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Optical Suppression of Photoassociative Ionization in a Magneto-Optical Trap
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We demonstrate suppression of two-color photoassociative ionization in a sodium vapor magneto-

optical trap by imposing an auxiliary "suppressor" light beam on the ensemble of colliding trapped

atoms. We interpret the experimental results in terms of a simple picture in which the suppressor

light intercepts incoming reactant particle flux and reroutes it to long-range repulsive states, effectively

preventing further approach of the collision pairs.

PACS numbers: 32.80.Pj, 33.80.Ps, 34.50.Rk, 34.80.Qb

The ultracold environment produced by a magneto-
optic trap (MOT) is a convenient reaction vessel in

which to study two-body inelastic collision processes [1).
Although the study of collisional trap loss [2—4] has

played a major role in revealing the nature of the ultracold
regime, to date, only photoassociative ionization (PAI) [1]
has permitted direct measure of the reaction product as
a function of various probe fields and trap parameters.
Previous studies demonstrated that one- or two-color
light fields initiate PAI by a two-step process [5,6]. In
the first step, incoming ground-state reactant atom pairs
absorb a photon to excited attractive states at very long
range. Subsequent acceleration on the —C3/R3 attractive
potential to shorter range together with absorption of a
second photon (of the same or different color) to a doubly
excited state leads to the final collision product.

Here we report an experiment in which the normal PAI
process is interrupted at the first step by switching the
initial colliding pair to repulsive +C3/R3 states at long
range, thereby preventing the atoms from entering the
inner zone in which the second transition to the doubly
excited state can take place. Previous experiments have
demonstrated that light fields can be used to open or
amplify inelastic channels. This experiment demonstrates
that light fields can suppress inelastic processes as well.
Optical suppression may prove useful in overcoming
some collisional heating processes that presently limit the
density of ultracold atomic ensembles [1,7].

The experimental setup is similar to the one described
in an earlier report [6]. Figure 1 schematically outlines
the arrangement. Sodium vapor at a partial pressure
corresponding to -80 C, contained in a chamber at a
base pressure lower than 10 6 Pa (10 s Torr), provides
the atoms that load a MOT. The trap is formed by three

mutually orthogonal laser beams intersecting at the center
of a quadrupole magnetic field, generated by a pair of
coils carrying opposite currents. The coils are located
external to the chamber and produce a field gradient in

the trap region 0.2 Tm ' (20 Gcm '). An Ar+ ion-

pumped dye laser (laser 1) provides the light for the

trap beams and the PAI suppressor beam. The 700 mW
total output power of laser 1 splits into two beams.
Beam 1 (-500 mW) is used to produce the MOT itself;
it passes through an electro-optic modulator (EOM 1)
that introduces sidebands at 1712 MHz to the red and
blue of the central frequency. Modulation efficiency
of EOM 1 is such that total power is equally divided
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FIG. 1. Schematic diagram of the apparatus. The sidebands
and carrier on the MOT laser are separated by 1712 MHz. The
sidebands and carrier on the suppressor laser are separated by
1120 MHz.
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between carrier and sidebands. The carrier is tuned to
the repumper transition [3 S&/2(F = 1) 3 P3/2(F' =
2)] frequency ra2, while the red sideband co& excites the
cooling transition [3 Si/2(F = 2) 3 P3/z(F' = 3)].

Beam 2 (-200 mW) passes through a second modula-
tor (EOM 2), producing red and blue sidebands (cu3 cII4,

respectively) 1120 MHz on each side of the cu2 carrier.
The red sideband cu3 functions as the suppressor beam.
We carried out two separate experiments: one with power
in each of the ca3, cu4 sidebands of about 70 mW and the
other with the power increased in each of the sidebands

by a factor of 3.
Measurement of the laser beam diameter (1/e2 points)

determined the power density of the suppressor beam
at the position of the MOT to be 0.4 and 1.2 Wcm z,

respectively. The rf radiation exciting EOM 1 passes
through a fast switch to modulate the appearance of the
sidebands in beam 1. Focusing optics, external to the
MOT chamber, capture a fraction of the trap fluorescence
and image it onto a photodiode. The fluorescence moni-

tors the number of atoms in the trap to ensure stability as
the experiment is carried out.

A second ring laser (laser 2), with a total output
power of about 30 mW, provides the scanning probe
beam cu„. While the probe beam scans over a range
of about 4 GHz, ions (Naz+) produced in the trap are
collected by a channeltron particle multiplier (CPM)
mounted about 28 mm from the trap. A two-channel

gated counter registers the charge pulses generated at the
CPM after filtering through a fast amplifier discriminator.
A master clock synchronizes switching of the MOT
sideband modulation and counter gates for channel A

(sidebands off) and channel B (sidebands on). Details of
the switching and gating are described elsewhere [6].

