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Abstract. Photoassociation reaction is the process in which two colliding atoms (or the
colliding atom-molecule system) absorb a photon to form an excited molecule. Since
the researches based on the ultracold atomic and molecular systems have attracted
great attention both from theorists and experimentalists, the ultracold photoassocia-
tion reaction is becoming an ascendant research field. In this paper, we review briefly
the investigation history of the photoassociation reaction for ultracold atoms, espe-
cially the basic theory of collision and the photoassociation in different light fields,
and the research on the external-field manipulation of ultracold atoms collisions is
also prospected.

PACS: 34.10.+x, 34.50.Rk, 39.25.+k,82.30.Nr
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1 Introduction

In recent decades, the development of laser techniques have made many new phenom-
ena of laser-atom or laser-molecule interaction observed and investigated, such as ac-
Stark shift [1,2], multiphoton ionization [3-7], laser-induced continuum structure [8-10],
and photoassociation reaction [11-15], etc. In the investigation of photoassociation, it
is found that the temperature of the samples is essential for the optical excitation and
emission processes, i.e., the cold samples is beneficial to achieving the photoassociation
spectroscopy with high resolution. In addition, the low temperature condition has other
advantages that the formed production is more stable, and the reaction can be easily con-
trolled by external fields, due to the translational energy of the system is very low. For
the acquiring of low temperature, the laser-cooling technique is an alternative and the
obtained temperature can be in the range from a few mK to several yK (ultracold). An-
other cooling technique is the so-called evaporative cooling, which has been reviewed by
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W. Ketterle [16], E. A. Comell and C. E. Wieman [17]. It can be also used to cool atom
to even lower temperatures in the quantum degenerate limit where atomic Bose-Einstein
condensation (BEC) occurs [18].

The success of ultracold atom preparation on experiments stimulates and promotes
the study of ultracold molecules. Because molecules have vibrational and rotational de-
gree of freedom, and a possible magnetic dipole moment or electric dipole moment pro-
vides more possibilities for the manipulation of molecule, the study of productions and
applications of cold molecules will be more challenging and pioneering. However, the
production of ultracold molecules is of great significance for molecular matter waves [19],
highly precise molecular spectrum [20], coherent molecular chemistry [21], quantum in-
formation processing [22,23] and so on, so it becomes a very important research topic
of the atomic and molecular physics to seek effective methods of producing ultracold
molecules. Fortunately the realization of ultracold atoms offers new ways for producing
ultracold molecules. According to the ways they are obtained by associating ultracold
atoms using external field, either optical field, or magnetic field, the associating scheme
can be classified correspondingly into two kinds, i.e., magnetoassociation and photoas-
sociation. Magnetoassociation is also called magnetic Feshbach resonance, in which the
magnetic field is used to adjust the interatomic interactions, so that the two colliding
atoms form a metastable molecules [24]. Photoassociation is the process in which two
colliding atoms absorb a photon to form an excited molecule [25]. Compared with mag-
netic Feshbach resonance techniques, photoassociation has a lower requirement for ul-
tracold atoms samples, and has the advantages of high efficiency, low energy levels and
stable states when producing ultracold molecules. In Some literatures it is also called the
optical Feshbach resonance [26].

Photoassociation has been studied both experimentally and theoretically. In 1987,
the concept of photoassociation was first introduced by Thorsheim et al. [27] Since then,
many ultracold diatomic molecules [28-40] have been associated using this technology,
but with very low forming efficiency. In 1998, a new method was proposed to solve
the above problem, which used stimulated Raman photoassociation technique to form
ultracold molecules in alkali metal atomic BEC [41]. Four groups reported the photoas-
sociative production of three different ultracold heteronuclear diatomic molecules in 2004
[37-39,42]. In 2011, Zhang Wei and Cong Shu-Lin et al. [43,44] investigated the photoas-
sociation dynamics implemented by a series of asymmetric slowly turned-on and rapidly
turned-off laser pulses, and in the same time they also demonstrated the photoassocoa-
tion dynamics of ultracold cesium atoms being controlled by varying the corresponding
parameter. In 2012, Lin Feng and Zhang Wei et al. [15] researched the dependence of
photoassociation probability on the cut-off position of the laser pulse. In 2014, Jests
Pérez-Rios et al. [45] have theoretically considered two photo-assisted collisional pro-
cesses between ultracold particles namely between an atom and a molecule, or between
molecules, in order to create ultracold trimers or tetramers. From the introduction pre-
sented above, we can see that the photoassociation technology has got great develop-
ment. To help people understand it systematically, a review of it is necessary.
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In this paper, we review briefly the study on photoassociation reaction of two col-
liding ultracold atoms. The remainder of this paper is organized as follows. Section 2
introduces the basic concepts of the collision theory. The important role of external field
which plays in the study of the photoassociation reaction of ultracold atoms is given in
Section 3. We look to the future in Section 4.

