Optical control of ultracold collisions in metastable xenon
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Near-resonant light is used to modify the collision dynamics of magneto-optically
trapped metastable xenon atoms. Enhanced collisional ionization occurs for a
"control laser” tuned below resonance, greatly exceeding the predictions of existing
models of trap loss very close to resonance. With the trapping laser off, control light
tuned above resonance suppresses ionization by a factor of 8. With the trap light on,
a suppression factor > 30 is observed. Increases in the number and density of trapped

atoms and in the trap lifetime attest to the utility of optical control of collisions.
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Near-resonant laser light greatly modifies the collision dynamics of ultracold
atoms. Collision time scales may be longer than excited-state lifetimes, so that atoms
absorb and/or emit photons while colliding. The laser interaction may also shift
molecular potentials by more than the atomic kinetic energy and affect the outcome
of a collision. Previous ultracold collision studies have introduced new methods of
spectroscopy [1, 2] or addressed the collisional loss of atoms from traps [3, 4]. It has
recently been suggested that optical shielding of inelastic collisions may lead to
increased atomic densities in laser traps [5, 6]. Here we show that ionizing collisions
between trapped metastable xenon atoms can be controlled with appropriately tuned
laser light. lonization is enhanced for light tuned below resonance and suppressed
above resonance. We exploit the suppression of collisional trap loss to produce
significant increases in the number and density of trapped atoms.

Metastable xenon (Xe*) is ideal for this study. Molecular interactions
involving the metastable 6s [3/2], state are similar to those of the 6 S1/» ground state
in Cs [7], allowing direct comparison with the well-studied alkali atom. In addition,
there are important advantages in working with a metastable rare gas. Using ion
detection, we can isolate a single class of collisions that cause trap loss: those leading
to Penning or associative ionization (Pl: Xe* + Xe*® Xe + Xet +e- or Al. Xe* +
Xe*® Xe,™ +e-). Although ultracold collisions between pairs of ground-state Cs
atoms can be difficult to observe, we easily detect ions from the analogous collisions
between 6s [3/2]> Xe atoms. We are therefore not restricted to studying processes that
involve laser excitation. Finally, Xe isotopes with even mass number have no
nuclear spin, so that hyperfine structure does not influence collisions, a great
simplification over collisions in alkali atom traps [8].

Our experiments utilize a magneto-optical trap (MOT) for Xe* [9]. The
magnetic field gradient in the trap is 0.5 mT/cm, and six MOT laser beams are tuned 8

MHz (1.6 linewidths) below the 6s [3/2]> ® 6p [5/2]3 laser-cooling transition at 882



nm, each with an intensity of ~4 mW/cm2. (The saturation intensity is 1 mW/cm?2
for a Clebsch-Gordan coefficient of 1.) Acousto-optic modulators are used to switch
the MOT light with a 150-ns period and an "on" duty factor of 2/3. The trapped atom
cloud has an approximately Gaussian density distribution with an rms radius of ~80
mm and a peak density of ~5° 1010 cm-3. The background gas in the MOT vacuum
chamber is predominantly Xe at a pressure of 8~ 10- 7 Pa.

For a given set of laser parameters, collisions in the trap produce ions at a rate

Ri= aiN + ?fn(r)zd%, (1
where N is the number of trapped atoms, n(r) is the atomic density distribution, a;
arises from collisions with background gas, and bj characterizes Pl and Al. The factor
of 1/2 appearing with bj accounts for the fact that two atoms are lost from the trap for
each ion produced by Al or PI. Though ionization is the dominant loss mechanism
in the MOT, atoms are also lost through non-ionizing collisions governed by rate
constants apj and bpj. The combined rate constant for inelastic collisions between
trapped atoms, b = bj + bpj, limits the density in the MOT. Here we demonstrate the
possibility of "controlling” b with near-resonant light. In doing so, we use three
experimental techniques: measurement of the atomic density and number, detection
of Xe ions using a channel electron multiplier, and trap fluorescence decay
measurements.

To determine N and n(r), we turn off the MOT light and fields, and after a
short (200-ns) delay, illuminate the atomic cloud for 50 ns with a resonant laser beam
much larger in diameter than the cloud. The atoms absorb light from the probe,
leaving a shadow that we image on a ccd camera. The absorption image is divided by
a reference image obtained without trapped atoms. This procedure yields a 2D spatial
profile of the optical thickness of the trap, which we fit with a 2D Gaussian function.

