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Single-color photoassociative ionization of ultracold sodium: The region from 0 toÀ5 GHz
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We have measured the rate of production of Na2
1 ions in collisions of ultracold Na atoms held in a

magneto-optical trap~MOT! as a function of probe laser detuning using a single-color probe beam. The ion
rate is measured with the atoms mainly in the 3S( f 52) level ~‘‘bright MOT’’ ! or the 3S( f 51) level ~‘‘dark
MOT’’ !. Using recent experimental information about the doubly excited autoionizing states of Na2, we find
that the large structures in the first 5 GHz red of the atomic transition frequency are due to a doubly resonant
excitation process with levels in the 0g

2 potential~asymptotically connected to 3S1/213P3/2) as the interme-
diate states, and levels in the 0u

2 and 1u potentials~asymptotically connected to 3P3/213P3/2) as the final
autoionizing states. We can account for nearly all of the observed structure in this region of the spectra for both
the bright and dark MOT.

PACS number~s!: 32.80.Pj, 33.20.2t, 34.50.Gb
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I. INTRODUCTION

The study of collisions between cold atoms (T'1 mK)
has been made possible by the introduction of laser coo
and trapping techniques. When two atoms collide in the p
ence of light, the atoms may combine to produce a bou
electronically excited molecule. This photoassociation p
cess may be detected as a decrease in the fluorescence
trapped atomic sample@1#. In the particular case of sodium
two atoms colliding in the presence of light tuned to the r
of the atomic 3S→3P3/2 transition can photoassociate an
then absorb a second photon of the same color to produc
Na2

1 ion. Early experiments studied this photoassociat
ionization~PAI! rate for atoms held in an all-optical trap@2#.
Resonant structures were observed in the ion signal as
trap lasers were detuned from the atomic transition by up
5 GHz. Improved experiments using a magneto-optical t
~MOT! and a separate probe laser to produce the ions h
shown that photoassociative ionization signals with a sin
color probe laser can be observed far red of the first 5 G
of detuning@1,3,4#. Figure 1 shows such a spectrum. Still,
clear distinction can be made between the spectrum m
sured in the region between 0 and25 GHz ~‘‘the first 5
GHz’’ ! and the spectrum measured in the region be
25 GHz.

Below the first 5 GHz, regularly spaced ion peaks a
observed. Identification of these peaks is based on their r
lar vibrational spacing and hyperfine structure~see Ref.@3#
for a more extensive discussion of the spectrum in this
gion!. The spectrum in this region is dominated by photo
sociation at long range (R>140a0) to vibrational levels of
the singly excited 1g (3S13P3/2) potential. This is followed
by a second transition to an ionization continuum at re
tively short range. In Fig. 2 this mechanism is shown sc
matically. The first step~photoassociation! is represented by
a solid arrow from the ground state to a bound level of theg
state, the second step~photoionization! by a solid arrow from
this 1g bound state to the ionization continuum at short
ternuclear distance. In addition to this 1g progression, similar
1050-2947/2000/62~1!/013408~8!/$15.00 62 0134
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ionization signals belonging to a 0u
1 state have been ob

served@3#.
Trap loss signals indicating photoassociation to a 0g

2 state
are also observed in this spectral region, but no correspo
ing ion signal is observed. The 0g

2 state is a purely long-
range state~see Fig. 4!. Because vibrational levels in thi
potential have inner turning points ofR.50a0, the short-
range ionization mechanism which gives rise to the ion s
nals for the 1g levels does not occur for the 0g

2 levels @5#.
In this paper we investigate the large, irregularly spac

features which appear in the first 5 GHz of the spectru
Plausible explanations for this new structure might invo
some change in the character of either the photoassocia
or ionization steps or both. From the one-color spectr
~Fig. 1! alone it is impossible to distinguish between the
possibilities. By doing auxiliary two-color experiments
which we use a separate, independently tunable laser
each step, we can disentangle the contributions of the ph
association and ionization steps. We will show that we c

FIG. 1. Signal of Na2
1 ions as a function of probe laser detu

ing relative to the atomic transition frequency 3S1/2( f 52)
→3P3/2( f 53), showing the sudden increase in signal for sm
detunings.
©2000 The American Physical Society08-1
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A. AMELINK et al. PHYSICAL REVIEW A 62 013408
explain essentially all the structure in the first 5 GHz of t
one-color spectrum as the result of photoassociation to vi
tional levels in the purely long-range 0g

2 potential followed
by excitation to a bound, autoionizing level of a doubly e
cited molecular potential connecting to the 3P3/213P3/2 as-
ymptote. This process is schematically illustrated in Fig.
The change in character of the signal in the first 5 GHz
thus a result of the opening of a new ionization pathw
which permits photoassociation to the 0g

2 intermediate state
to contribute to the ion signal. In order for a peak to app
in the single-color spectrum, it is necessary that there be
accidental coincidence between the energy of the photoa
ciation step and the ionization step. This leads to the irre
lar appearance of the signals.

