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Direct two-color photoassociative ionization in a rubidium magneto-optic trap
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We report the observation of direct, two-color photoassociative ionization (PAI) in collisions between

Rb atoms optically cooled and confined in a magneto-optical trap. We also measure the resulting R2+ ion

spectrum and compare it to earlier trap-loss fluoresecence spectra. Unlike PAI in Na, which ionizes principally

by collisional autoionization, the Rbz* intermediate photoionizes directly to Rb2+ in a fixed optical field. These
observations confirm PAI as a sensitive and broadly applicable spectroscopic tool.

PACS number(s): 32.80.Pj, 33.80.Ps, 34.50.Rk, 34.80.Qb

The development of the magneto-optic trap (MOT) as a
reaction vessel to study gas-phase bond-forming collisions in
ultracold atomic samples has opened the way to rapid ad-
vances in the understanding and control of ultracold collision
dynamics. Notable among these has been the study of pho-
toassociative ionization (PAI) in sodium atom collisions.
This process involves a two-step, two-photon absorption dur-

ing the course of the collisional encounter. In the first step
ultracold atoms approaching on a ground-state continuum
absorb a photon to an excited attractive molecular state,

Na( S i/2) + Na( Si/z) + fi to,~Na2 .

The two atoms begin to accelerate toward each other, and
absorb a second photon in one of two ways: (1) population of
a doubly excited state while the two nuclei are relatively
distant, followed by autoionization at close range (collisional
PAI),

Rb2 + Ao), —+Rb2++ e, (5)

where co~ denotes probe laser frequency and cu, denotes
transfer or ionization laser frequency. By sweeping fi, co as
far as 35 6Hz to the red of the Rb( P3/2) + Rb( S,/2) disso-
ciation limit, we have generated a direct PAI spectrum aris-
ing from free-bound transitions to molecular states in the first
step of the PAI process. We emphasize that this direct, two-
color PAI spectrum does not depend on the presence of open
autoionizing channels and establishes PAI as a generally ap-
plicable spectroscopic technique. Virtually any two ultracold
colliding partners should exhibit a direct, two-color PAI
spectrum.

The heart of the apparatus is a magneto-optic trap loaded
from residual Rb background gas. Figure 2 shows a sche-
matic of the experimental setup. The vapor cell (MOT) [5,6]
is formed in a stainless steel vacuum chamber with a back-

Na~ + A, o)b~Na2 * Na2+ (2)

or (2) direct photoionization at close internuclear separation
to the final molecular ion (direct PAI),

Rb2

Na2 + kcub~Na2+. (3)
Rb+Rb

Rb( Si/2)+Rb( Si/2)+ fitop~Rb2 (4)

followed by
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Figure 1(a) diagrams these two possibilities. Over the detun-

ing range of A, ~, where the collisional channel is operi
[-17 cm ' from the Na( P3/2)+Na( S»2) dissociation
limit], collisional PAI dominates by a factor of over 10 [1].
Delineation of high-resolution spectroscopy and optical con-
trol of PAI in sodium has advanced rapidly over the past few
years and remains an active area of research [2—4].

Figure 1(b) shows the analogous potential curves and
transitions on rubidium molecular potentials. In contrast to
sodium the asymptote of the doubly excited levels lies 1700
cm ' below the Rb2+ potential minimum; and therefore, at
ultracold temperatures, the channel for collisional PAI is
closed. The molecular ion can only be formed by direct
photoionization of the Rbz collisional intermediate, all the
way to the dissociation limit. The two-step PAI process in
rubidium is therefore

Og

Rb(5p)+Rb(5p)

Rb(5p)+ Rb

Rb+Rb
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FIG. 1. (a) Schematic potentials and transitions relevant to PAI
in sodium. Note that there are two pathways to PAI: (1) Optical
coupling to an attractive excited state followed by a second optical
transition to a doubly excited state. The doubly excited state then
undergoes autoioniz ation at short range to produce the final

Na2 + e product (dashed arrows). (2) Optical coupling to an attrac-
tive excited state followed by photoionization directly to Na2++ e
(solid arrows). (b) Analogous potentials and transitions in Rb col-
lisions. Note that the energy gap between the doubly excited asymp-
tote and the minimum of the molecular ion potential closes the
autoionization channel at ultracold temperatures.
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vD —u =([D—E(u)]/H3t' (8)

where vD is the effective vibrational index (integration con-
stant). Equation (8) is used to fit the experimental data. Fig-
ure 3(b) shows the plot of (vt, —u) vs [D—E(v)]"s from
the slope of which we extract C3 by standard linear regres-
sion, since

FIG. 4. Comparison of FORT spectra (top) to PAI spectra (bot-
tom). Note the absence of 0 progression in the PAI spectra.