Assuming the trap radius along the probe direction is equal to the mean radius found



from the image, we calculate a 3D Gaussian atomic density profile with maximum
density ng. To minimize uncertainties, we adjust the MOT beam alignment until the
trapped cloud has approximately spherical symmetry. The integrated density gives
the number of trapped atoms N, and the integral of n(r)2 in Eqg. (1) reduces to
nogN/23/2,

The method of imaged absorption is also used to measure the atomic velocity
distribution. Lengthening the delay between the MOT turn-off and the probe laser
pulse, we obtain images of the freely expanding cloud. A comparison of images at
short and long delays gives the rms velocity, vims. For the data presented here, Vims
is typically 7-8 cm/s (T~100 nK).

We estimate our ion detection efficiency e by counting the number of detected
ions and the change in N during a 50-ms interval after the MOT loading is turned off.
On average, for every ten atoms lost from the trap, one ion is detected, giving a lower
limit of 0.2 for e As discussed below, trap loss at short times and high densities is
dominated by Pl and Al (bj >> bp;), so the e must actually be very close to this limit.

In a preliminary experiment with 132Xe, we vary ng and measure the ion rate
Rj(dark) during the trap-off intervals of the MOT chopping cycle. Inserting a Gaussian
n(r) into Eq. (1), one finds that a plot of Rj/N vs. ng is a line with intercept aj and
slope bj/25/2. This functional form fits well to data obtained over the range of
densities 3~ 109 cm-3 < ng<3~ 1010 cm-3. The fitted intercept and slope give aj(dark)
=3(2) " 103 sl and bj(dark) =6(2) * 10-11 cm3/s, where we have assumed e= 0.2 and
guote only one-standard-deviation statistical uncertainties. For typical densities,
background gas collisions contribute only a few (perhaps zero) percent of the total ion
rate, as expected, since the 8.3-eV excitation energy of Xe* is not sufficient to ionize
most background gases. The aj-term in Eq. (1) may therefore be neglected unless bj is

made extremely small. In what follows, we obtain bj assuming a;=0.
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FIG. 1 The laser-induced rate coefficient bj(C) - bj(dark) ys. control laser detuning d for I = 1 mw/cm2.
The inset shows a log-log plot of the experimental data and a scaled quantum-mechanical model of Cs
trap loss [14] (natural linewidth G=5 MH2z).

To induce changes in bj, we use a "control” laser beam from a Ti: sapphire
laser tuned near the laser-cooling resonance. The control beam is applied for 50 s
during alternate MOT-off intervals, producing a modified ion rate R;j(®), which we
measure in the last 20 ns of the interval. We also measure the rate Rj(dark) when
both MOT and control beams are off. Taking the ratio of the two rates, we obtain
bi©) /bj(dark) which is independent of density and number fluctuations occurring on
time scales longer than 150 . Since we have already measured bj(dark) this ratio
determines b;(©).

Fig. 1 shows a plot of b;(€) vs. control laser detuning (d = Neontrol - Natomn)
obtained with a collimated, linearly polarized, traveling-wave control laser beam
with intensity | = 1 mW/cm2[10]. Independent data sets shown for 132Xe and 136Xe

behave identically (assuming bj(dark) js the same for both isotopes). We find that



bi(©) is enhanced with respect to bj(dark) below resonance, with a peak at - 20 MHz.
Above resonance, in the range 0 £ d £ 50 MHz, the rate is suppressed by a factor of
bj(dark) /b;(€) =1.7. Increasing the intensity of the control laser beam broadens and
increases the sizes of the enhancement and suppression features. The suppression
factor eventually saturates, reaching a peak value of ~ 5 near d =200 MHz for I =0.5
W/cm2. For circular polarization the suppression factor saturates at a value of ~8
(this is a minimum value, since Rj may have a contribution from aj when bj is
suppressed far below bj(dark)y, Increased suppression due to intense, circularly
polarized light may be caused by optical pumping that orients the sample so that it is
unlikely to produce Pl or Al [11]. This explanation is consistent with an observed
decrease in the enhancement of b;(¢) below resonance for circular polarization. We
henceforth use linearly polarized control light, which cannot produce an orientation.
We note that results for 131Xe (nuclear spin = 3/2) resemble those for the even
isotopes, though with a ~40% smaller peak value of b;j(¢) /bj(dark) pelow resonance.
Since bj(dark) for 131Xe is unknown, we do not report the size of b;(©).

