. The vertical lines delineate the range of frequencies
spanned by each positive chirp (1 and 2). This range is centered
close to the 55— 5P;, atomic resonance in (a) and well below
resonance in (b). In (a), chirped pulse 1 excites atom pairs at long
range (top frame). These pairs accelerate on the excited-state poten-
tial, then spontaneously decay back to the ground state (middle
frame), providing enhanced short-range collisional flux for chirped
pulse 2 (bottom frame). In (b), chirped pulse 1 excites atom pairs at
short range (top). These excited pairs collide inelastically (middle),
leaving a depleted pair distribution (dashed curve) to be sampled by
chirped pulse 2 (bottom).

this transition. A separate repumping laser, tuned to the
581,(F=2)—5P,(F'=3) transition, is used to prevent
population from accumulating in the lower ground-state
hyperfine level.

The frequency-chirped light is produced by a rapid ramp
of the current driving an external-cavity diode laser. To mini-
mize the resulting amplitude modulation, a small portion of
this chirped light is used to injection lock a separate “slave”
diode laser [24]. This master-slave arrangement also results
in a significantly higher output power being available to the
experiment. The laser light is linearly polarized and focused
onto the trapped sample. Its diameter (~100 wm) approxi-
mately matches that of the atom cloud. For the work reported
here, the frequency increases linearly by 1 GHz in 100 ns,
resulting in a chirp rate of +10 GHz/ us, and the peak inten-
sity is fixed at 70 W/cm?. An acousto-optical modulator
(AOM) selects the central portion of each chirp, yielding a
40 ns FWHM Gaussian pulse.

The timing of successive chirps is key to the present work
and is shown in Fig. 2. The MOT is turned off for 150 us
every 722 us. The repumping light remains on continuously
in order to correct any optical pumping caused by the
chirped pulses. During the MOT-off time, a train of chirped
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FIG. 2. Timing scheme for the multiple chirps. The laser fre-
quency f undergoes a series of linear chirps. The same portion of
each chirp is selected by a synchronized acousto-optical modulator,
resulting in a series of identical frequency-chirped pulses of inten-
sity 1. The delay between pulses is varied by selecting every nth
pulse (n=1,2,3,...), thus maintaining the properties of the
individual chirps. This figure, for example, shows n=3.

pulses, spaced by 7, illuminates the MOT. A periodic current
ramp is applied to the master laser, resulting in a symmetric
triangle-wave frequency modulation (1 GHz amplitude,
200 ns period) of the slave laser output. The AOM selects the
positive-slope portion of a given chirp cycle. The shortest
possible delay between chirps (7=200 ns) is obtained by se-
lecting adjacent positive ramps. Increasing delays are ob-
tained by selecting every nth positive ramp. This ensures that
the details of individual chirps do not change as the delay
between chirps is varied. The number of chirps per MOT-off
window is kept constant at either 40 (for the data in Fig. 3)
or 80 (for the data in Fig. 4).

We first examine the delay dependence of 3 for a center
detuning [relative to the 55,,,(F=3)—5P;,(F'=4) cycling
transition] of the chirp A,/(27)=-300 MHz. In this case, the
intensity of the chirped light is still rather high when it
passes through the atomic resonance. Therefore, we expect
significant excitation of atom pairs at long range (R
>600a,). On the other hand, the chirp also encompasses
larger detunings and the corresponding shorter-range excita-
tions. We expect this combination of long-range and short-
range excitations to lead to flux enhancement [25], as shown
in Fig. 1(a). In this process, a large number of atom pairs are
initially excited at long range by light tuned near the atomic
resonance. The atoms accelerate towards each other on the
attractive potential, but because this curve is rather flat at
long range, the atoms do not gain sufficient kinetic energy to
escape from the trap before spontaneous emission returns the
pair to the essentially flat ground-state potential. Although
their kinetic energy is too low for escape, the atomic trajec-
tories have been significantly altered. In particular, the atoms
have been deflected towards each other and will therefore
approach more closely than their original trajectories would
have allowed. If the atom pair is now excited again, but this
time at shorter range (by light detuned farther from the
atomic resonance), the attractive molecular potential is much
steeper and the excited atom pair will pick up sufficient
energy to escape. The initial excitation at long range has
thus enhanced the collisional flux available for the second
excitation at short range. With fixed-frequency light (at both
small and large detunings), this flux enhancement happens
continuously [25]. However, the trajectories themselves have
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FIG. 3. Dependence of collisional rate constant on delay be-
tween chirped pulses: (a) experimental results; (b) Monte Carlo
simulation results for different molecular states, as indicated. All
results are normalized to the case of infinite delay. For the
—300 MHz center detuning used here, enhancement is seen for short
delays.

