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‘We report on the observation of ultracold ground electric-state cesium molecules produced directly in a magneto—

optical trap with a good signal-to-noise ratio. These molecules arise from the photoassociation of magneto—optical

trap lasers and they are detected by resonantly enhanced multiphoton ionization technology. The production rate of

ultracold cesium molecules is up to 4x10% s—!. We measure the characteristic time of the ground electric-state cesium

molecules generated in the experiment and investigate the Cs; molecular ion intensity as a function of the trapping

laser intensity and the ionization pulse laser energy. We conclude that the production of cold cesium molecules may be

enhanced by using appropriate experimental parameters, which is useful for future experiments involving the production

and trapping of ultracold ground electric-state molecules.
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1. Introduction

Over the past 20 years, the field of ultracold
atoms physics has made enormous accomplishment
with the development of the laser cooling and trapping
of neutral atoms,!) such as the achievement of atomic
Bose Einstein condensation.?) Similar advances are
expected in the field of ultracold molecules, for ex-
ample, new platforms for quantum computing, precise
control of molecular dynamics, molecular clocks, tests
on fundamental physical constants, nanolithography

and Bose-enhanced chemistry.!?!

The direct applica-
tion of laser cooling and trapping techniques to ultra-
cold molecules is very difficult because of the com-
plex levels and lack of closed two-level transitions.
Some schemes, including buffer gas cooling,* Stark
deceleration,® and velocity selection,® and inelastic
scattering in crossed molecular beams,[”! have pro-
duced and trapped cold molecules successfully without
using laser cooling techniques. However, the only way

to produce molecules in the sub-milliKelvin tempera-
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ture range is the association of ultracold and relatively
dense atoms, for example, magnetoassociation (MA)
and photoassociation (PA). MA makes use of Fesh-
bach resonances to couple an open collisional chan-
nel to a closed molecular one, converting a fraction of
the atoms into dimers.[®] A major breakthrough using
the MA technique was the observation of molecular
Bose-Einstein condensates.[*1% PA, a well-known ef-
ficient process for the formation of ultracold molecules
with a rate as high as ~106 s71-107 s—!, starts from a
pair of ultracold atoms absorbing a photon to form
an ultracold molecule in a short-lived excited elec-

(11]

tronic state. For instance, ultracold ground state

K5 molecules have been produced at the lowest vi-
brational level v = 0 via a two-step PA scheme.!'?
A sequence of a PA step followed by an absorption—
emission transfer has created ultracold ground state
RbCs molecules in v = 0.['3] Up to now, the PA tech-
nique has been used to form many alkali dimers, such
as Cso,!' Nay,['5 and Rb,,'% or alkaline earth met-

als, Cas'" as an example, and other heteronuclear
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species with two different alkali dimmers, for instance,
KRDb, '8 NaCs,[9 and LiCs.[20

In the research process of PA techniques, some
researchers!'2! have found that Css molecules and
Rby molecules can be observed in a magneto—optical
trap (MOT) even without a specific PA laser under
In Ref. [21], Caires et al.
sured the molecular formation rate constant of Rby

certain condition. mea-
directly in an MOT. Fioretti et al.l'¥l also mentioned
the phenomenon of the formation of Csy; molecule in
the absence of a PA laser and attributed it to the trap-
ping and the repumping lasers. However, they did
not specifically study the properties of Cs, molecules
produced directly in MOT. Furthermore, the direct
ionization process via trapping laser also occurred in
experiment of Rydberg atoms,!?%23] during which the
trapping laser was used in the first step of excitation
process. Thus, the relevant research of the directly
ionization process via trapping laser is very impor-
tant for the fields of ultracold molecules and Rydberg
atoms.

In this paper, ultracold Csy molecules in ground
electric-state by PA due to the trapping and the re-
pumping beams in MOT are detected by the reso-
nantly enhanced multiphoton ionization technology.
We measure the characteristic time of the ground
electric-state cesium molecules and investigate the
Cs3 molecular ion intensity as a function of the trap-
ping laser intensity and the ionization pulse laser en-
ergy. This is useful to enhance the production and
trapping of cold cesium molecules using appropriate
experimental parameters.