To explain the general features of Fig. 1, we consider two atoms with
internuclear separation R interacting on a molecular potential described at long range
by a power series S, Co/R". The potential Vg for two atoms in the 6s [3/2]; state is
dominated by n=5 and n=6 terms describing quadrupole-quadrupole and van der
Waals interactions, respectively. Atoms reaching small R on Vg5 can make
transitions to ionic potentials corresponding to Pl or Al. This mechanism accounts
for bj(dark),

In the presence of control light with d < 0, atom pairs are excited to a long-
range, attractive potential Vsp(R) = - C3/R3, which arises from the dipole-dipole
interaction between the 6s [3/2], and 6p [5/2]3 states (see Fig. 2 inset). Vgp accelerates
atoms toward small R, where Pl and Al occur. Resonant excitation occurs near the

"Condon radius" R¢, where the energy of a control-laser photon is equal to the energy



difference between Vgp and Vss. For large negative detunings (d < - 50 MHz in our
case), the acceleration is so large that atoms reach small R in a time short compared
with the natural decay time. Therefore, the enhancement in bj is simply
proportional to the probability that two atoms have separation R.. The 1/d?
dependence of this probability is expected to characterize collisional trap loss at large
d, unless atoms execute multiple oscillations on the excited potential [12, 13, 14]. As
shown in Fig. 1, our data agree with calculations of 1/d2? behavior, consistent with a
near-100% ionization probability at small R.

Since there is no existing ultracold collision theory for Xe*, we compare our
results to a quantum-mechanical theory for Cs [14], which considers trap loss due
only to atoms reaching small R on the excited 0y* molecular potential. After being
scaled to agree with our data at large d, the theory curve in the inset of Fig. 1 strongly
disagrees with the experiment at small d. Near resonance, where R becomes very
large, a sharp drop in the enhancement curve is predicted because the short-lived
excited state decays before atoms reach small R. The observed large rate for small d
may arise in part from excitation to a long-lived subradiant state analogous to the 2u
state in Csp, which could survive during acceleration to small R. However, such a
state alone cannot explain the entire spectrum [15]. Saturation effects not included in
[14] may also play a role, enabling reexcitation to and ionization from Vgp after atoms
undergo the excitation-acceleration-decay process [15]. In addition to these
explanations (which would also apply to alkali atom trap loss experiments), we note
that ionization at small d may be enhanced through the Vss channel if acceleration
on Vgp is followed by spontaneous decay. Even if the gradient of Vgp is small, there
can be considerable acceleration after multiple excitation-decay cycles [10]. The energy
gained may be sufficient for atom pairs with high relative angular momenta to
penetrate centrifugal barriers and reach small R [16]. The relative contributions of

these various mechanisms have yet to be addressed theoretically.



The suppression of bj to the blue of resonance is explained by excitation to a
long-range repulsive potential with the form - Vp. Repulsion prevents atoms from
ever reaching small R and ionizing. This shielding of collisions is described for two-
level atoms in 1D by the theory of [6]. For the conditions of our experiment, this
theory would predict suppression factors much larger than those observed.

Resolving the discrepancy may require multiple molecular states to be considered

and a treatment of the problem in 3D.
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FIG. 2 Measured suppression factor vs. d for 132x¢ in the presence of MOT light. In the shaded region the
trap is distorted by the control laser. The inset shows the shielding mechanism discussed in the text.

Since suppressing collisions that cause trap loss is a promising method for
increasing the density and number of atoms in a MOT, controlling b in the presence
of MOT light is of great interest. For typical conditions, the red-detuned trap
radiation gives rise to a rate constant b;(t) that is ~ 20 times larger than bj(dark),
Adding the control laser to the trap yields a modified rate constant b;(t+¢). We now
examine the suppression factor b;j(t)/bj(t+c) as a function of control-laser detuning.
The ratio of bj's is obtained as in the previous experiment, except that the MOT light

is left on continuously. Fig. 2 shows the suppression factor vs. d for a control laser



beam with | » 1 W/cm?2. We find a peak suppression factor of > 30, corresponding to
bj(t+¢) < 0.6 bj(dark),

