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Photoassociative Ionization of Heteronuclear Molecules
in a Novel Two-Species Magneto-optical Trap
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We describe the experimental observation of ultracold NaCs1 molecular formation in a novel two-
species magneto-optical trap. We interpret our observations in terms of a photoassociative ion
pathway similar to that observed in a sodium trap: Na1 Cs 1 h̄vNa 1 h̄vCs ! NaCs1 1 e2. We
have directly measured the NaCs1 production rate as a function of the excitation laser frequency a
intensity elucidating the role of ground-state hyperfine levels. We have observed resonance stru
in the frequency-dependent ion rate which we associate with the molecular character of the pr
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Photoassociative (PA) and photoassociative ionizatio
(PAI) spectroscopy of laser cooled and trapped alka
atoms has recently provided [1] remarkably detailed info
mation about long-range interatomic potentials, scatterin
lengths [2], and excited-state radiative lifetimes. Until re
cently, collisions of ultracoldheteronuclearatomic vapors
have been unexplored [3,4].

Ultracold heteronuclear PA and PAI is fundamentall
different from its homonuclear counterpart for many rea
sons. One particularly important difference is that the in
teraction of a ground-excited-state heteronuclear pair lac
the long-range resonant dipole contribution (V , C3yR3)
which plays a decisive role in the homonuclear case [5
Instead, the long-range part of the heteronuclear pair p
tential is generally dominated by a comparatively short
range interaction (V , C6yR6 or C8yR8, for example).
One consequence of this difference is that the absorpti
of the photoassociating photon occurs at a much smal
internuclear spacing (Rex) for a heteronuclear as compared
to a homonuclear pair. In PAI of Na in a magneto-optica
trap (MOT) Rex , 1800a0, whereas for Na1 Cs we es-
timateRex , s40 100da0 (see Table I).

The particular system under study is a vapor of ce
sium and sodium atoms contained in a novel two
species MOT [3]. The trapping laser beams conta
two wavelengthslNa ­ 589 nm andlCs ­ 852 nm (fre-
quency stability,1 MHz). The Na trap laser is detuned
by DNa ­ 213 MHz (­ 21.3GNa) from the 3S1y2sF ­
2d ! 3P3y2sF0 ­ 3d Na D2 transition. Before being sent
to the trap, the 589 nm light is passed through an electr
optic modulator which generates repumping sideban
shifted from the input laser frequency by61.71 GHz.
The intensity of each sideband is10% of the total inten-
sity. The 852 nm light is detuned byDCs ­ 223 MHz
(24.4GCs) from the 6S1y2sF ­ 4d ! 6P3y2sF0 ­ 5d Cs
D2 transition. Cs repumping light is provided by a fre
quency stabilized diode laser tuned to theF ­ 3 ! F 0 ­
4 transition. The magnetic field gradient was 20 Gycm
and the background pressure was,10210 Torr.
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To determine the number of trapped atoms, fluore
cence from each species was isolated with narrow ba
(Dl ­ 9 nm) interference filters and measured with in
dependent, calibrated photomultipliers. Trap sizes we
measured with two CCD cameras (spatial resolutio
ø30 mm) oriented so that complete overlap of the Cs an
Na clouds could be assured in three dimensions. The p
duction rate of positive ions was measured with a chann
electron multiplier (CEM). In the absence of the MOT the
ion count rate was,15 Hz.

We first characterized the MOT with one specie
confined and verified that each single-species MOT w
well behaved: Individual trapped atom densities wer
,1010 cm23 with ,106 Na atoms and,107 Cs atoms.
Measured trap loss rate coefficients were consistent w
accepted values [6]. Measurements were also made w
and without opening the source for the other species a
no significant changes were observed. We also measu
the pure Na trap PAI rate coefficientKPAI which was in
excellent agreement with reported values [7].

