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Generation of Coherent Trimers from Bose-Condensed Atoms via a Generalized
Stimulated Raman Adiabatic Passage *
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We propose to use a generalized technique of stimulated Raman adiabatic passage to create an atom—molecule
dark state that permits the enhanced coherent creation of triatomic molecules in a repulsive atomic Bose—FEinstein
condensate. As an interesting comparison, the similar cases of creating heteronuclear (bosonic or fermionic)

trimers are also briefly discussed.
PACS: 03.75. Pp, 42.50. —p, 03. 70. +k

Recently there has been much interest in creat-
ing an ultracold molecular condensate (MBEC) via a
magnetic Feshbach resonance (FR)!'?l or an optical
photo-association (PA) techniquel® within an atomic
Bose—Einstein condensate (BEC). As an atom-optics
analogue of the simplest nonlinear quantum optical
system (second-harmonic generation),[* the quantum
properties of the hybrid BEC-MBEC have been ex-
tensively studied. For example, Herbig et al.l’! cre-
ated a pure molecular quantum gas spatially separated
from its atomic partner by adding a magnetic levi-
tation field to an ordinary Feshbach resonance tech-
nique within a caesium BEC. Winkler et al. [ ex-
perimentally studied the coherent two-colour PA pro-
cess, a process first dubbed by Heinzen et al. as
‘superchemistry’ or Bose-enhanced free-quasi-bound-—
bound transition.[”! Very recently, by combining these
magneto-optic techniques, Ling et al.l® proposed a
generalized atom—dimer dark state method to achieve
an efficient and stable conversion of atoms to diatomic
molecules in a trapped BEC by minimizing the impact
of negative factors like the mean-field shift and the vi-
brational relaxations (also see Ref. [9]).

So far, the focus of superchemistry has been largely
on the atom-dimer coupling process (a+a — d),[10~12
but it certainly includes more complex three-body
coupling, ie., a +a+a — gora+a+b — g1
where a (b) and d (g) denote atom a (b) and dimer
(trimer), respectively. In fact, some remarkable ad-
vances have been witnessed in the assembly of ul-
tracold objects of increasing complexity, including
the evidence of Efimov triatomic resonances!!*1%! or
tetramer molecules Cs,.116] T hereby, the assembly and
quantum control of complex molecules is of particular
interest as it may lead to intriguing developments such
as the realization of a new type of molecular matter-
wave amplifier,!” the study of the quantum phases
of an ultracold trimer or tetramer gas in an optical
lattice,['8] as well as the coherent control of, e.g., the
trimer-state-intermediated displacement reaction.™!

The first direct observation of Efimov-type tri-
atomic resonance was achieved by Kraemer et al. in

2006 at Innsbruck.'¥ In that landmark experiment,
the three-body bound-state was observed both for
large negative two-body scattering lengths and for
small positive values of collisions. There is no dimer
state for the former case, but for the latter the trimer
state can decay into deeply bound dimer state plus
a free atom and hence the signature of trimer forma-
tion was observed to be much weaker than the former
case.[' The lifetime of this type of trimer was studied
by Nielsen et al. in detail.2"]

In this Letter, it is attempting to demonstrate the-
oretically that a generalized atom—-molecule dark-state
technique can in principle be used to realize the co-
herent atom-trimer conversion. The basic idea is to
first create highly excited dimers via a standard FR,
and then to couple them to a bound trimer via PA.
Since a coherent atom—molecule dark state is exploited
to prevent the dimer population from becoming sig-
nificant throughout the conversion process, the for-
mation of trimers is thus expected to be enhanced
via this technique. Such a scheme has previously
been proposed for the creation of molecular dimers,
and has been theoretically demonstrated to be stable
for a broad range of conditions. While the proposed
scheme is experimentally challenging, recent progress
in the manipulation of dimer—atom or even dimer—
dimer resonances [16:20-22] indjcates that it might be-
come realizable in the near future. It is also noted
that this atom—trimer conversion process is quite dif-
ferent from a FR-induced dimer—trimer mixture in a
resonant condensate. 2!

Now we consider the coherent creation of homonu-
clear trimer A3 in a repulsive atomic BEC, which in
practice can be realized through, e.g., an FR-assisted
coherent PA method.[®19-12:24] The direct three-atom
coupling is safely ignored by starting from a repul-
sive atomic BEC below three-body interference min-
ima near zero scattering length.'4) The occupation
of intermediate dimers can be minimized by creating
an atom—molecule dark state that permits the direct
association of atoms into trimers without creating a
substantial dimer population in the process. In fact,
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this atom—molecule dark-state idea also can be used
to create, e.g., the molecular tetramer Cs;!*% or even
more complex molecules.