To explain shielding in the presence of trap light, we refer to the inset of Fig. 2.
Since the trap laser has a small negative detuning, it excites atom pairs to Vgp at a
large radius R¢. Acceleration may occur until the MOT laser is no longer resonant
and atoms cannot be reexcited after decaying to Vss. At the control-laser Condon
radius (R¢ < Ry), a pair may be excited from Vg to the repulsive - Vgp potential, which
shields the impending collision. Because of the high relative velocity gained in
acceleration, atoms do not spend much time near R¢, which may explain the high
control-laser intensities necessary for efficient shielding. This high-intensity regime
might best be modeled in the basis of molecular states dressed by a two-color laser
field. We have diagonalized the two-laser + molecule Hamiltonian for a simple
system of Vs and £Vgp potentials for typical experimental conditions. States with
predominately Vg character at large R are indeed found to have repulsive barriers
sufficient to shield ionizing collisions. Including the effects of spontaneous emission
in such a system should enable a calculation of the shielding factor. Until such a
model is available, the factor of ~6 difference between the MOT-on and MOT-off
suppression factors remains an open question.

In the experiments presented up to this point, no significant change in ngor N
was seen because the control laser was applied only one-sixth of the time. We now
turn to an experiment in which the MOT and control lasers are left on continuously,
so that the trap-loss rate constant b is significantly reduced and the number and
density of atoms in the MOT are increased. In measuring b, we monitor the MOT
fluorescence intensity, which is proportional to the number of trapped atoms. With
the fluorescence signal calibrated by a measurement of N, we turn off the loading of

the MOT and observe the trap decay. The rate constant for background gas collisions,



a =aj + anpj, i1s found at long times, when the density dependent loss is small. b is

obtained from the initial decay rate and measured values of the initial npand N.
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FIG. 3 Trap fluorescence decay curves (132Xe).
(a) No control laser; b=2.5(3) " 109 cm3/s, no=2.6(2) " 1010 ¢m3
(b) 1 =300 mW/cm?2, d=300 MHz; b=15(2) " 109 cm3/s,ng=3.7(3) ~ 1010 ¢cm3
(©) 1=300 mW/cm?2, d =165 MHz; b=28(1)" 1010 cm3/s,ng=1.5(2) * 1010 cm3
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Data from three trap-decay measurements are shown in Fig. 3. Curve (a)
corresponds to a trap decaying in the absence of a suppressing laser. Using the same
trapping parameters, we add a control laser with |1 = 300 mW/cm?Z, obtaining (b) with
d =300 MHz and (c) with d = 165 MHz. For (b) we measure a 40% reduction in b, and
>30% increases in both ngand N. In (c) we find that b is suppressed by a factor of 3
and N grows by more than a factor of 3, although ng decreases by nearly 50%. In an
additional measurement for I = 15 mW/cm2 and d = 70 MHz, we have seen 50% and
100% increases in ng and N, respectively. Note that changes in density will be
governed to some extent by the reabsorption of photons emitted by trapped atoms,

which gives rise to a density-limiting repulsive force between atoms [17].
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Changes observed in b are smaller (by at most a factor of 3) than those seen in
bi(t) for similar control laser parameters. The difference may arise because heating is
increased with the control beam on continuously, raising the collision rate. In fact,
measurements for the examples above show that vyms is roughly twice as large in (c)
asitisin (a). This heating may explain differences between the suppression factors
for b and bj(1). It is also possible that we fail to shield collisions that do not produce
ions. However, such collisions are unlikely to contribute to b at the > 10-10 cm3/s
level. First, in the course of measuring the 6s [3/2]; lifetime [18], we obtained an
estimate of the rate constant for collisions that induce changes in fine-structure state
which result in VUV photon emission. In the presence of MOT light, the density
dependence of the VUV rate yields bfs ~ O (3~ 10-11cm3/s). In addition, one might
assume that contributions to b other than bj(t) and b¢s are similar to those from Cs
trap loss measurements, which also fall in the 10-11 cm3/s range [19].

In conclusion, we have used near-resonant light to control inelastic collisions
between ultracold atoms. This technique may be generally useful for increasing the
number and density of atoms in traps. Our results at small red detunings, where the
effects of spontaneous emission are crucial, are the first to enable a detailed
comparison with theory in this detuning region. They do not agree with calculations
that assume trap loss to occur only when colliding atoms reach small internuclear
separations on short-lived, excited molecular states. Resolution of the disagreement
will require theories to include ionization from s + s potentials and/or the possible
contribution of a long-lived excited state. Such analyses would provide further
understanding of the different collisional loss mechanisms in alkali and metastable
atom traps. Consideration of multi-level atoms dressed by one or two laser
frequencies would also be useful in accurately estimating the degree to which

collisions can be shielded.
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