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Hyperfine Effects on Associative Ionization of Ultracold Sodium
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We observe a new resonance structure in the associative ionization spectrum of laser-cooled sodium
due to the collision of two atoms in diA'erent ground hyperfine states. This associative ionization is due
to doubly resonant excitation at moderate internuclear separation through intermediate molecular states.
Substructure within this resonance is evidence for the role of molecular bound states in this process. We
present calculations modeling the eAect of ground-state hyperfine structure, the importance of which
was unanticipated in earlier theoretical studies.

PACS numbers: 34.50.Rk, 32.80.Pj, 34.50.6b

We have performed new single-color experiments that
explore the associative ionization (AI) reaction (Na
+Na+ 2h v Naq++ e ) as a function of laser
frequency in ultracold sodium. The experiments reveal
an important role for hyperfine structure in this reaction.
Sodium AI is a model system for understanding excited-
state collision processes and the ease of product-ion
detection makes it an attractive subject for experimental
study [1—11]. The collision energies in our experiments
are much smaller than the ground-state hyperfine split-
ting, and allow us to investigate features related to this
splitting, which would be extremely difficult to see at
higher collision energies. These experiments represent a
new kind of spectroscopy of Na2, i.e., photoassociative
ionization spectroscopy, where we are able to study weak-
ly bound molecular intermediate states by looking at the
AI spectrum.

The role of ground-state hyperfine structure was unan-
ticipated before these experiments, but is easily ex-
plained. Two colliding atoms are resonantly excited by a
single color only at long range. At the low velocity of ul-
tracold collisions the doubly excited quasimolecule is like-
ly to undergo spontaneous emission before reaching the
small internuclear distance of the Na2+ curve crossing
where AI takes place [2,6, 11—14]. The hyperfine struc-
ture allows one-color excitation to be doubly resonant at a
reduced internuclear distance, leading to an increased
probability for AI. Resonances in the AI rate as a func-
tion of laser frequency indicate the role of bound inter-
mediate states of the Na2 molecule.

Previous experiments have investigated AI under ul-
tracold ( ~ 1 mK) conditions [3,4, 10,11] with the excit-
ing laser also providing confinement and/or cooling for
the reacting atoms. The tuning range to the red of the
trapping transition (3 S~iq, F=2 3 P3iq, F'=3) was
therefore limited and any investigation of the blue of this
frequency was impossible. Using a separate excitation
laser we are able to examine, in particular, the region be-
tween the F=2 F'=3 and the F=l F'=2 transi-
tions in atomic sodium. By separating the trapping and

AI excitation processes in time we are able to explore this
region with single-color excitation, where we find the
hyperfine-induced, doubly resonant associative ionization.

These experiments were performed using a magneto-
optical trap (MOT) [15] continuously loaded from a
Zeeman-cooled atomic beam [16]. This trap supplies a
relatively large number of atoms (-10 ) at high density
(—10' cm ) and low temperature (~ 500 pK). The
trapping laser (—35 mW/cm per beam) is tuned one
linewidth (10 MHz) below the F=2 F'=3 resonance
and has —10% sidebands, one of which optically pumps
atoms out of the F=1 back into the F=2 ground states.
The trapping laser is alternated with a second, AI laser,
and ion counters are gated open during the trap-off' inter-
vals to obtain the single-color AI rate. The switching is
performed by acousto-optic modulators with a —50%
duty factor and MOT/AI intervals of 2-100 ps. The AI
laser can be easily tuned over a broad range and, when
retroreAected (total intensity —3 W/cm ) in a polariza-
tion configuration resembling that of the MOT trapping
lasers, does little to perturb the confinement of the atoms
except when tuned very near the atomic transition fre-
quencies. Additional counters are gated open only during
the MOT intervals; these counts are recorded simultane-
ously and used as a monitor of the eA'ect of the AI laser
on the number and density of atoms in the trap.

A spectrum obtained in this way is shown in Fig. 1.
The positions of the F =2 F'=3 and the F=1 F'=2
transitions are indicated. A broad resonance structure
rises sharply from a threshold approximately halfway be-
tween them and extends to the blue toward the F=1
transition. We have verified that this represents a two-
photon process; the height of the peak is proportional to
the square of the AI laser intensity over the range 0.05 to
1.5 W/cm and for short enough AI counting intervals.
For intervals that are too long optical pumping becomes a
complicating factor, as discussed below.

The general features of Fig. 1 can be understood, in a
semiclassical picture ignoring the small P-state hyperfine
structure, by referring to Fig. 2. Simplified molecular po-
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FIG. 1. Ion counts as a function of AI laser detuning, BL, .
The positions of the F=2 F'=3 and F=1 F'=2 atomic
transitions are indicated. The laser intensity was —3 W/cm .

The dashed line indicates the predicted threshold discussed in

the text.

tential curves are labeled by the asymptotic (large inter-
nuclear separation) atomic state labels. At large internu-
clear distances two F=2 atoms can be excited to the
P +P potential by two photons at the F=2 P atomic
resonance frequency. In this molecular picture this repre-
sents a doubly resonant two-photon excitation. Given the
extremely slow approach velocity in an ultracold collision,
however, the AI rate is reduced due to the lack of survival
in the excited state. Similarly, two F= 1 atoms can be
doubly resonantly excited at long range by a single laser
frequency but survival in the excited P+P state to AI is
unlikely.