a temporal dependence. We have previously probed these
dynamics using delayed pulses [18]: a first pulse of near-
resonant light to excite at long range, followed by second
pulse of far-detuned light to reexcite at short range. When the
delay between these pulses matches the time it takes the
atoms to go from long range to short range, an enhancement
in the collisional loss rate is seen. In the present work, the
frequency chirp includes both the near-resonant and off-
resonant light. The long-range excitation from one chirp en-
hances the flux available for short-range excitation by the
following chirp. Since the excitation by the chirped light is
time dependent, we expect the overall trap-loss collision rate
to depend on the timing between successive chirps.

In Fig. 3(a), we show the collisional trap-loss rate con-
stant 3 as a function of delay between pulses of chirped light
with A,./(277)=-300 MHz. The results are normalized to the
value at the longest delay (2 us), since in this limit, the
pulses act independently. The data do indeed display an en-
hancement peak centered at a delay of 400 ns. A maximum
enhancement factor of 2.4+0.3 is observed. Results of
Monte Carlo simulations, discussed below, are shown in Fig.
3(b). They show the same qualitative behavior as the data,
but with a smaller peak occurring at shorter delay. We note
that in the independent-pulse limit and using a time-averaged
number of chirped pulses per second v,=5.5X10% s7!, the
absolute value of B is 4.7X 1072 cm®s™!. This result is
slightly (~40% ) higher than, but consistent with, our previ-
ously measured value for these parameters [16] when we
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FIG. 4. Dependence of collisional rate constant on delay be-
tween chirped pulses: (a) experimental results; (b) Monte Carlo
simulation results for different molecular states, as indicated. All
results are normalized to the case of infinite delay. For the
—600 MHz center detuning used here, depletion is seen at the short-
est delay.

correct for v, and account for the factor of 2.0 enhancement
[see Fig. 3(a)] resulting from the 500 ns delay used in that
experiment.

We now examine the delay dependence for the case of a
larger (more negative) center detuning for the chirp. A thor-
ough discussion of the detuning dependence of the collision
rate, for both positive and negative chirp directions, and at a
fixed delay between chirped pulses, will be forthcoming
[26]. For a center detuning of A,./(27)=-600 MHz, the fre-
quency does not pass through the atomic resonance. There-
fore, we expect that long-range excitation should not play an
important role and that the flux enhancement discussed
above should not occur. In fact, we expect just the opposite:
depletion, as shown in Fig. 1(b). Since the frequency-chirped
light is rather intense, it is very efficient at adiabatically ex-
citing atom pairs which have an internuclear separation R
such that they are resonant at some point during the chirp.
Immediately following the chirped pulse, all atom pairs
within the spherical shell defined by the endpoints of the
chirp will be excited via this rapid adiabatic passage. Since
this excitation is primarily at short range, where the excited
molecular potential is steep, the majority of these atom pairs
will gain sufficient kinetic energy to escape from the trap.
These pairs are thus not available to be excited by a second
chirped pulse which immediately follows the first. We
therefore expect fewer collisions to be induced by a second
pulse when the delay is short. However, if this second
chirped pulse is delayed sufficiently, the thermal atomic
motion has time to fill in the depleted atom-pair distribution
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and the two pulses will act independently. We can estimate
the expected persistence time for this depletion as AR/v,,
where AR ~400q, is the width of the spherical shell (from
500a, to 900a,) and v,~ 15 cms is the thermal velocity.
This yields a time scale of ~150 ns.

In Fig. 4(a), B for this larger detuning of A./(2w)=
—600 MHz is plotted as a function of delay between succes-
sive pulses of chirped light. As in Fig. 3, the data are nor-
malized to the long-delay (independent-pulse) limit. At the
shortest achievable delay, 200 ns, a depletion of 22% +6% is
observed. The Monte Carlo simulations, shown in Fig. 4(b),
are in reasonable agreement with the data. They predict an
even larger depletion, ~50%, for delay of 100 ns, shorter
than we have so far been able to achieve in the experiment.

