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Observation of Associative Ionization of Ultracold Laser-Trapped Sodium Atoms
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We have observed associative ionization of laser-cooled and -trapped sodium atoms. The measured
rate coefficient for the process at a temperature of 0.75 +0.25 mK is (1.1¥§2)x10 7! cm3 s 7!, which

implies a cross section of 8.6x10 !4

cm? This is 3 orders of magnitude larger than the cross section

measured in previous experiments at higher temperatures. The measurement involves the use of a new

kind of laser trap.

PACS numbers: 32.80.Pj, 34.50.—s, 34.50.Rk

Recent advances'™ in laser cooling and trapping of
neutral atoms have paved the way for experiments using
the resulting cold, dense atomic gases. In this Letter, we
present the first observation, identification, and measure-
ment of a specific collisional process in such a unique
sample. This low-energy regime is novel for several
reasons: (1) Collisions can be highly nonclassical.
When the de Broglie wavelength of the collision partners
is long relative to the range of the interaction potentials,
a semiclassical, trajectory treatment is inappropriate.
(2) Only a small number of partial waves contribute to
the collision cross section. (3) The collision dynamics
can be dominated by weakly attractive, long-range po-
tentials which are unimportant at high collision energies.

We study the associative ionization (AI) reaction

Na*+Na*— Na,T+e 7, ¢))

where Na* =Na(3P3/,;). The Al process has been stud-
ied extensively with vapor cells’ and atomic-beam tech-
niques.®® Those experiments, however, were limited to
collision energies greater than 20 K. We measure the Al
cross section for ultracold (0.75 mK) excited sodium
atoms to be 8.6x10 ~!* cm?, a value approximately 3 or-
ders of magnitude larger than that measured at collision
velocities corresponding to energies ranging from 2400 to
20 K.® The large value of this cross section implies, as
Vigue has suggested,'? that collisional processes will be
important factors in limiting the atomic densities achiev-
able with laser-cooling and -trapping techniques.

The experiment is performed with sodium atoms
which are laser cooled and confined in a novel, hybrid
laser trap. This trap, based on Ashkin’s proposal,'! uses
both the spontaneous-radiation pressure force and the di-
pole force for confinement; it will be described in detail
in a future publication. The trap (see Fig. 1) has two
counterpropagating, circularly polarized (¢*), Gaussian
laser beams brought to separate foci. With the laser

tuned below resonance, radial confinement is provided by
the dipole force. Axial confinement about the midpoint
between the foci results from the differential spatial vari-
ation in the radiation pressure from the two beams. Fol-
lowing a suggestion by Dalibard and Cohen-Tannoudji, '?
the two beams are alternated in time to avoid the large
dipole heating!® that results from the presence of stand-
ing waves. The trapping periods are alternated with
Doppler cooling periods'* which serve to damp the atom-
ic motion.

The trap is embedded in a much larger (~1 cm diam)
region of two-frequency “optical molasses” > formed at
the intersection of three pairs of counterpropagating, col-
limated laser beams. This molasses captures and con-
fines slow atoms emanating continuously from a laser-
cooled atomic beam,'’ allowing us to achieve steady-
state total densities of =107 atoms/cm? at temperatures
near the cooling limit (240 uK for sodium). Atoms from
the molasses are captured by the trap and are com-
pressed to a much higher density. As pointed out by
Chu et al.,* the optical molasses is ideal for loading the
trap and maintaining a low temperature.

L=z

FIG. 1. Laser-trap geometry (not to scale). Foci of the two
beams are separated by about the confocal parameter. Stable
trapping is achieved at the midpoint between the foci (shown
as a cross) where the waist (1/e? radius of intensity) is w.
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Typically, each trap beam has a power of =40 mW
and is focused to produce a waist (1/e? radius of intensi-
ty) of w==100 um at the trap center. At a detuning of
approximately —700 MHz [relative to the (35, F
=2)— (3P3, F'=3) transition], the time-averaged ra-
dial well depth is =10 mK. The axial depth (to each
focus) is much larger: we estimate it to be on the order
of a kelvin. Each trap beam is on for 3 us and trapping
periods are alternated with 3-us cooling periods. The
effect of the molasses (cooling) beams is turned off by
the large ac Stark shifts when a trap beam is on.