When atoms in difterent ground hyperfine states collide
(on the potential labeled 1+2), the double resonance
condition cannot be satisfied at long range. The photon
energy required for two-photon P +P excitation falls
halfway between the potentials labeled 1+P and 2+P, as
indicated by the dashed line. At -400ao, however, the
attractive 2+P potential crosses this line and the transi-
tion is doubly resonant, as indicated by the dashed ar-
rows. Excitation at this distance reduces the spontaneous
emission losses, increasing the probability of AI. In this
simplified model, light to the red of this frequency cannot
provide enough energy to reach the P+P potential from
the 1+2 state. This results in an energy threshold for
AI. Light to the blue of this frequency can provide a res-
onant excitation to the 2+P state at increasing internu-
clear distances. Semiclassically, the atoms then ac-
celerate on the 2+P potential and can be resonantly ex-
cited to the P+P state at closer range (solid arrows),
leaving the atoms with some additional kinetic energy.
When the light is bluer than the asymptotic separation of
the 1+2 and 2+P potentials the intermediate resonance
condition is lost. The allowed energy range for doubly
resonant excitation is indicated by the shaded area in Fig.
2.

Further support for this interpretation of the AI mech-
anism was found using two excitation frequencies. When

2 + 2
1+2
1+1

FIG. 2. Simplified schematic of the molecular potential
curves. The atomic states that asymptotically correlate to the
molecular potentials are labeled at the right. The F=1 and
F=2 ground hyperfine states are indicated by 1 and 2.

we initially observed AI, with the AI laser on at the same
time as the MOT laser, we found a complicated spectrum
with strong AI immediately blue of the F=2 resonance,
decreasing towards the F= 1 resonance, with a similar
large rate blue of F=l as well. The desire to simplify
this complicated situation led us to the alternated single-
color experiment described above. We also performed an
alternated two-color experiment. With one laser tuned to
1 P we see a peak in the AI rate as a second laser is
scanned immediately blue of 2 P. This can be ex-
plained by referring to Fig. 2: In this case we excite from
the 1+2 ground state to the 2+P intermediate state at
the relatively small internuclear separation that brings
this intermediate state into resonance with the laser tuned
near 2 P. Then the additional 1 P photon is also ex-
actly resonant to the doubly excited state. Similarly, ad-
dition of light tuned to the 2 P resonance produces
enhancement to the blue of the 1 P transition. "Two-
color" experiments using the MOT laser for the second
color are, in fact, more than two color and complicated
since the MOT, tuned near 2 P, has at least one addi-
tional repumper frequency near 1 P. In our case this
leads to at least five broad resonances as the laser is
tuned. We will restrict our further discussions to single-
color measurements.

Both the magnitude and shape of the single-color reso-
nance structure in Fig. 1 are aAected by optical pumping.
The AI rate for the process described above depends on
the product of the F=l and F=2 ground-state popula-
tion densities n i and n~, respectively, and this product de-
pends strongly on optical pumping eA'ects. We can in-
crease the initial population in the F= 1 state by turning
oA the repumping sidebands on the laser during the last
few microseconds of the MOT trapping interval. The AI
rate has a maximum as a function of this optical pumping
time, which we interpret as occurring when the F=1 and
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F=2 ground-state populations are equal. The envelope
of the spectrum of Fig. 1 is affected by optical pumping
because near the F=1 resonance the atoms are optically
pumped mostly into the F=2 state and the AI process, as
described above, is suppressed. We observe less suppres-
sion for lower laser intensity where optical pumping is
less rapid. Furthermore, we have operated the experi-
ment with the AI laser on for —10 ps intervals but with
the ion counter gates open only for —2 ps. As the gate
window is shifted from the beginning of this period to the
end we find that the AI near the 1 P transition is

suppressed, as expected from optical pumping. An addi-
tional factor affecting the envelope is that as the AI laser
approaches the atomic resonance frequency, the radiation
pressure force and extra heating due to this laser can also
lead to large perturbations of the temperature and density
of the MOT. Normally such perturbations are restricted
to a small frequency interval near the resonances.

We did not measure the absolute size of the AI rate
coefficiently directly. It was determined, however, that
using the typical operating parameters indicated above to
within a factor of 2, the total rate of ion production dur-
ing the MOT interval was equal to the peak ion produc-
tion rate during the AI interval under optical pumping
conditions where we believe the ground hyperfine state
populations to be equal. Using the recently measured
MOT AI rate coefficients [10], which are in agreement
with the low intensity measurements of Ref. [4], we can
estimate a rate coeScient for the 1+2 process to be
K~~q —10 ' cm /s, where the rate of production of
Na2+ ions per unit volume is 2n~n2K~+2.