This mechanism is essentially that proposed by Hea
and Julienne~HJ! @6# in response to the original experiment
observation of ionization in the detuned optical trap@2#. At
the time, the nature of the doubly excited states was
known and so a model doubly excited 1u potential was ad-
justed to give a cutoff in agreement with the observed sp
trum. Recently, we have used two-color experiments
investigate the autoionizing states that are important for
process@7#. We find that there are in fact two doubly excite
autoionizing potentials~one of 1u and one of 0u

2 symmetry!
which are important, neither of which has the shallow de
proposed by HJ. The cutoff in the spectrum is instead du
a rapidly decreasing Franck-Condon overlap between theg

2

state and autoionizing states bound by more than 10 G
Combining these new data with other two-color experime
which have studied the 0g

2 state@8,9#, we are able to repro

FIG. 2. Schematic diagram showing an ionization mechanism
the cold collisions of sodium atoms. The first step of the two-s
process is the photoassociation of two slowly colliding atoms int
singly excited bound molecular state by the absorption of a
detuned photon. The second step is direct photoionization at s
internuclear distances. When the probe laser is scanned, an ion
nal is observed only when the probe laser is resonant with a tra
tion from the ground state to a singly excited bound molecular st
01340
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duce, from measured two-color spectra, the main featu
observed in the single-color spectrum in the first 5 GH
Spectra taken with most of the atoms initially in either t
lower, 3S( f 51), or the upper, 3S( f 52), atomic hyperfine
state show differences that can also be accounted for by
model.

II. REVIEW OF THE POTENTIALS INVOLVED

A. Ground states

The molecular ground-state interaction at long range
the attractiveC6 /R6 van der Waals interaction, withC65
21539 a.u. for Na2 @10#. At an internuclear distance o
100a0, the van der Waals interaction is only 10 MHz and t
ground-state potential is considered to be flat over the ra
of internuclear distances relevant to our experiments. Incl
ing the hyperfine interaction in the ground-state of Na, th
are three ground state potentials: we distinguish the 212,
the 112, and the 111 molecular hyperfine ground state
where we have indicatedf a1 f b of the two atoms. These
states are split in energy by the atomic ground-state hy
fine splittingDEhfs51.772 GHz.

B. Singly excited states

If there were no atomic fine-structure splitting, then t
long-range behavior of the states at the 3S13P dissociation
limit would be determined by the purelyC3 /R3 resonant
dipole interaction. TheC3 depends on the relative orientatio
of the 3S and the 3P atoms, i.e., on the symmetry of th
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FIG. 3. Schematic representation of the doubly resonant ion
tion process responsible for the large structures in the first 5 GH
the single-color ionization spectrum. In addition to the 0u

2 state,
there is also a doubly excited 1u state which autoionizes at sho
internuclear distances. Only the long-range parts (R.12a0) of
these two potentials are known experimentally; the potential dra
here is meant only as an illustration.
8-2



-

SINGLE-COLOR PHOTOASSOCIATIVE IONIZATION OF . . . PHYSICAL REVIEW A 62 013408
FIG. 4. Calculated Hund’s
case~c! potential curves for Na2
connected to the 3S1/213P1/2,3/2

dissociation limits. In~a! all the
molecular potentials are shown in
cluding fine-structure~the fine-
structure splitting is D fs

5515.52 GHz), and in~b! all the
curves connecting to the 3S1/2

13P3/2 dissociation limit are
shown.
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molecular state. The competition between the fine struc
and resonant dipole interactions produces potentials w
are not simply 1/R3, as discussed in detail by Movre an
Pichler @11#. At long range, the dipole-dipole interaction
much stronger than the van der Waals interaction: at an
ternuclear distance of 100a0, the dipole-dipole interaction is
66 GHz using a typicalC3 value of 10 a.u. With thisC3
value, the potential becomes 5 GHz deep at an internuc
distance of'240a0.