When both species were confined, several effects we
observed: First, the rate of ion production increased b

TABLE I. Long-range potential parameters for Hund’s cas
(c) states. C6, C8, andRex are in a.u.,H2nysn22d

n is in MHz.
© 1999 The American Physical Society



VOLUME 82, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 8 FEBRUARY 1999

d
e
g,

f

ncy

p

a
and
ent
of

re

to

y.
at

s
the

he
nd

Cs
nt
nd
e
ter
e
s
Na

in
in
over 1 order of magnitude; second, the number and de
sity of trapped Na atoms decreased markedly; third, th
two-species Cs number density remained approximate
unchanged. In the present paper, we focus on ion pr
duction. Other trap loss mechanisms are the subject o
separate investigation.

In Fig. 1 we show the time-of-flight (TOF) ion mass
spectra made by extinguishing (t ­ 0) the Na trapping
light using an acousto-optic (AO) modulator. After
residual ions were swept out of the trap (t , 5 ms), the
ion rate dropped to the background level. Att ­ 20 ms
the Na laser was pulsed on for 100 ns producing an io
burst. The observed ion pulse was,100 ns wide and is
not limited by the spatial extent of the atom cloud. Thre
spectra are shown in Fig. 1: (a) the Na1 Cs MOT, (b)
a Cs MOT, and (c) a Na MOT. The TOF spectra in (a)
shows two distinct peaks corresponding to Na1

2 and to
NaCs1 ions. To verify the mass calibration we carried
out an experiment in which we produced Cs1 ions via a
two-color process in a pure Cs trap [8]. This Cs1 mass
peak is shown in TOF (b), confirming our identification
of NaCs1 in (a). By comparing the Na12 production rate
of the Na-only MOT (higher Na density) with that of
the Na1 Cs MOT (lower Na density, as noted above)
we found that the lower Na12 production in the Na1 Cs
MOT was due to the decrease in Na density.

We eliminated the possibility that the NaCs1 was
produced by background atoms. When one of the tra
was quenched, the ion signal returned to the appropria
background level: We (1) eliminated the repumper only
(2) detuned the trap light toD . 10G (inoperative trap),
or (3) blocked one of the trapping beams. In each cas
only Cs or Na atoms and ions were observed, and
normal single-species trap was recovered. We conclu
that NaCs1 is due solely to collisions involving trapped
Na and Cs atoms.

FIG. 1. Time-of-flight ion spectra (a) from the Na1 Cs
MOT; (b) from a Cs MOT (see [8]); (c) from a Na MOT.
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We next investigated the NaCs1 production as a
function of laser intensity. This experiment was carrie
out in a manner similar to the TOF: Either the Cs or th
Na trap laser, being held at a fixed intensity and detunin
was extinguished for,20 ms, during which a5 ms probe
pulse of variable intensity induced the production o
NaCs1 (repetition rate,1 kHz). The probe light was
derived from a separate laser tuned to the same freque
as the extinguished trap light. We found that the NaCs1

production depended linearly on the probe intensity u
to I , 100 mWycm2 for Na and I , 25 mWycm2 for
Cs. We conclude that the production of NaCs1 requires
one 852 nm photon and one 589 nm photon. By using
pulsed technique we ensured that the number, density,
temperature of the trapped atom sample were independ
of the probe parameters. Another important feature
a pulsed approach is that NaCs1 ions can be selectively
detected via their arrival time using TOF.

We conclude that NaCs1 is produced via two path-
ways similar to those used to describe PAI in pu
trapped Na [9]: Nas3Sd 1 Css6Sd 1 h̄yCs ! NaCsp 1

h̄yNa ! NaCs1 1 e2 and Nas3Sd 1 Css6Sd 1 h̄yNa !
NapCs 1 h̄yCs ! NaCs1 1 e2 as shown in Fig. 2. The
last steps are assumed to occur by autoionization in
a bound state of the NaCs1 molecule. This model is
consistent with current calculations of the NaCs1 energy
levels. The ground-state asymptote of NaCs1 dissociates
into Cs1 1 Nas3Sd at 3.89 eV [10]. Predictions for the
dissociation energy of the NaCs1 molecular ion place
it at 0.570 eV [11], 0.398 eV [12], or 0.210 eV [13]
below this level, or at 3.32, 3.49, or 3.68 eV, respectivel
The asymptotically doubly excited state of NaCs occurs
h̄nNa 1 h̄nCs ­ 3.53 eV, making autoionization energeti-
cally possible according to two of the three predictions.