2. Experimental setup

A simplified experimental setup is shown in Fig. 1.
An MOT®4 is produced in a stainless steel chamber
with a high vacuum environment of about 10~7 Pa.
Several windows are for optical access and for po-
sitioning of a micro-channel plate (MCP). A pair
of anti-Helmholtz configuration current-carrying coils
provides a 15-Gs/cm (1 Gs=10"* T) magnetic gradi-
ent. The trapping beam and the repumping beam
are provided by two Littrow external-cavity diode
lasers (DL100), respectively. The repumping beam
frequency is stabilized to the resonant position of the
6S1/2(F = 3)—6P3/(F’ = 4) of Cs Dy line. The
trapping beam is tuned about 15 MHz to the red of
the 6S/5(F = 4)—6P3,5(F' = 5) of Cs transition
line. Then it is divided into three pairs of mutually
orthogonal laser beams each with a power of about

10 mW with opposite o/~ polarizations using A4
waveplates and one of them is overlapped with re-
pumping beam. Two acousto—optic modulators allow
a fast shutting of the trapping beam and repumping
beam at the same time. We trap about 3.4x107 atoms
in the Cs cloud with about 0.3-mm diameter and the
temperature of Cs atoms sample is about 170 pK.

A pulsed dye laser, pumped by the second har-
monic of an Nd:YAG laser (8-ns pulse duration and
10-Hz repetition rate), acts as an ionization laser. In
the experiment, the pulsed dye laser is operated at a
wavelength of 714 nm. We change the pulse energies
within 0-3 mJ and focuse the dye laser beam onto the

repumping beam

trapped sample with a waist of the order of 1 mm.
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Fig. 1. Experimental setup.
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Fig. 2. Time sequence in experiment and the signals of
Cst atomic ions and 052+ molecular ions. This sequence
has a repetition of 10 Hz. A typical signal on MCP shows
that the Cs™ and Cs; signals appear at about 5.9 us and
8.3 ps after the pulse dye laser, respectively.

The time sequence for the experiment is shown in
Fig. 2. An external delay/pulse generator (SRS, DG
535) provides the master clock and controls the switch
on/off of MOT lasers, pulsed dye laser and boxcar. A
high voltage field (400 V) is applied to the centre of the
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MOT by means of a pair of grids spaced 38 mm apart
to push atomic ions and molecular ions to MCP, which
is located behind one of the grids. Both detected ion
signals are processed by a boxcar integrator (SRS-250)
and recorded by a computer.

3. Experimental results and dis-

cussion

In Fig. 2, we show a typical time-of-flight (TOF)
spectra of Cs* atomic ions and Cs] molecular ions.
To the best of our knowledge, this is the best signal-
to-noise radio of CsJ ion produced directly in MOT.
The position of the CsT appears at tarom = 5.9 us after
the pulse dye laser applied and the second well-defined
peak appears with a time delay, ty,o = \/itatom, ie,
at about 8.3 us, which shows the evidence for the for-
mation of Csy molecules.
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Fig. 3. Formation and detection scheme of ultracold

ground electric-state Csg molecules produced directly in
MOT.

The formation and the detection scheme of cold
molecules produced by PA can be represented by the
sequence (see Fig. 3),

Cs(6S12) + Cs(6Sy /2) + hwy ——
082(651/2 + 6P3/2) i>CSg(681/2 + 631/2) + hw,

Os(681 /5 + 651 /2) + 2fiws —— CsF (X2E}) + e~ (1)

In step 1, a pair of ultracold ground state Cs
atoms absorbs resonantly a cesium trapping laser pho-
ton fiw; and photoassociate into Css molecule in an ex-
cited state. In the next step, a fraction of the excited
state Csg molecules will spontaneously decay into the
ground electric-state vibrational levels of XX *, or the
lowest triplet state agX; after emitting a photon hw.
Step 3 is the detection process which is a two-photon,
single-colour transition by the pulsed laser (ws), pro-
moting the ground electric-state Csy molecules, via
an vibration levels of 3Hg state correlated with the
6281/2+52DJ dissociation limit, to a bound levels of
the Csj potential.

