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Photoassociative lonization of Heteronuclear Molecules
in a Novel Two-Species Magneto-optical Trap
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We describe the experimental observation of ultracold Na@slecular formation in a novel two-
species magneto-optical trap. We interpret our observations in terms of a photoassociative ionization
pathway similar to that observed in a sodium trap: N&s + hwn, + fiwcs — NaCs™ + e~. We
have directly measured the NaCsgroduction rate as a function of the excitation laser frequency and
intensity elucidating the role of ground-state hyperfine levels. We have observed resonance structures
in the frequency-dependent ion rate which we associate with the molecular character of the process.
[S0031-9007(98)08234-9]

PACS numbers: 33.80.Ps

Photoassociative (PA) and photoassociative ionization To determine the number of trapped atoms, fluores-
(PAI) spectroscopy of laser cooled and trapped alkalcence from each species was isolated with narrow band
atoms has recently provided [1] remarkably detailed infor{AAx = 9 nm) interference filters and measured with in-
mation about long-range interatomic potentials, scatteringlependent, calibrated photomultipliers. Trap sizes were
lengths [2], and excited-state radiative lifetimes. Until re-measured with two CCD cameras (spatial resolution
cently, collisions of ultracoldheteronucleaatomic vapors <30 wm) oriented so that complete overlap of the Cs and
have been unexplored [3,4]. Na clouds could be assured in three dimensions. The pro-

Ultracold heteronuclear PA and PAI is fundamentallyduction rate of positive ions was measured with a channel
different from its homonuclear counterpart for many rea-electron multiplier (CEM). In the absence of the MOT the
sons. One particularly important difference is that the indon count rate was-15 Hz.
teraction of a ground-excited-state heteronuclear pair lacks We first characterized the MOT with one species
the long-range resonant dipole contributioh ¢ C3/R?*)  confined and verified that each single-species MOT was
which plays a decisive role in the homonuclear case [5]well behaved: Individual trapped atom densities were
Instead, the long-range part of the heteronuclear pair po~10'° cm 3 with ~10° Na atoms and~10" Cs atoms.
tential is generally dominated by a comparatively shorteMeasured trap loss rate coefficients were consistent with
range interaction { ~ Cs/R® or Cg/R3, for example). accepted values [6]. Measurements were also made with
One consequence of this difference is that the absorptioand without opening the source for the other species and
of the photoassociating photon occurs at a much smallero significant changes were observed. We also measured
internuclear spacing®«) for a heteronuclear as compared the pure Na trap PAI rate coefficieRlps; Which was in
to a homonuclear pair. In PAI of Na in a magneto-opticalexcellent agreement with reported values [7].
trap (MOT) Rex ~ 1800ag, whereas for Na+ Cs we es- When both species were confined, several effects were
timateR.x ~ (40—100)a, (see Table 1). observed: First, the rate of ion production increased by

The particular system under study is a vapor of ce-

sium and sodium atoms contained in a novel WO ABLE I. Long-range potential parameters for Hund's case

species MOT [3]. The trapping laser beams contair*tc) states. Cq, Cs, andR., are in a.u. 72"/ is in MHz.
two wavelengths\y, = 589 nm andAc, = 852 nm (fre- z
quency stability~1 MHz). The Na trap laser is detuned Movre and Beuc Bussery ef al.
by Ana = —13 MHz (= —1.3T,) from the3S,p(F = | | G [HRI Ry | G C, |Hwed|R,
2) — 3P;,,(F' = 3) NaD2 transition. Before being sent ot loaz | na 102 | -1969 |-1446610 | Na |37
to the trap, the 589 nm light is passed through an electrc N op

. . . . 0" | 483 N.A. {100 | -101 |-2516205| 2886 |29
optic modulator which generates repumping sideband| ; 178 | na |101 | 23405 | =s60126 | 672 |72

shifted from the input laser frequency by1.71 GHz. 1 1-2650 1 761 | 69 132 |-2360973 | 2948 |27
The intensity of each sideband i8% of the total inten- 2 |-2470 | 789 | 73 | -3303 | -416500 682 |69
sity. The 852 nm light is detuned bc, = —23 MHz  [NaCs*

(—4.4T¢c,) from the 6S,/2(F = 4) — 6P3,2(F' = 5) Cs 0* |-14930] 321 [135 [-19504 |-2884437 281 (143
D2 transition. Cs repumping light is provided by a fre-| 07 |-14950| 321 [135 [-19522 |-2884930 281 |143
quency stabilized diode laser tuned to the= 3 — F/ = 1 |-14940} 321 1135 1-19511 |-2884549 ( 281 [143
4 transition. The magnetic field gradient was 2@c@ 1 [-7835 1 443 {116 (-10887 | 389711 | 376 1126