As the probe laser frequency cuv scans, we measure
the ion spectrum at channel A (sidebands off) with the

suppressor beam either switched off or on. Optical
pumping transfers virtually all population to the F = 2
ground level within the 10 p, s delay between switching
off the sidebands and gating on the A channel. Therefore
the incoming scattering flux always starts on the F = 2 +
F = 2 ground-state molecular asymptote (see Figs. 3(b),
3(c), and 3(d).

Figure 2 (solid line) shows the ion spectrum ver-

sus (cu„—rui)/2n. detuning with the suppressor beam
switched off. The —350 MHz "hole" centered on the

zero of detuning is due to severe disturbance of the trap

by the probe laser. As the probe laser scans to lower
frequency, we observe structured features with intensity
degrading to the red, identical to those reported previously

[6]. This structure is believed to be due to long-range
free-bound vibronic transitions from the ground-state con-
tinuum to bound levels of the 0 "bundle" of hyperfine
states correlating to the P3/2 + S&/2(F = 2) asymptote.

The path of the scattering flux, or quantum me-

chanical current J, leading to the final Na2+ ion product
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FIG. 2. The solid line is the normal two-color photoassocia-
tive ionization spectrum without the suppressor beam. The
dotted line shows the same spectral region with the suppres-
sor beam (0.4 Wcm 2) applied to the MOT. As ruv scans to
the red, note that the detuning point v~ at which the inten-
sity switches from enhanced to suppressed is vq = caq/2m =
—(ru3 —rul)/2m = —592 MHz. Note also that the red de-
tuning cutoff v2, for TCPAI, due to the presence of carrier
frequency ru2, is (ru2 —cai)/2m —210 MHz = —1922 MHz,
and the red detuning cutoff for TCPAI, due to the pres-
ence of frequency ra4, is v4, = —(ru4 —rul)/2n —210 MHz =
—3042 MHz. The 210 MHz term in v2, and v4, comes from
coupling to the lowest lying level [3p(F = 0) + 3p(F = 0)] of
the doubly excited state.

is sketched in Fig. 3(b). Atom pairs on the 2 + 2
ground-state potential (curve A) approach each other with

unit flux, absorbing a photon cuv from the probe laser
and undergoing a transition to the bound levels of the
attractive —C3/R3 potential (curve B). The transition
occurs in a localized region around the Condon point
Rp where fi ~p matches the difference between the two
potential curves A and B. The atom pair accelerates along
curve B until it reaches a second Condon point R2, where

kca2 matches the difference between curves B and D.
Absorption around this second Condon point promotes
the collision pair to the doubly excited level (curve D).
The bound-state vibrational motion on curve B produces
multiple passes through this crossing [8].

Finally, after entering the inner zone of internuclear dis-

tance where the doubly excited level becomes degenerate
with the ion molecule, the collision pair autoionizes to
produce Na2+. Figure 2 (dotted line) traces the spectrum
with the suppressor sideband cu3 (and ca4) switched on.
The suppressor light alters the usual spectral features in

three ways: (1) When the probe frequency scans to the

red side of cats
= —

(cu&
—cui)/2m. = —592 MHz, the ion

intensity is suppressed by about 30%; (2) when the probe
scans to the blue of ~q, the intensity is enhanced by about
the same fraction; and (3) the base line near the red limit
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estimates. These calculations will be described in detail
in a separate publication [11], and we only summarize
conclusions here.

In the present model, unit scattering flux, or quantum
mechanical current J(R ) = 1, starts at long range on the
ground-state entrance channel, the one labeled 2 + 2 in

Fig. 3. We calculate the current J(R~) reaching the point

R~, the Condon point where the probe-laser photon at
frequency co~ is absorbed. If co~ is tuned to the blue of
673 so Rp ) R$ unit current reaches R~ and the probe
excitation step is unattenuated [Fig. 3(d)]. But if co„is
tuned to the red of co3, so R„(Rs [Fig. 3(c)], some
current is deflected onto the repulsive state at R„less
current reaches R~, and PAI is reduced by the factor
1 —J(R~). A Landau-Zener (LZ) model of the crossing
predicts that

FIG. 3. (a) Relation between trap frequency ca| and repumper
frequency co&. (b) Probe frequency ra~ scanning to the red of
403 ~ The normal pathway is suppressed by 6 co3 coupling of
the 2 + 2 ground state to the 2 + p repulsive level. (c) Probe
frequency co~ scanning to the blue of cu3. The normal pathway
is enhanced by 6~3 coupling of the 2 + p attractive level to
the p + p doubly excited level.

of the scan continues to show small but measurable inten-

sity together with vibrational features. We interpret this
modified spectrum in terms of the potential curves and
transitions sketched in Figs. 3(c) and 3(d).