Figure 4 shows the Cs; molecular ion intensity as
a function of trapping laser intensity. The Cs§r inten-
sity presents a linear dependence on trapping beam in-
tensity, which is consistent with the PA process during
which one photon from the trapping beam is required
[see step 1 in Fig. 3]. Bohn and Juliennel®® provided a
model of trap loss induced by PA based on scattering
theory, stimulated rate of atoms, I', is dependent on
PA laser intensity I as expressed below

r {0/ fo)|” d2, (2)

iy
¢
where ¢ and fy are the bound excited state wave
function and the initial free state wave function in
PA process, respectively and |{(¢/ f0>|2 represents the
free-bound Frank—Condon factor for this transition; d
is the molecular dipole matrix element, which is re-
garded as a constant here. From formula (2) it fol-
lows that I" increases with PA laser intensity I. The
number Ny, of cold molecules is directly dependent
on I'. The number Njo,s of Cs;r ions generated in
the experiment is proportional to the number Ny,
of cold molecules, Nions = 7Nmol, where 7 includes
the efficiency of the ionization process and the effi-
ciency of the detection process as well. The efficiency
of the ionization process, including both excitation to
the intermediate state and the ionization itself, is un-
der the influence of FC factor. A rough estimate of
the ionization process efficiency is a few percent, less
than 10%. The efficiency of the detection process con-
tains the microchannel plate efficiency, which is about
30%, and the ion recollection rate, about 90%. Based
on the theoretic analysis, the Cs2+ molecular ion in-
tensity is proportional to PA laser intensity I. The
relationship between Cs] molecular ion intensity and
trapping beam intensity in Fig. 4 is in accordance with
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the theory.
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Fig. 4. Cs; molecular ion intensity as a function of the
trapping laser intensity. The solid line denotes a theoretic
curve.

By delaying the ionizing laser pulse time start-
ing from the turn-off of the MOT lasers, we observe
that the Cs2+ molecular ion intensity decays with a
characteristic time on the order of 5 ms (see Fig. 5),
which is much larger than the radiative lifetime of
the photoassociated excited molecules (~ 20 ns).
This result indicates that these ions are produced
not by photoassociated excited molecules, but from
stable ground electric-state molecules and provides
the proof of cold Css molecules formed in the ground
electric-state. In fact, the resulting cold molecular
sample is in a ground electric state that has differ-
ent vibrational states. The observed molecular ion
signal in the absence of the PA laser is typically
100 ions/pulse in our experiment. This value is ob-
tained from the characteristic time and amplitude of
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Cs;r molecular ion intensity/arb. units
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Fig. 5. Cs;' molecular ion intensity as a function of de-
lay time between the ionizing laser pulse and the turn-off
of the MOT laser. The solid line denotes the exponen-
tial decay fitting with a characteristic time on the order
of 5 ms.

a single molecular ion detected on the MCP. Consider-
ing that the repetition frequency of the pulsed laser is

10 Hz and the gross efficiency, including the efficiencies
of the ionization process and the detection process, is
about 2.5%, the molecular production rate in MOT is
about 4x10% s~ 1.

As mentioned in Ref. [26], the Csj molecular ion
intensity is linear with respect to the ionization pulse
laser energy and there should appear a saturation ef-
fect that follows the increase of pulse laser energy.
However, the authors did not observe the saturation
phenomenon. In our experiment, where each MOT
laser acts as a PA laser, this saturation effect is ob-
served in Fig. 6. We explain it as the fact that because
the number of molecules produced by MOT laser is
limited, much smaller than that by a specific PA laser,
this saturation effect is more easily to take place. In
our experiment, errors arise mainly from the fluctu-
ation of pulsed dye laser. The error bars in our ex-
perimental results correspond to standard deviations
in mean value, averaged over 5 repeated experimental
measurements. Errors in a range of 1 mJ-3 mJ are
larger than those in the range of 0 mJ—-1 mJ in Fig. 6,
which is due to the fact that the cross section of the
pulsed dye laser and the corresponding pulse fluctua-
tion become large in the case of high energy of pulse

dye laser.
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Fig. 6. ng' molecular ion intensity as a function of ion-
ization pulse laser energy. The fitting curve shows that
the ion intensity is linear when the ionization pulse laser
energy is low and that a saturation effect appears when
the pulse laser energy is large.

4. Conclusion

We produce and detect ultracold ground electric-
state cesium molecules in an MOT where the trapping
and repumpping beams act as PA lasers. The produc-
tion rate of the ultracold Csy; molecule is estimated
to be up to 4x10% s~!. The characteristic time of ul-
tracold ground electric-state cesium molecules is mea-
sured to be on the order of 5 ms. The Csj molecular
ion intensity is linearly dependent on trapping laser
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intensity which is consistent with theory. Our exper-

imental results show that the Csj intensity is linear
when the ionization pulse laser energy is in a range

of 0 mJ-1 mJ and a saturation effect appears when

the pulse laser energy is over 1 mJ. We hope that our
experimental work is conducible to further theoretical

and experimental developments in the field of produc-

ing ultracold molecules by photoassociation.
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