Figure 4 shows a plot of the calculated Na2 Hund’s case
~c! potentials connecting asymptotically to the 3S1/2
13P1/2,3/2 dissociation limits. In our experiment, the prob
laser which excites a pair of atoms to a bound molecu
state was tuned to the red~blue! of the 3S1/2→3P3/2 (3P1/2)
atomic transition frequency. Therefore, we only need to c
sider those molecular potentials which are attractive and
ymptotically connecting to the 3S1/213P3/2 dissociation
limit. Figure 4 shows that five molecular symmetries fulfi
the necessary requirements: 1u, 0g

2, 2u, 1g, and 0u
1. The 1u

potential is a purely long-range potential with a well depth
only '5 GHz, while the 0g

2 potential is also purely long
range with a well depth of'57 GHz @9,12,13#. These two
states, at long range attractive, become repulsive at relati
large internuclear distances (R.50a0) due to avoided cross
ings with repulsive states connecting to the 3S1/213P1/2 dis-
sociation limit. Bound levels in these potentials have inn
turning points at large internuclear distances and their pr
erties can be calculated to high precision from the ato
properties of Na. The 2u, 1g, and 0u

1 potentials remain at-
tractive to much shorter internuclear distances. Transiti
from the ground state to the 2u state are dipole forbidden.

C. Doubly excited states

The dominant interaction term for the states connecting
the 3P13P dissociation limit is theC5 /R5 quadrupole-
quadrupole interaction. Curve crossings from other asym
totes complicate the picture@15# so that a simple Movre-
Pichler type of analysis is not sufficient. However, we ha
shown@7# that the two autoionizing states important for t
present purposes are consistent with aC5 /R5 interaction
with C552254 a.u. At long range the quadrupol
quadrupole interaction is much weaker than the dipole-dip
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interaction. At an internuclear distance of 100a0, the
quadrupole-quadrupole interaction is 0.2 GHz using a va
of C55250 a.u. With thisC5 value these doubly excited
potentials become 10 GHz deep at an internuclear distanc
'45a0.

We have recently studied the symmetries and proper
of the doubly excited autoionizing states@7#, and found that
two doubly excited potentials connected to theP3/21P3/2

asymptote, one of 0u
2 and one of 1u symmetry, dominate the

route to ionization used in photoassociation experiments
cold Na.

III. EXPERIMENT

The experiments are performed in both a bright and a d
MOT @16,17#. In both types of MOT, the trapping lase
drives the 32S1/2( f 52)→3 2P3/2( f 53) atomic transition
~type-I cooling!. Occasionally atoms are excited to th
3 2P3/2( f 52) state, which can decay to the 32S1/2( f 51)
ground state. A ‘‘repumper’’ laser is introduced by leading
fraction of the trapping laser light through a 1.7 GH
acousto-optic modulator. In the case of the bright MOT,
entire trapping volume is covered with repumping ligh
which pumps most of the atoms into thef 52 hyperfine
ground state. In the case of the dark MOT, a dark spot in
middle of the repumping beams leaves the central volum
the trap free of the repumping light. As a consequence, m
of the trapped atoms are optically pumped into thef 51
ground state.

The trapping beams are turned on and off at a 100 k
rate with a duty cycle of 50%. During the off periods of th
trapping laser, a variable-frequency probe laser is introdu
into the MOT. Low intensities are used to avoid pow
broadening. The relative frequency of the probe laser is
termined from a calibrated 300 MHz free spectral range c
focal etalon which is locked to the saturated absorption sp
trum of Na. The absolute frequency is determined from
simultaneously recordedI 2 absorption spectrum. Molecula
ions created during the probe periods are collected
counted with a channel electron multiplier. Similar expe
ments are described in greater detail in@3,14#.
8-3
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IV. RESULTS