Figure 3(c) shows that when co~ is tuned to the
red of co3, the normal route to PAI is interrupted by
the suppressor frequency which couples the incoming
reactant flux from the flat ground-state potential (curve
A) to the +C3/R3 repulsive curve (curve C) around
the Condon point Rs. This transfer of scattering flux
to a repulsive level prevents the collision pair from
approaching the autoionization zone and effectively
quenches PAI. However, as shown in Figs. 3(c—d), co3

also couples the attractive —C3/R3 curve (curve B) to the
doubly excited level (curve D) at Rs. Therefore, when
co~ scans to the blue side of co3, this coupling enhances
PAI, because now both cu3 and cuq couple the flux on the
intermediate state (curve B) to the doubly excited level
(curve D).

Finally, Figs. 3(c—d) show that the blue sideband from
EOM 2, m4, also provides a path from curve B to curve
D, and explains why the vibrational structure cutoff ex-
tends further to the red in Fig. 2 from the normal (un-
suppressed spectrum) frequency of = —1922 MHz to =
—3042 MHz in the suppressed spectrum. In order to es-
timate the magnitude of the suppression effect, we have
carried out model calculations at three levels of com-
plexity: (1) time-dependent Monte Carlo wave function
simulations [9] applied to wave-packet dynamics [10],
including the effect of excited state decay, (2) standard
quantum mechanical close coupling calculations without
excited-state decay, and (3) semiclassical Landau-Zener

where

J(R ) = —A(R, )

A(R ) = 2m' IV(R )I PiD(R, )v(R, ) . (2)

Here V(R, ) is the standard quasimolecular Rabi matrix
element coupling the ground and excited molecular
states [12],

V(R, ) = (2mI/3c)' d(R, ) . (3)

In Eq. (3) I is laser power density, d is the tran-
sition dipole, and the +3 factor results from the
root-mean-square average over all directions of the
interatomic axis relative to the polarization vector of
the light [13]. The velocity at the crossing is v(R, ),
and D = d(C3/R')/dR = 3C3/R4 is the slope of the
difference potential (the ground state is fiat at long range).
For our model we take typical parameters characteristic
of Na to estimate the effect of the optical suppression:
C3 = 10e ao, d = 2.55eao (where e is the electron charge
and ao the Bohr radius), and cps —coi = —2m (600 MHz)
for the experimental case here.

Since the Condon point Rs lies very near the classical
turning point of the repulsive potential, it is necessary
to verify if the LZ expression remains valid for making
estimates of suppression. The Monte Carlo simulations
demonstrate that spontaneous decay during the dwell time
near the turning point does not significantly modify the
conclusions from using a quantum close-coupled model
without decay, even when the field strength becomes
large [11].

Figure 4 shows that there is excellent agreement be-
tween J(R~) calculated by quantum close coupling and by
the LZ approximation, even at the Doppler cooling tem-
perature 0.25 mK. Figure 4 also shows two experimen-
tal points for different intensities of the suppression laser.
Evidently the simple two-state crossing model of Eq. (1)
predicts reasonably well the observed magnitude of the
suppression effect. Much more sophisticated calculations
which include effects due to molecular hyperfine structure
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Fig. 4. Calculated flux J~ that penetrates to R~ on the
ground-state A through the curve crossing at Rs. The curves
compare quantum close coupled and Landau-Zener methods at
collision energy F/kB of 0.25 mK. Two experimental points of
measured suppression vs intensity of cu3 are also shown. The
experimental MOT temperature is expected to be in this range.

and three-dimensional scattering are needed for a fully
quantitative theory.

This paper has demonstrated that optical suppression
of ultracold collisions is possible, and a very simple LZ
model can confidently be used to predict the magnitude of
the effect. The suppression of incoming scattering Aux to
small R, however, is not the only effect of the suppression
laser. The LZ approximation shows that the fraction
2e "(1 —e ") of collisions produces separating atoms
in the excited repulsive state. Since energy conservation
requires that these separating atoms share ficu3 —E( P3y2)
in center of mass kinetic energy, these heated atoms

may escape the confining potential. But if the intensity
I is raised so that A&&1, the fraction of collisions that

produce hot excited-state atoms becomes very small, and

almost all colliding ground-state atoms would be repelled
elastically upon reaching R, .

Furthermore, any inelastic ground-state collisions due
to interactions in the region with R & R, would be
greatly suppressed. Although the effect of strong optical
suppression on the performance of the trap itself remains
to be investigated, it would be a most useful result if
optical methods could be utilized to suppress undesirable
collisions in order to increase trapped-atom densities,
while enhancing ground-state elastic collisions. These
concepts should be explored in the context of optical
control of collisions as well as for achieving Bose-
Einstein condensation of trapped alkali species [7].
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