Excitation to the 3P3/, state (necessary for AI) occurs
during both trapping and cooling periods. We calculate
that while a trap beam is on, the atom spends =35% of
its time in the excited state, cycling between F=2,
mr =2 and F'=3, mg.=3. The six molasses beams typi-
cally have an intensity of =14 mW/cm? each and are
detuned =10 MHz below the F=2— F'=3 transition,
resulting in a calculated excited-state fraction of =13%
during the “trap-off” cooling period. These three or-
thogonal pairs of beams have orthogonal linear polariza-
tions so that the trapped atoms are assumed to be equal-
ly distributed among the various m states during cooling.

Fluorescence from excited atoms in the trap is collect-
ed and imaged with a calibrated charge-coupled-device
video camera. The spatial resolution of the optical sys-
tem, measured as the FWHM of the §-function response,
is =12 um at the trap. The spatial distribution of excit-
ed atoms is determined from the video image and is typi-
cally 40 um FWHM radially and 800 um axially. The
three-dimensional excited-state density profile is derived
from the two-dimensional image by the assumption of a
Maxwellian atomic velocity distribution. This implies
that the distribution of excited atoms is Gaussian in the
harmonic (central) portion of the trap. From the radial
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FIG. 2. Time-of-flight mass spectrum of ions produced in
the laser trap. Arrows indicate the calculated arrival times for

Na* and Na,*. The large signal at short times is due to ring-
ing of the high-voltage pulse.

distribution of atoms and the calculated trap potential,
we determine the temperature to be 0.75 +0.25 mK.

Ions formed in the trap are accelerated into a Johnston
model MM1 focused-mesh electron multiplier'® and
counted. In order to determine the mass of the ions, we
have measured the time-of-flight mass spectrum which
results when a pulsed electric field is used to extract ions
which accumulate over many trapping-cooling cycles. A
typical spectrum is shown in Fig. 2. The ions are pre-
dominantly Na,¥; our signal-to-noise ratio allows us to
determine that the Na ™ fraction is less than 20%.

In order to verify that the Na,* is produced in a
binary Na-Na collision process, we have measured the
dependence of the ion production rate on the density of
trapped excited atoms. The density is varied by our
changing the flux of slow atoms which enter the molasses
and load the trap. The parameters of the molasses and
the trap are held fixed in an attempt to maintain the
same density profile and temperature in the trap, and so
the total fluorescence from the trap is assumed to be
directly proportional to the density of excited atoms.
Data taken in this manner are shown in Fig. 3. When
plotted on a log-log scale, data for a two-body collisional
process should yield a straight line with a slope of 2.0.
Some of the data on ion rate versus fluorescence suggest
a decreasing slope at higher densities. (While the data
are not sufficiently accurate to confirm this, we may
speculate that collisional loss processes, e.g., collisional
heating,!” are responsible for such a trend. These pro-
cesses, being more rapid in regions of high density, could
cause distortions in the trap density profiles.) Neverthe-
less, the data support the hypothesis that the ions are
formed in binary Na-Na collisions.

Measurement of the absolute Al rate coefficient K re-
quires absolute determinations of ion production rate and
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FIG. 3. Log-log plot of ion signal vs trapped-atom fluores-
cence (arbitrary units). The solid line has a slope of 2.0. Error
bars represent random fluctuations in the measurement of a
single point.
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excited-state density. These quantities are measured as
the difference between conditions with and without the
trap in order to eliminate small background contribu-
tions. The “without trap” condition is achieved by our
detuning the trap laser, keeping the power constant. The
ion rate is measured by counting with an ion collection
and detection system whose efficiency is assumed to be
90% (on the basis of the specified multiplier efficiency
and the geometry). We obtain the absolute density from
a combination of absolute excited-atom number mea-
surements (using both the calibrated camera and a cali-
brated photomultiplier tube to measure total trap fluo-
rescence) and measurements of the density profile (using
the video image). The ion production rate, dNV;/dt, is re-
lated '8 to the excited-state density, ., according to

DN/Jdt =K [ n2()d’r =K7,N., )

where 7, is the effective trap density and N, is the total
number of excited atoms in the trap: N, = [ n,(r)d>r.