2 |-7830 | 443 |116 |-10881 | 389800 376 1126

and the background pressure was0~'* Torr.
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over 1 order of magnitude; second, the number and den- We next investigated the NaCsproduction as a
sity of trapped Na atoms decreased markedly; third, théunction of laser intensity. This experiment was carried
two-species Cs number density remained approximatelgut in a manner similar to the TOF: Either the Cs or the
unchanged. In the present paper, we focus on ion prdNa trap laser, being held at a fixed intensity and detuning,
duction. Other trap loss mechanisms are the subject of was extinguished for-20 wus, during which & us probe
separate investigation. pulse of variable intensity induced the production of
In Fig. 1 we show the time-of-flight (TOF) ion mass NaCs" (repetition rate~1 kHz). The probe light was
spectra made by extinguishing € 0) the Na trapping derived from a separate laser tuned to the same frequency
light using an acousto-optic (AO) modulator. After as the extinguished trap light. We found that the NaCs
residual ions were swept out of the trap~ 5 us), the  production depended linearly on the probe intensity up
ion rate dropped to the background level. #& 20 us  to I ~ 100 mW/cn? for Na and/ ~ 25 mW/cn? for
the Na laser was pulsed on for 100 ns producing an iof€s. We conclude that the production of NaQ®quires
burst. The observed ion pulse wad00 ns wide and is one 852 nm photon and one 589 nm photon. By using a
not limited by the spatial extent of the atom cloud. Threepulsed technique we ensured that the number, density, and
spectra are shown in Fig. 1z) the Na+ Cs MOT, (b) temperature of the trapped atom sample were independent
a Cs MOT, and ) a Na MOT. The TOF spectra im]  of the probe parameters. Another important feature of
shows two distinct peaks corresponding to;Nand to  a pulsed approach is that NaC#ns can be selectively
NaCs" ions. To verify the mass calibration we carried detected via their arrival time using TOF.
out an experiment in which we produced C®ns via a We conclude that NaCsis produced via two path-
two-color process in a pure Cs trap [8]. This'Csiass ways similar to those used to describe PAI in pure
peak is shown in TOFK), confirming our identification trapped Na [9]: N&S) + CS6S) + hvcs — NaCs +
of NaCs" in (a). By comparing the N& production rate /vy, — NaCs™ + e~ and Nd3S) + CH6S) + fivn, —
of the Na-only MOT (higher Na density) with that of Na*Cs + ivc; — NaCs™ + ¢~ as shown in Fig. 2. The
the Na+ Cs MOT (lower Na density, as noted above),last steps are assumed to occur by autoionization into
we found that the lower Naproduction in the Na- Cs  a bound state of the NaCsmolecule. This model is
MOT was due to the decrease in Na density. consistent with current calculations of the NdGsnergy
We eliminated the possibility that the NaCswas levels. The ground-state asymptote of Na@kssociates
produced by background atoms. When one of the trapmto Cs" + Na(3S) at 3.89 eV [10]. Predictions for the
was quenched, the ion signal returned to the appropriatdissociation energy of the NaCsmolecular ion place
background level: We (1) eliminated the repumper onlyjt at 0.570 eV [11], 0.398 eV [12], or 0.210 eV [13]
(2) detuned the trap light td > 10I" (inoperative trap), below this level, or at 3.32, 3.49, or 3.68 eV, respectively.
or (3) blocked one of the trapping beams. In each caseélhe asymptotically doubly excited state of NaCs occurs at
only Cs or Na atoms and ions were observed, and Ay, + fives = 3.53 eV, making autoionization energeti-
normal single-species trap was recovered. We concludeally possible according to two of the three predictions.
that NaCs is due solely to collisions involving trapped A series of two-color [14] spectroscopic studies was
Na and Cs atoms. also carried out. In these experiments, either the Cs or the
Na trap laser was extinguished 20 us at a repetition
rate of ~5 kHz. During this20 us period, a frequency
tunable probe laser (tuned near the wavelength of the
——— T extinguished trap laser) illuminates the atom cloud and
1 a burst of NaC$ ions is produced. In Fig. 2(c), the
Na; cst NaCs™ probe was tuned near the Na trap transition and the Cs
trap light was held fixed, while in the second experiment
[Fig. 2(d)], the probe was tuned near the Cs transition and
the Na trap light frequency was held fixed. The probe
laser frequency was calibrated using (1) a wave meter
(~100 MHz resolution), (2) a 20 GHz free spectral range
<1 MHz resolution scanning Fabry-Perot, (3) either a Cs
b or a Na saturated absorption spectrometer, and (4) the Na
probe was referenced to known transitions. Because
a of the scheme used to cool and trap the Cs atoms, in
L L . 1 L steady state there is only a small number of atoms in
40 60 o100 120 140 160 180 the C$F = 3) ground state (the population ratj@@ =
MASS [a.u. ] 4/F = 3] = 5). To improve the ion signal as the probe
FIG. 1. Time-of-flight ion spectraa) from the Na+ Cs Was scanned near the @s= 3) ground-state asymptote
MOT; (b) from a Cs MOT (see [8]);d) from a Na MOT. (i.e., from +4 to +12 GHz), an optical pumping cycle
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{q-c/ — NN b heteronuclear case. This is expected for heteronuclear
TRAP TRAP collisions because initial excitation occurs at smakltgr
Ne§ 2y €7 (1) Net (7, F=5) G5 5,59 and at a point where the slope in the potential is larger

s BT TR %;O'H;,Mpi:?fcs(sw causing the atoms to accelerate more quickly. Both
L ; effects reduce the effects of survival.