The simulated results shown in Figs. 3(b) and 4(b) are
obtained from Monte Carlo calculations of the collisions,
which treat the atomic motion classically. The initial condi-
tions for an atom pair, i.e., relative position and velocity
vectors, are chosen randomly according to the appropriate
distributions. A uniform spatial density and a temperature of
50 uK are assumed. This pair is then subject to the first
frequency-chirped pulse. The probability for excitation to an
attractive molecular potential is then calculated using the
Landau-Zener formula [27,28]. A given atom pair is either
excited or not, with a weighting given by this excitation
probability. If the pair is excited, its motion on the attractive
potential is followed until spontaneous emission (SE) occurs.
The probability for SE is exponential with a time constant
equal to the molecular state lifetime. Once SE occurs, the
atom pair returns to the ground state, assumed to be flat, and
follows a straight-line trajectory. Meanwhile, the second
chirped pulse, delayed by 7, illuminates the atom pair and the
above calculation is repeated. If the atom pair arrives at suf-
ficiently short range (R<<100a,) in the excited state, as a
result of excitation by either chirped pulse, that particular
trajectory is considered a trap-loss event. A large number
(e.g., 2X 10°) of trajectories are run and the fraction of them
resulting in trap loss is a measure of the relative value of 3.
This process is then repeated for various values of 7 and for
the four Hund’s case (c) long-range molecular states: O:, I,
0,, and 1,. The C; coefficients and lifetimes of these states
are taken from Ref. [29]. We do not include the 2, state in
the simulations, because its decay (and excitation) is forbid-
den except at the very longest range [29].

The simulations include only two frequency-chirped
pulses whereas the experiment utilizes a train of N> 1 (typi-
cally N=40 or 80) pulses per MOT-off window. We can con-
sider two contributions to B(7): B8, from a single chirp and 3,
arising from the interaction between two successive chirps.
Note that B, is independent of 7 (for 7=, the simulation
result is 23;), while B, vanishes for 7=o. The value of 3,
can be either positive, indicating enhancement, or negative,
indicating depletion. From the 7 dependence of the simulated
value of B, we can extract B; and B,. The quantity to be
compared with experiment would then be N(B;+3,). Since
we are interested primarily in the dependence on delay, the
comparisons are made using values of (8 normalized to the
case of infinite delay.
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As seen in Figs. 3 and 4, the simulated values of B de-
scribe the experimental results rather well. It is interesting
that the different molecular potentials all exhibit a similar
delay dependence, despite the fact that their radiative life-
times and C5 coefficients vary significantly. For the
—300 MHz center detuning (Fig. 3), the enhancement peak in
the simulation occurs at a somewhat shorter delay and is less
pronounced in comparison to the experiment. For the
—600 MHz center detuning (Fig. 4), the depletion is more
pronounced in the simulation than in the experiment. These
differences may be due to simplifications in the simulations.
The motion is treated classically and the effects of hyperfine
structure are not included. Also, in a given run of the
simulation, a single excited molecular potential is assumed.

In summary, we have investigated the dynamics of ultra-
cold atomic collisions induced by pulses of frequency-
chirped light. We find generally good agreement between our
measurements and the results of Monte Carlo simulations.
The rate of inelastic trap-loss collisions caused by a given
chirped pulse is modified by the presence of a preceding
pulse. The extent of this modification depends on the delay
between the two pulses. Varying this delay allows us to
probe the collisional dynamics. We see two main effects.
First, when the chirp includes frequencies near the atomic
resonance, the resulting excitation of long-range atom pairs
by the first pulse leads to an enhancement of the collisional
flux available for the second pulse. The time scale for this
enhancement is set by the trajectories of excited atom pairs
which have decayed at long range. Second, when the chirp
includes frequencies far from resonance, short-range atom
pairs are efficiently excited and caused to collide by the first
pulse, leading to a reduction in collisions induced by the
second pulse. This depleted distribution of short-range atom
pairs is eventually filled in by the thermal motion. The fact
that we see significant depletion at the shortest delay indi-
cates that the chirped excitation of available atom pairs by
rapid adiabatic passage is indeed efficient.

Our findings have several important consequences that are
relevant to efforts to form ultracold molecules by pulsed
photoassociation of ultracold atoms. The time-dependent en-
hancement in collisional flux caused by chirped-pulse exci-
tation of long-range atom pairs may benefit these efforts. On
the other hand, our observation of depletion indicates that
this process must be considered in experiments utilizing
high-repetition-rate short-pulse lasers. The cold atoms fill in
the depleted pair distribution rather slowly. Finally, we point
out that our depletion effect is closely related to the produc-
tion of a “hole” in the ground-state collisional wave function
[9,12]. Such a hole is associated with mixing bound levels
into the continuum state and is predicted to lead directly to
the production of weakly bound ground-state molecules.
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