A. Single-color PAI

Our single-color PAI measurements for small detunin
in the bright and dark MOT are shown in Fig. 5. Multip
low-power scans were averaged to increase the signa
noise ratio. The noise level is indicated by the most ra
fluctuations, as exemplified by the region between25 and
26 GHz detuning in Fig. 5~b!. The noise is slightly larger
at larger signal levels, being mostly due to fluctuations in
loading of the trap. Most of the structure, for example, b
tween25 and26 GHz in Fig. 5~a! is not noise but repre
sents'10 narrow peaks. A comparison between the bri
and dark MOT spectra shows that the ion signal in the firs
GHz depends on the relative populations of the two ato
hyperfine ground states. Most of the atoms in the bri
MOT are in thef 52 hyperfine ground state, whereas in t
dark MOT thef 51 ground state is mostly populated. In th
bright MOT most of the collisions are thus between tw
atoms in thef 52 ground hyperfine state (212 collisions!,
fewer collisions are with one atom in thef 52 and the other
in the f 51 state (112 collisions!, while the number of col-
lisions between two atoms in thef 51 state (111 collisions!
will be relatively small. In the dark MOT it is opposite: ther
will be a relatively large number of 111 collisions, fewer
112 collisions, and even fewer 212 collisions. The differ-
ent ground-state pairs are split in energy by 1.77 GHz. Tr
sitions from the different combinations of colliding groun

FIG. 5. Ion yield as a function of probe laser detuning in~a! a
dark MOT and~b! a bright MOT, close to the atomic transitio
frequency.
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state atoms to a given intermediate level will thus be shif
in frequency. For instance, a transition to a given interme
ate level starting from a 111 collision will be shifted 1.77
GHz to the blue with respect to a transition to the sa
intermediate level starting from a 112 collision. In addition,
the wave-function overlap with the excited states is differ
for the three ground-state pairs@12#; possibly their transition
dipole moments are different as well. For these reasons
expected that the PAI spectrum will be different for ea
ground-state pair. The PAI spectra measured in both
bright and dark MOTs are the sum of spectra from the th
ground-state pairs, but with different weighting factors. Th
the differences between the bright and dark MOT spectra
most likely the result of the difference in atomic ground-sta
populations in the two MOTs. This will be investigated
more detail in Sec. V.

B. Two-color probe of the ionization step

In this section we will set out to demonstrate experime
tally that the singly excited 0g

2 potential is the only interme-
diate state responsible for the structure in the first 5 GHz.
this purpose we have performed two-color experime
@7,14# with the photoassociating~PA! laser fixed on a vibra-
tional level in each of the three singly excited potentials t
might be involved in the ionization process~the 1g, 0g

2, and
0u

1 dissociating to 3S13P3/2 @3#!. The binding energies o
the chosen levels were all'230 GHz. At this detuning the
three states are clearly resolved. A second, photoioniz
~PI! laser was scanned to produce the spectra shown
Fig. 6.

Bound doubly excited states are observed only with
PA laser fixed on the 0g

2 state. Longer scans than these
not show any bound states below210 GHz. There is a
small, structureless background ionization level pres
across the entire spectrum obtained with the PA laser fi
on the 1g and 0u

1 intermediate states. This background sign
is possibly due to a single-color ionization process such
that indicated in Fig. 2, where the second step is made w
a photon from either the PA or the PI laser, independen
the frequency of the PI laser. This direct photoionizati
process from bound levels in the 0u

1 and 1g states is also
possible for probe laser detunings less than 5 GHz be
atomic resonance, but it does not result in additional str
ture since the photoionization step is a bound→ free transi-
tion into the ionization continuum. Only if the second st
involves a bound→ bound transition is additional structur
expected to arise. The fact that bound doubly excited lev
are only observed with the 0g

2 state as the intermediate sta
therefore implies that it is the only intermediate state
volved in the change in character of the single-color sp
trum near 5 GHz detuning.

The fact that no bound states are observed with the
laser fixed on the chosen vibrational levels of the 1g and 0u

1

potentials can be understood by considering the Fran
Condon wave-function overlap of these levels with t
doubly-excited states. The outer turning points of the lea
bound rovibrational levels of the doubly-excited states
8-4



te
s
r
th
le
tc
p
he
te
ll
e
te
o

s

al

re
i

d
x
ls

a-
e
of
n-

tion
AI
bly
. 3.

in-

the

gh
ol-

are

are

ta-
so

ken
ion
.

g

zin
o

ser
the

SINGLE-COLOR PHOTOASSOCIATIVE IONIZATION OF . . . PHYSICAL REVIEW A 62 013408
located near 50a0 @7#, whereas for both the 1g and 0u
1 vibra-

tional levels the inner and outer turning points are loca
near 6a0 and 130a0, respectively. Thus the wave function
of these 1g and 0u

1 vibrational levels oscillate rapidly nea
R550a0, resulting in a small Franck-Condon overlap wi
the doubly excited states at this internuclear distance. Un
the inner turning points of the doubly excited states ma
those of the intermediate states, the wave-function overla
the inner turning points will also be negligible due to t
rapid oscillations of both the intermediate and doubly exci
state wave functions near their steep inner potential wa
Although the 1g and 0u

1 vibrational levels considered her
are more deeply bound than those which will be popula
by a laser detuned less than 5 GHz, the same reasoning h
for these higher levels since they have outer turning point
even larger distances than the levels considered here.