MOTE® NGO One striking difference between Figs. 2(c) and 2(d)
Na(F=2>F'=3) C occurs on the red (low frequency) side of the peaks. In
Fig. 2(c) this portion of the spectrum is characterized by
a broad tapered tail as compared to the red side of the
resonances in Fig. 2(d). To interpret this difference we
consider the case where the first excitation is provided
by the probe laser, representing a free-bound transition of

ETES d the colliding ground-state pair into the rovibrational levels
of the singly excited NaCs molecule. The long-range
M’W attractive interactions of a ground excited colliding
el _ M pair are described in Table I. There are three ground-
- 3 ") 5 7 p state Hund's case (c) potentials of Na@s;, 0~, and
DETUNING [ GHz ] 1. The C¢ coefficients for these have been calculated

FIG. 2. NaC$ two-color PAI spectroscopy. (a) Proposed by several Worke(s [15,16]. There are f|v+e ei<C|ted-state
NaCs PAI pathway with Cs (asymptotically) excited in the long-range potentials for NaCand N&Cs:0™, 07, 1(2),

first step; (b) with Na excited in the first step. (c) Spectra takerand?2 [15,17] whoseCs coefficients are also given [18].
with the probe laser tuned near the e line. (d) Spectra From these values, the internuclear spadtgg where the
taken with probe tuned near the 02 line. Arrows denote the  |35er comes into resonance with the relevant ground and

hyperfine transitions of Cs. The holes burned in spectrum ne - :
zero detuning are due to the disruption of the trap by the probgéXC'tEd states, was calculated. Also shown are estimated

In (b), the probe laser was kept30 mW /cm? to avoid power  Vibrational level spacings near this point [18]. Notice that
broadening (the width of the narrowest spectral structures digphotoassociation of N&s occurs at significantly closer
not depend on the probe laser power). In (c), different probeange than for NaCsand hence in a region of lower

powers were used. From2 to +3.5 GHz, 100 mW/cn? was  density of levels of the molecular intermediate.
used, whereas, to |mpr20ve the signal-to-noise ratio frefns Our spectra show a substructure with spacings
to —12 GHz, ~3 W/em" was used. ~0.1-1 GHz. Splittings around the N& = 1 — F') +
Cs asymptote are identified as300 MHz while for

was used to increase the (Es= 3) population:10 us Na(F = 2 — F’) + Cs there is at best some suggestion
before the probe was applied, the diode laser repumperf features spaced by700 MHz. Splittings in the NaC's
was detuned by>20 GHz while leaving thetS,,»(F =  spectrum appear to be300-400 MHz. These values are
4) — 6P3/(F' = 5) Cs trap light on. close to the vibrational spacings of the molecular states

To interpret each of our spectra, both channelqsee Table I). However, the structure of near dissociation
[Figs. 2(a) and 2(b)] must be considered. Consider th&Al spectra is known to be complex [9] and has yet to
case where the probe laser is tuned to the blue-(0) side  be completely analyzed even for the homonuclear case,
of the Na (Cs) trapping transition. If the probe photon isas dispersive forces and hyperfine structure [19] become
the first photon [Fig. 2(a) for Cs probe light and Fig. 2(b) relevant.
for Na probe light], then aa increases it passes from the  Figure 2(d) contains additional features: a peak at
Cs+ Na(F = 2) [Na+ C9F = 4)] asymptote to the ~+7.4 GHz which we attribute to a process in which the
Cs+ Na(F = 1) [Na + CHF = 3)] asymptote causing probe laser provides the first photon and the trap light the
a peak to appear when equals the ground-state hyperfine second photon: N& = 2) + CSF = 3) + hvpobe —
splitting of the Na (Cs) partneiA,yr = 1.772 GHz in  Na(F = 1) + CS(F = 4,5) + hvna — NaCs™ + e™.
Fig. 2(c) andAcsur = 9.125 GHz in Fig. 2(d)]. These Here vpope = ves + 9.1 GHz — 1.77 GHz = 7.4 GHz.
two peaks can also be understood in a picture where théiewed as an excitation of free atoms, this should be
trap photon is the first photon and the probe is the seconfibrbidden; however, relaxation of atomic selection rules
photon. Here, the peaks occur as the probe passes framh small interatomic spacings can explain its appearance.
the C$ + Na(F = 2) [Na" + C9F = 4)] asymptote to We have also measured the PAIl rate constant
the C$ + Na(F = 1) [Na* + CHF = 3)] asymptote. Knacs+(Ics, Ina) defined asi[NaCs']/dt = Knacs+ [Na]
Unlike previous work on Na PAI, NaCs hyperfine features[Cs], where ] denotes the concentration of species
do not exhibit any blueshift [14]. In two-color Na PAI, a A. Figure 3 showsKy,cs as a function of (a) the total
blueshift was attributed to a survival effect of the excitedCs trap light intensity and (b) the total Na trap light
state against spontaneous emission. Here we obserugensity. We note that the observed saturation occurs
no shift, suggesting that survival is less important in theat a lower than for pure Na PAI and fine structure
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