An extremely interesting feature of the broad reso-
nance in Fig. 1 is its small scale structure. This substruc-
ture consists of a number of resonances, the narrowest of
which occur on its sharply rising edge. The positions of
these resonances appear to be unaAected by optical
pumping or changes of laser intensity. We ascribe the
substructure to molecular bound states. In order to de-
scribe such substructure we need a more sophisticated
model than the semiclassical one described above.

Therefore, we have calculated the rate coeScient as a
function of frequency using a quantum close-coupling
model similar to that of Ref. [6]. The original model was
modified to simulate the eA'ect of ground-state hyperfine
structure by lowering the ground-state potential by the
atomic ground-state hyperfine splitting, Ahr, to correspond
to 1+2 collisions. According to Ref. [6] the doubly ex-
cited I„state of Na2 dominates AI [7,8] at these tem-
peratures, so, given the dipole selection rules, we assume
that atoms come together only on the X, +„molecular
ground-state potential. The atoms are excited to inter-
mediate Og and 1g molecular states at internuclear sepa-
rations, R & 360ao, and in a second step, to the doubly
excited 1„state which autoionizes at small R and which
correlates at large R with two separated P3/2-state
atoms. The calculated photoassociative ionization spec-
trum is shown in Fig. 3.
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FIG. 3. Theoretical calculation of the AI rate coef5cient us-

ing the model system discussed in the text. A laser intensity of
1 W/cm was used in the calculation.

The location of the substructure is dominated by the
energies of the Dg vibrational levels, rather than the 1g
levels, because the Og 1„radiative coupling is larger
than the lg 1„coupling. The calculated substructure
is simpler and more distinct than that seen experimental-
ly because the model neglects the molecular aspects of
hyperfine structure as well as excited P-state hyperfine
structure. The calculated spectrum was artificially
broadened to simulate the eAects of excited-state radia-
tive decay and hyperfine-induced predissociation to the
1+P separated atom state. We estimate the broadening
to be 50 MHz. The broadening was approximated by
convolving with a Lorentzian of this width. This pro-
duces an unphysical broadening of the threshold in Fig. 3.

The calculation shows that significant AI occurs only in

the detuning range from a point halfway between the
2 P and 1 P resonance frequencies, up to the 1 P
frequency. The transition is free bound free and energeti-
cally allowed only when the laser detuning 6L ) hhr/2
=886 MHz (81.=0 at the F=2 F'=3 resonance).
The expected experimental threshold (dashed line in Fig.
1) is lower by 110 MHz, the splitting between the excited
F' =3 and F' =0 states. (Note that the atomic hyperfine
selection rules do not apply in the molecular environ-
ment. ) Experimentally we observe the sharp rise to begin
within —10 MHz of this predicted threshold. The calcu-
lation, in the absence of broadening, gives a sharp onset
to the ionization signal at threshold and substructure due
to the bound states of the 0~ and 1g potentials. A proper
theoretical treatment would require taking into account
the details of the molecular hyperfine structure, its varia-
tion with R, and its eAect on radiative transition proba-
bilities, so our results are only qualitative. As the laser
frequency increases toward the 1 P resonance, the den-
sity of vibrational and rotational states becomes large
enough that the bound-state structure is blended into a
pseudocontinuum. Once the laser is blue of the 1 P
resonance, the spectral density due to 1+2 collisions be-
comes negligible because of the Franck-Condon principle.
The first transition no longer has a real Condon point
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where the photon energy matches the diA'erence between
the ground and intermediate molecular potentials; thus
the Franck-Condon overlap matrix elements become
negligibly small.

Comparing Fig. 3 to Fig. 1, we find that our simple
model correctly predicts a number of qualitative features:
the steep rise in the ionization rate near the observed
threshold frequency, the existence of AI from the thresh-
old to the F=1 resonance, and the existence of substruc-
ture. Our model does, however, overestimate the actual
rate by over an order of magnitude. It is clear that a
complete treatment of hyperfine structure in the molecu-
lar environment will be necessary to make a quantitative
comparison between theory and experiment; such a treat-
ment is in progress.

The AI reaction, as described here, is a molecular mul-
tistep process that is in many ways extremely diA'erent
from the reaction at high temperatures. This has led to
the adoption of the term photoassociative ionization to
refer to the process, in order to emphasize the central role
of the complicated photoexcitation during the reaction at
these energies [6,10,14].

Finally we note that there are weak resonances in Fig.
1 in the region that is energetically forbidden in the 1+2
process described above. We believe that the sources of
these resonances are free-bound-bound transitions [6],
from collisions of two atoms in the F=1 state. Evidence
of free-bound-bound transitions was seen in Ref. [4], but
interpretation is di%cult due to the high laser intensities
used in that work. We hope to explore these weak reso-
nances and features that appear to the red of the 2 P
transition in future publications. Our preliminary results
indicate that there is a rich field of two-color experiments
to be explored as well. We intend to do such experiments
with independent frequency control of the two lasers, to
allow identification of the individual levels in the inter-
mediate states that contribute to AI. Pure long-range
states [17] of the Os potential have never been directly
observed. In the future, we hope to capitalize on the ex-

tremely good energy resolution aA'orded by our ultracold
atoms to probe such tenuously bound molecules.
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