In contrast, the inner turning points of high vibration
levels of the long-range 0g

2 potential are located near 55a0.
Figure 3 illustrates the situation. For these levels it is the
fore reasonable to expect a good wave-function overlap w
the least-bound doubly excited states. Our observation
doubly excited bound states shows that there is indee
good wave-function overlap with the autoionizing doubly e
cited levels~which have been identified previously as leve

FIG. 6. Two-color measurement with the photoassociating~PA!
laser fixed on the indicated vibrational states and the photoioni
laser scanned. Ion peaks below the dissociation limit are only
served with the PA laser fixed on a level in the 0g

2 potential.
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of 1u and 0u
2 symmetry@7#! at the inner turning point of the

0g
2 (v55) level. Since the inner turning points of the 0g

2

levels do not change much with vibrational level, the vibr
tional levels important for the first 5 GHz spectrum will hav
an overlap with the doubly excited states similar to that
the v55 level used here. We have verified this experime
tally for v59.

C. Two-color probe of the photoassociation step

The observations and discussion of the preceding sec
confirm that the change in character of the single-color P
spectrum for detunings less than 5 GHz is due to a dou
resonant photoassociation process, as illustrated in Fig
The first step is a free→ bound transition to a high (v
>12) vibrational level of the 0g

2 potential. The binding en-
ergies and widths of these high vibrational levels of the s
gly excited 0g

2 state have been determined@8#. Figure 7
shows a measurement of these vibrational levels using
two-color ionization scheme as reported in Ref.@8# but with
improved resolution. The two colors are related throu
nblue5n red128.5 GHz. Photoassociated singly excited m
ecules are promoted to a free doubly excited state~by ab-
sorption of a blue detuned photonnblue) which autoionizes at
short internuclear distances. The clearly resolved peaks
due to excitations to the 0g

2 (v514-19) levels, while the
bound states with binding energies smaller than 1.7 GHz
broadened due to their predissociation into the 3S1/2( f 51)
13P3/2 dissociation continuum. Spectra of lower 0g

2 vibra-
tional levels@9# show a rotational progression withJ52 the
dominant line, althoughJ50 through 4 are generally
present. For the high vibrational levels shown here the ro
tional splittings are smaller than the hyperfine structure,
only broad lines are observed. We assume that theJ52
character still dominates. The spectrum of Fig. 7 was ta
with a bright MOT and thus the dominant photoassociat
lines originate from 212 hyperfine ground-state collisions

V. ANALYSIS OF THE SINGLE-COLOR SPECTRUM

A. Line positions

By combining the information of the first step@Fig. 7, also
displayed in Fig. 8~a!# with the recently measured bindin

g
b-

FIG. 7. Two-color measurement with the photoassociating la
scanning. The clearly resolved peaks are due to excitations to
0g

2 (v514–19) levels.
8-5
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A. AMELINK et al. PHYSICAL REVIEW A 62 013408
energies and widths of the doubly excited vibrational lev
accessible from the 0g

2 state as described in@7# and the pre-
ceding section@Fig. 6~a!#, we can identify detunings fo
which there will be a single-color, doubly resonant proce
of photoassociation followed by excitation to an autoionizi
level. Figure 8~b! shows the same spectrum as Fig. 6~a! but
with the frequency scale divided by 2. With this new sca
the figure shows the detunings for which two photons w
have the correct total energy to produce a doubly exc
state, starting with a pair of atoms colliding on the 212
hyperfine ground state.