2 The collision theory in a light field

In the interaction of matters, collision is the most basic physical and chemical processes.
Collision process can be influenced by collision energy, collision direction and the molec-
ular internal state. The research on collision theory is important for us to understand
the basic structure of material and the mechanism of chemical reaction. Particularly, low
energy collision is essential for photoassociation due to its easily being controlled by ex-
ternal fields.

2.1 Scattering resonances

Scattering resonances play important roles in numerous collision processes occurring in
atomic, nuclear, high-energy and cold atomic physics. Some resonances can be tuned
by external fields. Tunable resonances can also be used to modify collisional properties,
including the macroscopic properties of quantum degenerate gases.

The scattering resonance is generally classified as the shape resonance and the Fes-
hbach resonance. In a shape resonance, the particle is temporarily trapped in a one-
dimensional potential well by its own centrifugal barrier through which the particle will
eventually escape by tunneling. The Feshbach resonance is a multichannel resonance due
to the interaction of two or more states [46]. Rigorously speaking, the energy associated
with the scattering coordinate is temporarily depleted through coupling to other degrees
of freedom in a Feshbach resonance. As a result of collision resonances, the system is
temporarily trapped and forms a quasibound or metastable complex.

Scattering resonances are significant for cold collision physics because they can be ma-
nipulated by external fields. Particularly, Photoassociation is an example of an optically-
induced resonance.

2.2 Collisions in a light field

Much of the work on cold atomic collisions was carried out in a light field. Therefore, it
is useful to provide an overview of some of the concepts that are used in understanding
cold collisions in a light field [47]. Fig. 1 shows schematically the general features of
a cold binary collision. The horizontal axis is the distance between two nuclei, and the
vertical axis is the potential energy of the system.
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Figure 1: Schematic of a cold collision. Light field of red detuned excites the quasimolecule in a free-bound
transition around the Condon point R¢, and causes excitation or ionization with the absorption of another field
hows.

Two S ground-state atoms interact at long distance through electrostatic dispersion
forces, and close to each other along an attractive Cg/ R® potential, then lead to a collision
reaction. If the colliding atoms on the ground state are subject to an optical field %,
which is less than fiwy (red-detuned) , they will absorb the photon, and the probability
of a free-bound transition to some vibration level v of the attractive excited state will
maximize around the Condon point Rc. The excited-state molecule finds itself photoas-
sociated and vibrating within the attractive well. The quasi-molecule will emit a photon
7 to return to the ground state of free or bound state, or be further excited or even ion-
ized by another field fiw,. If the atoms colliding on the ground state potential encounter
a optical field 71w which is greater than fiw, (blue-detuned), the probability of transition
to some continuum level of the repulsive excited state will maximize around the Con-
don point Rc. And blue-detuned excitation leads to optical shielding and suppression of
inelastic and reactive collision rates.

3 The photoassociation reaction of ultracold atoms

Recent advances in the techniques of atomic manipulation with laser fields stimulates
scientists to study the neutral molecules, even the cooling, trapping and manipulation of
polar molecules. Ultracold molecules have attracted a lot of attentions from either theo-
rists or experimentalists. People are looking forward to seeing more physical phenomena
in cold molecular system.

Molecules with complex internal structure make them substantially harder to cool
than atoms. Laser cooling is only applicable to a small fraction of atomic species where a
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closed transition between two states exists. Since molecules generally have a much more
complex level structure than atoms, including the multiple vibrational and rotational
energy levels, it is therefore very difficult to find good transitions for cooling. In order to
achieve this goal, many efforts have been put into it.

Generally, there are two different ways to produce a cold sample of molecules [48]:
direct cooling of bound molecules and association of ultracold atoms (indirect cooling).
Direct cooling techniques have been used to cool a series of large molecules, but the tem-
peratures reached are in a range between a few mK and several K with these techniques.
Due to the complicated structure of molecules, it is very hard to directly cool them down
to a very low temperature. In contrast, indirect cooling techniques can associate two col-
liding atoms into a cold molecule using photoassociation [25] or magneto- association
[24] after well-developed laser and evaporative cooling techniques are applied to cool
the atoms. The technique of indirect cooling can produce a molecular sample with a
temperature below one uK. So to obtain the samples with much lower temperature, the
technique of indirect cooling is an attraction option. While magnetic coupling schemes
require a Feshbach resonance at sufficiently low magnetic fields and allow only for the
production of cold molecules in weakly bound states, optical coupling schemes are more
universal [49]. From here on we just introduce the photoassociation detailedly.

3.1 Continuous-wave photoassociation

Continuous-wave (hereafter cw) photoassociation was first proposed by Thorsheim et al.
[28]. During this process, two colliding ground-state ultracold atoms absorb a photon
and form an electronically excited molecule:

A+B+vy— (AB)*. 1

Due to the Franck-Condon principle the photoassociation takes place at relatively
large internuclear separations and usually, the excited state molecule will decay into two
free atoms, reemitting another photon:

(AB)*— A+B+7'. ()
But occasionally the excited state molecule will decay to a bound ground state molecule:
(AB)"— AB+7". (3)

To increase the probability for decaying into stable ground state molecules, we have to
use excited states with good Franck-Condon factors for transitions to the ground state at
small internuclear separations. This process has been successfully implemented to form
a range of homonuclear [14] and heteronuclear [38,39,42] molecules in a magneto-optical
trap.