FIG. 3. (a) Measured stimulated PAI spectrum from s~Rb colli-
sions in the presence of ~ and co, probe and transfer optical fields.
Separation and widths of the peaks are consistent with the 1g mo-
lecular state (b) Plo. t of uu —u vs ([D—E(v)]/H3)" from the data
in (a). A linear regression fit yields the slope from which C3 is
determined.

labeled by the F+F'=3+3 asymptote to an excited attrac-
tive molecular state around the Condon point R, where
ken„just equals the energy difference between the ground
and excited molecular states, labeled by the (F=3)+P as-
ymptote. In the second step the transfer laser 6 co, couples the
excited molecular state to the Rb2+ ( X ) + e ionization
continuum. The transitions in the first step occur very close
to the dissociation limit, where the interatomic potential has
a characteristic inverse power form,

V(R) =D—
g C.

mon
(6)

The term D is the molecular dissociation limit, C the
expansion coefficient, and n the power of the dominant term
as the energy approaches dissociation. In the case of identical
atoms the lowest lying bound excited molecular states are
dominated by the C3/R dipole-dipole interaction at long
range. LeRoy and Bernstein [9] and Stwalley [10] have
shown that in this regime the spacing between vibrational
levels can be described analytically by

dE(u)
=A [D E(u)]—(7)

where E(u) is the energy of vibrational level v and As is
proportional to C3

' . Equation (7) can be integrated and
rearranged to give

(2rrl u21. (4)
H3=A,

I (-,') 2C3" (9)

We thus determine C&=(14.43~0.23) e ati. The quoted un-

certainty is statistical and does not include systematic errors
in the dissociation limit D due to molecular hyperfine ef-
fects. The regular spacing and simplicity of the spectrum
suggest the presence of only one molecular state, and this
measured C3 is close to a calculated value of 14.2e ao for
the 1 s state, supposed accurate to within 10% [12].It is also
in good agreement with the C3=(14.29~0.02~0.7)e aii re-
ported for the 1 g by Cline et al. [11].In this latter work the
first uncertainty term is statistical and the second term esti-
mates the systematic errors. Further support for the identifi-
cation of the spectrum with the 1 state is the fact that the

0„, which has a similar C3, predissociates at a rate about
10 faster than photoionization [11], and should therefore
not be present in the ion spectrum. We therefore assign the
PAI spectrum to the 1g state.

Figure 4 compares the present results to those obtained
from trap-loss spectra in a far-off-resonant trap (FORT) [11].
The spacing and widths of the peaks assigned to the 1 are in
reasonable accord between the PAI and trap-loss results, with
noticeable differences, however, in the range —21 to —24
6Hz. The width of the 1~ features in both experiments is
probably due to unresolved molecular hyperfine structure
[13].The most obvious difference is the absence of the 0
long-range state in the PAI spectrum. Since the initial free-
bound photoassociation to the excited molecular states is
quite similar in the two experiments, the explanation may be
in the different probes of these states. In the FORT experi-
ments the spectrum is generated by monitoring trap fluores-
cence (i.e., number of trapped atoms) as a probe laser tunes
to the red of the atomic resonance transition. The spectral
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FIG. 5. Squares of the nuclear wave-function overlap integrals,

I, plotted for U =215 of the 1 and U =57 of the 0, over the

range of vibrational levels of the molecular ion X+ where I at-

tains significant amplitude. The vibrational levels U =215 and 57
correspond to ~„detuning of about —25 GHz for 1 and 0
respectively.

dips in the fluorescence are due to enhanced atom loss rate
from the trap when the probe beam tunes through each reso-
nance in the series of vibration-rotation transitions associated
with the 1 or 0 states. Photoassociation of the Rb atoms
effectively removes them from the FORT. In contrast, the

intensity of the PAI signal relies on a second optical coupling
from the bound molecular states to the Rb2+ photoionization
continuum. The relative probability of this second, photo-
ionizing transition is controlled by the nuclear overlap
integrals (Franck-Condon factors) between Rb2(ls, O ) and

Rb2"( X+). Figure 5 plots I, the square of the overlap

integral, for 0 (v = 57) —+ X+(U) and Is(v = 215)
X+(U) over the range of final ion vibrational levels

where I achieves maximal value. The pure long-range 0
potential was taken from Ref. [13]and the long-range part of
the 1 was splined to the 'IIs potential of Ref. [14].The
Rb2+ ion potential was taken from Spiegelmann et al. [15]
and Krauss and Stevens [16].The plot in Fig. 5 shows that

the I for 0 is smaller than that for 1 by about a factor of
20, and it is therefore not surprising that the 0 does not
appear in the PAI spectra.

In summary we have shown that in the ultracold regime
photoassociative ionization can be generalized to systems
even where the channel for conventional collisional autoion-
ization is closed. It appears therefore that direct, two-color
PAI can be added to the arsenal of spectroscopic tools avail-
able for the analysis of optically cooled and trapped species.
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