From this diagram we can see which features in
single-color bright MOT spectrum are attributable to pho
association from the 212 hyperfine ground state to a 0g

2 line

FIG. 8. A comparison of spectra used to identify lines in t
single-color spectrum arising from 212 ground state collisions
Panel~a! shows the singly excited 0g

2 spectrum as a function o
laser detuning taken in a bright MOT. Panel~b! shows the doubly
excited bound-state spectrum as a function of laser detuning f
12 collisions. The frequency scale is 1/2 that of Fig. 6~a!, as ex-
plained in the text. Panel~c! shows the one-color bright MOT spec
trum. The solid arrows point to clear single-color double re
nances, while the dotted arrows point to observed peaks which
not attributable to double resonances from the 212 hyperfine
ground state.
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with J52 character, followed by excitation to an autoioni
ing doubly resonant state. Two clear examples of suc
double resonance are indicated by the solid arrows in F
8~c!. For example, the single-color bright MOT feature a
24.1 GHz is the result of a double resonance:

Na„3S~ f 52!…1Na„3S~ f 52!…12hn

→Na2* „0g
2~v515,J52!…1hn

→Na2** „0u
2~v5vmax21,J853!…→Na2

11e2,

where the states are labeled according to Refs.@7# and @8#.
Here vmax denotes the highest observed vibrational level
the doubly excited 0u

2 state.
It can also be seen that some of the features in the br

MOT spectrum @specifically the structures at23.25 and
23.5 GHz, indicated by the dotted arrows in Fig. 8~c!# do
not line up as nicely as the feature at24.1 GHz. This is
mainly due to the fact that in a bright MOT some of th
atoms are in thef 51 ground state. The alignment of Fig
8~a! and 8~b! only applies to 212 collisions. For 112 col-
lisions, Fig. 8~a! should be shifted to the right~blue! by 1.77
GHz while Fig. 8~b! should be shifted to the right by 1.77/
GHz, as is shown in Fig. 9. These shifts will cause dou
resonances for 112 collisions to occur for different lase
detunings than for 212 collisions, as can be seen in Fig.
The solid arrow in Fig. 9~c! points at a clear double reso
nance from the 112 hyperfine ground state, the presence
which cannot be understood by considering 212 collisions
only. Also not considered as yet are transitions in which
intermediate state hasJ other than 2. For example, if th
intermediate state hasJ53 character, then the second st
can be to theJ854 line of the doubly excited state; this ha
not been considered in our model.

B. Peak heights

In the preceding section we did not consider how t
heights of the various peaks in the single-color spectra ca
modeled. In fact, it is extremely difficult to calculate th
spectrum of the first 5 GHzab initio, since that requires an
accurate knowledge of the ground, singly excited, and d
bly excited state wave functions, as well as all of the tran
tion dipole moments. Here we present a more empiri
model based on using measured two-color photoassocia
spectra, which captures the main features of the experime
single-color spectra. We assume that the probabilityP1(n)
for a transition from the 212 ground state to the intermed
ate 0g

2 state at a detuningn is proportional to the ion yield
for this detuning, as shown in Fig. 8~a!. Likewise, the prob-
ability P2(n) for a transition from this intermediate state
the doubly excited states at that same detuning is pro
tional to the ion yield for this detuning, as shown in Fi
8~b!. The contribution from 212 collisions to the single-
color spectra at a detuningn can be obtained by multiplying
the probabilitiesP1(n) and P2(n). Contributions from the
111 and 112 collisions are accounted for by shifting th
spectra before multiplying, as discussed in the preceding
tion. The weights of the contributions from the different co
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lision states depend on the type of MOT used and are
justed to reproduce the data. To account for the depletio
the MOT in the first'1.5 GHz below atomic resonanc
caused by the near-resonant probe beam, we multiply
result by a Gaussian function fitted to the simultaneou
recorded MOT-phase ion signal.

In Fig. 10 the calculated spectrum for the bright MOT
plotted together with the measurement. In the simulation
contribution from 112 collisions is nine times smaller tha
that from 212 collisions and with no contribution from 1
11 collisions. All the calculated peaks show up also in t
experimental spectrum. Two peaks in the experimental sp
trum that are missing in the calculation are indicated by
arrows. This discrepancy between the calculation and
measurement is most likely caused by the assumption
only J52 rotational levels are populated in the 0g

2 state. The

FIG. 9. A comparison of spectra used to identify lines in t
single-color spectrum arising from 112 ground-state collisions
Panel~a! shows the singly excited 0g

2 spectrum as a function o
laser detuning for 112 collisions, panel~b! shows the doubly ex-
cited bound-state spectrum as a function of laser detuning fo
12 collisions, and panel~c! shows the one-color bright MOT spec
trum. The solid arrow points to a clear double resonance from
112 hyperfine ground state.
01340
d-
of

he
y

e

e
c-
e
e
at

peak at23.5 GHz can be attributed to a two-photon res
nance from the 112 hyperfine ground state to the doub
excited 0u