Photoassociation has been demonstrated to be a widely applicable technique for pro-
ducing cold molecules in a range of homonuclear and heteronuclear species [50]. How-
ever, the excited state molecules produced by one-photon photoassociation may form
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Figure 2: Continuous wave photoassociation. When a gas of atoms is illuminated with continuous laser (red
arrow) , two colliding atoms absorb a photon and photoassociate to form a bound excited-state molecule.

ground state molecules by spontaneous radiation (but the rovibrational energy levels
cannot be chosen), or may decay into two free atoms. It is worthy to note that because of
the nature of the association process, ultracold molecules are often formed in a high vibra-
tional state. The strategies must be devised to produce translationally cold molecules in
the desired vibrational state. To date the Stimulated Raman Adiabatic Passage (STIRAP)
[51,52] is regarded as the most effective way to solve the above problems. For a more
complete discussion, the reader is referred to the extensive literature on the STIRAP.

3.2 Ultrafast photoassociation

With the continuous development of laser technology, ultrafast laser pulses have been
applied to the realization of the photoassociating, in which pulses with a spectral band-
width of a few wave numbers were used, as shown in Fig. 3. It would allow for larger
formation rates of excited state molecules, and improve the efficiency of photoassocia-
tion. This choice is motivated by the requirement of exciting a narrow band of transitions
with large free-bound Franck-Condon factors close to the atomic resonance without excit-
ing atomic transitions [53]. The main difference from cw excitation is as follows: several
vibrational levels can be populated in the photoassociation step, and the pump pulse
can be shaped in order to compensate for the dephasing of the wave packet and pro-
duce spatial focusing. These different exciting processes make it possible to increase the
photoassociation rates.

However , it is necessary to control population in a low vibrational state to obtain
the stable molecule because the excited state molecule is not stable, and decay easily into
two free atoms. Recently, several promising theoretical schemes were proposed that use
stimulated emission as the second step of the process [54]. This can be done via STIRAP
or using chirped pulses [55] or by a repeated pump-dump process [56]. Note that the use
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Figure 3: A schematic diagram of ultrafast photoassociation. When a gas of atoms is illuminated with an
ultrafast laser pulse (red arrow) , a larger formation rate of excited state molecules is obtained.

of ultrafast “pump” and “dump” pulses would permit the fully coherent transfer of pop-
ulation from free atom pairs to deeply bound vibrational states [57]. As a shorthand, we
use the term “two-color photoassociation” to refer to the process in which one ultrafast
laser pulse excites a wave packet in the electronically excited state, then a second shorter
pulse dumps this wave packet to the electronic ground state. The first pulses is used to
accelerate the wave packet in order to increase the number of particles into the reaction
zone, a second pulse to increase the probability of photoassociation reaction. In fact, two-
color photoassociation has been suggested in cw photoassociation, but such experiments
are hardly feasible since the scheme is fully reversible, i.e., photodissociation will occur
at the same time with the equal probability.

So far, it is still at the initial stage to detect and control atomic association reaction with
ultrafast lasers because of a lot of challenges facing. Many scientists are developing more
perfect methods to control the generation of ultracold molecules, and studying spectral
characteristics of these molecules to control the chemical reaction more accurately.

4 Qutlook

Above we have focused on the basic concept of collision and the PA in different light field.
Besides, since the researches based on the ultracold atomic and molecular systems have
attracted great attention both from theorists and experimentalists, most of them are spent
in the unique role of the ultracold atomic collision in understanding the mechanism of
chemical reaction. With the development of ultrafast laser technology, the study about ex-
ternal field manipulating ultracold atomic and molecular collision to generate the prod-
ucts in the direction of the expected will also make new progress. Ultracold atom could
be used for the construction of a realistic quantum computer and atomic clock. Ultra-
cold molecules offer new opportunities for creative applications [58-60] like fundamental
studies of few-body dynamics in atomic and molecular physics [61], quantum simulation
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of Hamiltonians describing many-body phenomena like low-temperature Fermi fluids
or artificial gauge fields [62, 63], quantum information processing [22,23], or ultracold
chemistry governed by quantum properties of the particles [64].

The potential of scientific advances based on ultracold technology is extremely large
and thus far barely tapped. While the ultracold diatomic molecules have been studied
extensively, some ultracold trimers and tetramers and their photoassociation are being
studied theoretically [45], it is reasonable to expect the realization of the association for
other ultracold polyatomic molecules in the future either theoretically or experimentally.
On the other hand, researchers are only studying alkali-metal atoms and few alkaline-
earth metal atoms so far, more meaningful work refers to look for appropriate ways to
associate other atomic species. It is hoped that this review can provide a rough idea for
the relevant theoretical and experimental studies.
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