A series of two-color [14] spectroscopic studies wa
also carried out. In these experiments, either the Cs or
Na trap laser was extinguished for20 ms at a repetition
rate of ,5 kHz. During this20 ms period, a frequency
tunable probe laser (tuned near the wavelength of t
extinguished trap laser) illuminates the atom cloud a
a burst of NaCs1 ions is produced. In Fig. 2(c), the
probe was tuned near the Na trap transition and the
trap light was held fixed, while in the second experime
[Fig. 2(d)], the probe was tuned near the Cs transition a
the Na trap light frequency was held fixed. The prob
laser frequency was calibrated using (1) a wave me
(,100 MHz resolution), (2) a 20 GHz free spectral rang
ø1 MHz resolution scanning Fabry-Perot, (3) either a C
or a Na saturated absorption spectrometer, and (4) the
probe was referenced to knownI2 transitions. Because
of the scheme used to cool and trap the Cs atoms,
steady state there is only a small number of atoms
the CssF ­ 3d ground state (the population ratiofF ­
4yF ­ 3g . 5). To improve the ion signal as the probe
was scanned near the CssF ­ 3d ground-state asymptote
(i.e., from 14 to 112 GHz), an optical pumping cycle
1125
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FIG. 2. NaCs1 two-color PAI spectroscopy. (a) Propose
NaCs1 PAI pathway with Cs (asymptotically) excited in the
first step; (b) with Na excited in the first step. (c) Spectra tak
with the probe laser tuned near the NaD2 line. (d) Spectra
taken with probe tuned near the CsD2 line. Arrows denote the
hyperfine transitions of Cs. The holes burned in spectrum n
zero detuning are due to the disruption of the trap by the pro
In (b), the probe laser was kept,30 mWycm2 to avoid power
broadening (the width of the narrowest spectral structures
not depend on the probe laser power). In (c), different pro
powers were used. From22 to 13.5 GHz, 100 mWycm2 was
used, whereas, to improve the signal-to-noise ratio from20.5
to 212 GHz, ,3 Wycm2 was used.

was used to increase the CssF ­ 3d population: 10 ms
before the probe was applied, the diode laser repum
was detuned by.20 GHz while leaving the6S1y2sF ­
4d ! 6P3y2sF0 ­ 5d Cs trap light on.

To interpret each of our spectra, both channe
[Figs. 2(a) and 2(b)] must be considered. Consider t
case where the probe laser is tuned to the blue (D . 0) side
of the Na (Cs) trapping transition. If the probe photon
the first photon [Fig. 2(a) for Cs probe light and Fig. 2(b
for Na probe light], then asD increases it passes from the
Cs 1 NasF ­ 2d fNa 1 CssF ­ 4dg asymptote to the
Cs 1 NasF ­ 1d [Na 1 CssF ­ 3d] asymptote causing
a peak to appear whenD equals the ground-state hyperfin
splitting of the Na (Cs) partner [DNaHF ­ 1.772 GHz in
Fig. 2(c) andDCsHF ­ 9.125 GHz in Fig. 2(d)]. These
two peaks can also be understood in a picture where
trap photon is the first photon and the probe is the seco
photon. Here, the peaks occur as the probe passes f
the Csp 1 NasF ­ 2d [Nap 1 CssF ­ 4d] asymptote to
the Csp 1 NasF ­ 1d [Nap 1 CssF ­ 3d] asymptote.
Unlike previous work on Na PAI, NaCs hyperfine feature
do not exhibit any blueshift [14]. In two-color Na PAI, a
blueshift was attributed to a survival effect of the excite
state against spontaneous emission. Here we obse
no shift, suggesting that survival is less important in th
1126
d

en

ear
be.

did
be

per

ls
he

is
)

e

the
nd
rom

s

d
rve
e

heteronuclear case. This is expected for heteronuc
collisions because initial excitation occurs at smallerRex
and at a point where the slope in the potential is larg
causing the atoms to accelerate more quickly. B
effects reduce the effects of survival.