2 (v5vmax21, J852) rotational level, while the
peak at21.1 GHz can be attributed to a two-photon res
nance from the 212 ground state to the doubly excited 0u

2

(v5vmax, J852) level @7#. Since transitions from the singly
excited 0g

2 (J52) levels to the doubly excited 0u
2 (J852)

levels are forbidden@7#, the 0u
2 (J852) rotational levels do

not appear in Fig. 8~b!, and thus are also not included in th
model spectrum of Fig. 10. In the experiment, however,
0u

2 (J852) levels may be excited from the intermediate 0g
2

(J51 and J53) rotational levels, which may explain th
discrepancy between the calculation and the measureme

In Fig. 11 the calculated spectrum for the dark MOT
plotted together with the measurement. Again, there are
peaks predicted that do not appear in the experimental s
trum. In this case the contribution from 112 collisions was
weighted by a factor 0.5 relative to the dominant 111 con-
tribution, while no 212 contribution was included. For th
same reason as discussed for the bright MOT, the peak

1

e

FIG. 10. Comparison between the calculated spectrum~dotted
line! and the measurement~solid line! in the bright MOT. The
origin of the lines indicated by arrows~which are missing in the
calculation! is discussed in the text.

FIG. 11. Comparison between the calculated spectrum~dotted
line! and the measurement~solid line! in the dark MOT.
8-7
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23.5 GHz is missing in the calculation. Note that t
peaks at23.5 and23.25 GHz, which are present in bot
the bright and the dark MOT spectra, can be attributed
double resonances from the 112 collision pair.@The peak at
23.25 GHz is a two-photon resonance from the 112
ground state to the 0u

2 (v5vmax21, J853) level.# This is
reasonable, since the bright MOT spectrum is mainly a re
of 212 and 112 collisions, whereas the dark MOT spe
trum mainly results from 111 and 112 collisions. Similar
peaks that appear in both the bright and dark MOT spe
are thus most likely a result of 112 collisions.

We did not measure the relative populations of thef 51
and f 52 ground states in the bright and dark MOT config
rations for these experiments. It is tempting to interpret
weighting factors for the contributions of 111, 112, and
212 collisions as directly reflecting the populations of t
different hyperfine collision states. Using the weighting fa
tors in this way, however, ignores the fact that the spectr
originating from the 112 initial state is not simply the spec
trum from the 212 state, shifted. In fact, the dipole mo
ments from the different initial hyperfine ground states to
0g

2 state may differ, as do the Franck-Condon factors. Ad
tionally, the experimental spectrum of Fig. 8~a! is not a di-
rect measure of the photoassociation probability. The exp
ment uses a second, ionizing step@8# to detect that
photoassociation has occurred. This second step is a b
→ free transition that may impart some additional struct
to the ionization signal@14#. An example of such a structur
can be seen in the positive-detuning continua in Fig. 6. If
ignore these complications, we infer that in the bright MO
approximately 94% of the atoms are in thef 52 hyperfine
ground state while in the dark MOT 75% of the atoms are
the f 51 state. In making this estimate, we have taken i
od

s

.

.

an

nd

an

s
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account that the Bose symmetry of the colliding atoms lim
the number of degenerate sublevels at the 111, 112, and
212 asymptotes to 6, 15, and 15, respectively, fors-wave
scattering. We have further assumed that, on average,
transition probability from each of these sublevels to up
states is identical. The relative hyperfine state populati
derived in this way are not unreasonable for our MOT co
ditions, suggesting that the other factors we have ignored
not, in aggregate, significantly modify the observed intens
ratios. The percentage off 51 atoms in the dark MOT is low
compared to values reported in@18#, but under other circum-
stances we have produced higher ratios off 51 to f 52 at-
oms in this apparatus as well.

VI. CONCLUSION

In conclusion, we have shown that the intermediateg
2

state is the primary state involved in the ionization in the fi
5 GHz below the atomic resonance. The differences as w
as the similarities between the bright and dark MOT spec
are explained by our model. The agreement between
model and the measurements shows that our model exp
the radically different behavior of the single-color PAI spe
trum in the first 5 GHz from resonance in comparison w
that at larger detunings.
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