We typically observe a steady-state dN;/dt =1.1x10°
ions/s with N, =2.0x10* excited atoms in an effective
volume of 4.0x10 ™% cm?, implying 7, =5.0%10° cm ~>.
This yields a rate coefficient of K=(1.1%§3)x107"
cm?® s ~'.!® The uncertainty in this value comes mainly
from the determination of n,(r). If we assume an aver-
age collision velocity of 130 cm s ~! (i.e.,, a tempera-
ture of 0.75 mK), this gives a cross section of
o=8.6%1%%)%x10""* cm? By contrast, the cross sec-
tion at a velocity corresponding to an energy of 20 K has
been measured® to be about 10 ~'® cm? and is decreasing
with decreasing temperature.

The basic physical problem we must address is how
the cross section can be so large at these ultralow tem-
peratures. To appreciate the novel effects of ultracold
atom collisions we must understand the specific quantum
threshold behavior due to the long-range approach of the
two atoms. If we neglect the effect of multiple entrance
channels, the quantum-mechanical integral cross section
for inelastic scattering from entrance channel 1 to the Al
exit channel 2 has the form

o12(6) ==(n/k2)[io QI+1)|SiaeD) |

=X 2(I pax+1) 2P, 3)

for center-of-mass collision energy € =4 2k 2/2u, reduced
mass u, and relative angular momentum /. The quantity
| S12(e,1) |  represents the inelastic scattering probabili-
ty, for which the unitarity of the S matrix gives an upper
limit of 1. In the second expression in (3), X=1/k
=)/2x, where A is the entrance-channel de Broglie
wavelength, and P, represents the mean probability of
Al averaged over contributing partial waves whose max-
imum angular momentum is /pax.

Even if we assume that only s waves (/.x=0) con-
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tribute in our case (¢=%kgT with 7=0.75 mK, for
which X =4.3 nm) we get an upper limit of 9x10 '3
cm? for the cross section. Thus the large measured value
does not violate the s-wave unitarity condition. Note
that for large /max, X/max =bmax, Where bnay is the classi-
cal impact parameter. For high-temperature collisions
(700 K) bmax has been measured to be about 0.2 nm, and
Py, is about 0.1.!° On the other hand, X(/max+1) at
0.75 mK is =4.3 nm, depending on the magnitude of
Imax- If Imax=1, then the measured cross section at 0.75
mK implies that P;, is actually much smaller at 0.75
mK than at 700 K. We conclude that the large mea-
sured cross section is not unreasonable. It is a conse-
quence of the large value of A for near-threshold col-
lisions.

We have carried out quantum-mechanical calculations
to simulate the entrance-channel threshold behavior for
realistic long-range R ~" potentials. The details of this
analysis will be described elsewhere. It is necessary to
take into account both the long-range R ~° quadrupole-
quadrupole interaction with which two excited 3Pj3/;
atoms approach one another and the modification of the
long-range potential due to interaction of the asymptotic
atoms with the strong radiation field for collisions which
occur when the strong trapping laser is on. Both aspects
of the potential are sensitive to atomic orientation. The
physics of the collision can be separated into two distinct
regions: the asymptotic long-range region in which the
approach of the two atoms is governed by the attractive
or repulsive nature of the long-range potential and a
short-range region in which Al occurs. The short-range
physics is essentially independent of the asymptotic phys-
ics. The important role of the asymptotic region is to
control how many partial waves / contribute to the sum
in (3) as a result of small centrifugal barriers in the ap-
proach of the two atoms on an attractive potential.

We note that Al can be an important loss mechanism
for laser traps. Under our typical conditions, it contrib-
utes a decay rate of 0.03 s !, Inelastic collisions be-
tween ground- and excited-state atoms (collisional heat-
ing) are predicted!” to lead to even higher loss rates.
With improved loading (leading to higher density), the
lifetime in the trap will become dominated by these col-
lisional loss mechanisms (as opposed to loss due to col-
lisions with background gas) and will eventually cause
the steady-state density to increase only with the square
root of the loading rate. Prentiss et al.?’ have reported a
density-dependent loss rate for a different kind of laser

trap,! which implies a rate constant of 4x10~!' cm?

s 1. It is independent of the excited-state fraction, and
therefore cannot be due to Al

In conclusion, we have made the first measurement of
a collision process at a submillikelvin temperature and
the first application of laser-cooled neutral atoms to
study a previously inaccessible physical regime. With

these techniques, it will be possible to investigate other
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collisional processes: photoassociation,?! collisional heat-
ing,!” state-changing collisions, and cluster formation.
The large size of this cross section at low temperature
has important consequences for the achievement of high
densities of neutral atoms with use of laser cooling and
trapping techniques.
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