One striking difference between Figs. 2(c) and 2(
occurs on the red (low frequency) side of the peaks.
Fig. 2(c) this portion of the spectrum is characterized
a broad tapered tail as compared to the red side of
resonances in Fig. 2(d). To interpret this difference
consider the case where the first excitation is provid
by the probe laser, representing a free-bound transition
the colliding ground-state pair into the rovibrational leve
of the singly excited NaCs molecule. The long-ran
attractive interactions of a ground1 excited colliding
pair are described in Table I. There are three grou
state Hund’s case (c) potentials of NaCs;01, 02, and
1. The C6 coefficients for these have been calculat
by several workers [15,16]. There are five excited-st
long-range potentials for NaCsp and NapCs:01, 02, 1s2d,
and 2 [15,17] whoseC6 coefficients are also given [18]
From these values, the internuclear spacingRex, where the
laser comes into resonance with the relevant ground
excited states, was calculated. Also shown are estima
vibrational level spacings near this point [18]. Notice th
photoassociation of NapCs occurs at significantly close
range than for NaCsp and hence in a region of lowe
density of levels of the molecular intermediate.

Our spectra show a substructure with spacin
,0.1 1 GHz. Splittings around the NasF ­ 1 ! F0d 1

Cs asymptote are identified as,300 MHz while for
NasF ­ 2 ! F0d 1 Cs there is at best some suggesti
of features spaced by,700 MHz. Splittings in the NaCsp

spectrum appear to be,300 400 MHz. These values are
close to the vibrational spacings of the molecular sta
(see Table I). However, the structure of near dissociat
PAI spectra is known to be complex [9] and has yet
be completely analyzed even for the homonuclear ca
as dispersive forces and hyperfine structure [19] beco
relevant.

Figure 2(d) contains additional features: a peak
,17.4 GHz which we attribute to a process in which th
probe laser provides the first photon and the trap light
second photon: NasF ­ 2d 1 CssF ­ 3d 1 h̄yprobe !
NasF ­ 1d 1 CspsF ­ 4, 5d 1 h̄yNa ! NaCs1 1 e2.
Here nprobe ­ yCs 1 9.1 GHz 2 1.77 GHz ­ 7.4 GHz.
Viewed as an excitation of free atoms, this should
forbidden; however, relaxation of atomic selection rul
at small interatomic spacings can explain its appearan

We have also measured the PAI rate const
KNaCs1 sICs, INad defined asdfNaCs1gydt ­ KNaCs1 [Na]
[Cs], where [A] denotes the concentration of speci
A. Figure 3 showsK1

NaCs as a function of (a) the tota
Cs trap light intensity and (b) the total Na trap ligh
intensity. We note that the observed saturation occ
at a lower I than for pure Na PAI and fine structur
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FIG. 3. The NaCs1 rate coefficientKNaCs1 sICs, INad.

changing collision processes measured in Cs [20,2
Again, this difference reflects the fact that the NaCsp

(1yR6) interaction is of a shorter range than either th
CsCsp or NaNap (1yR3) interactions. When the trap light
intensity is greater than theIsat of the atomic species, the
temperature of the atoms is on the order ofTDoppler [22],
and hence we estimate the total cross section for NaC1

production assNaCs1 ­ KNaCs1 sICs, INady, where y is
the average Na-Cs thermal collision velocity. Takin
y as the average ofTDoppler-Na and TDoppler-Cs, we find
sNaCs1 ­ 2.7 3 10213 cm2 (for ICs ­ 220 mWycm2

andINa ­ 180 mWycm2). This cross section is compa-
rable to that of PAI in trapped Na. We find this quite
unexpected given the large difference inRex between the
homonuclear and the heteronuclear cases.

In conclusion, we have observed the formation o
NaCs1 in a novel two-species MOT and presented
model for ion production in this heteronuclear system
which we confirmed by studies of ion production as a fun
tion of laser intensity and frequency. The spectrosco
of ultracold heteronuclear collisions opens up new an
exciting avenues of research in molecular spectrosco
and in the quest for ultracold molecular formation.
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