Our model system consists of a Bose condensate of
atoms coupled to molecular dimers via an FR, these
dimers being in turn photoassociated to the atoms to
form bound trimers. Denoting the strength of the
atom—dimer coupling with detuning § by A’, the Rabi
frequency of the photoassociation laser by ' and its
detuning by A, the dynamics of the system is de-
scribed at the simplest level by the model Hamilto-
nian

A= =1 [ ar{ Yl (0500

+ 505 Da(r) + N [ () e (r)da(r) + Hec)]
+ (A + 8)dh ()i (r)
— Y [Pty (r) + Hee!] }, (1)

where the annihilation operators t;(r), where the
indices 4,57 = a,d,g stand for atoms, dimers
and trimers, satisfy bosonic commutation relations:
[1/}1-(7“),1#;((7“’)] = 0;;(r — '), and the collision terms
proportional to x;; describe s-wave collisions between
these species. The dimers could be formed via rf asso-
ciation of pairs of atoms close to a Feshbach resonance,
or by applying a magnetic pulse across the resonance.
The nonlinear coupling between dimers and trimers is
typically induced by a narrow-frequency, continuous-
wave PA laser, for which the Franck—Condon factor
can possibly be calculated by, e.g., the diatomics-in-
molecules description of potential energy surfaces?!]
or other simulations. 2025l

We assume in the following that the main features
of the dynamics of this system are adequately de-
scribed by a mean-field analysis, ¥; — v/ni;, where n
is the initial atomic density. In this limit, the system
is described by the equations of motion (i = 1)

d a . . * . *
let =2in Z Xaj [V a + 20M0arb% — i QY.
i
d
% = —(y—id)ha + 2ij: Xdj |51 a + X2
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d
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where A = Xy/n (I = 1,2), Q = Q'v/n and the decay
rate v accounts for the loss of untrapped dimers. To
reduce these losses we exploit a coherent population
trapping (CPT) technique that relies on the existence
of an approximate atom-molecule dark state.[26]

For the specific case of trimer formation that we
consider here it is straightforward to use the following

steady-state ansatz (u, is the atomic chemical poten-
tial)

wa — |wa75|6i9a67iuat’ wd _ "l/)d,s|€2i0“€72iuat,
Vg = |w978|€329“€73w"’t7 (3)

to show that under the generalized two-photon reso-
nance condition

A=-6+ (6Xag - ng)nNth + (6Xaa - 2Xag)nNa,37
Ha = 2(XaaNa,s + XagNg,s)~ (4)

Equations (2) admit a steady-state solution with no
dimer population,

1 _ e
Ng7s— g(l_Na,s)—ma (5)

where we have used the condition of conserved par-
ticles number: Ny, + 2Ng, + 3Ny, = 1. This
suggests that approximate CPT dynamics such that
the dimer population Ny remains small at all times
can be achieved for an appropriate ‘counter-intuitive’
time dependence of the laser detuning A[8:24] (also see
Ref. [27]). Additionally, it may be possible to exploit
an optimal feedback techniquel®® to further stabilize
this process.
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Fig.1. Time dependence of the normalized atom and
homonuclear trimer populations: (a) § = —4 and (b)
& = 4, for a system initially composed of atoms only, all in
units of A\/n, the parameters xqq = 0.5303 and the other
collisions are taken as 0.0938. Time is in units of A=1 and
~v = 1. The dimer population remains essentially zero (not
shown). The line labelled by CPT shows the ideal trimer
population.

Figure 1 shows the result of a numerical solution
of Eq.(2). In this example the various parameters
are appropriate for 8”Rb, with the s-wave scattering
length 5.77nm, A = 4.718 x 10*s™!, and

Q(t) = Qosech(t/7), (6)
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with Qg/A = 20, A\t = 20. Very little is known about
the scattering lengths of collisions involving molecu-
lar trimers, so we have carried out simulations with
several sets of plausible parameters, even for other
samples of bosonic atoms 23Na (with the s-wave scat-
tering length 3.4nm or xa, = 0.3125) or *'K (with
Xaa = 0.3214). We found that the stable formation of
trimers is always possible for a range of values of the
detuning §.

The curves in Fig.1(a) give such an example for
0 = —4. Their general features resemble those of Fig. 2
in Ref. [26], which corresponds however to the creation
of dimers rather than trimers. In particular, we ob-
serve a similarly increasing departure of the popula-
tion transfer from the CPT solution as time evolves.
Just as the case for dimer formation,!8! the association
of atoms into trimers is characterized by the existence
of regions with unstable dynamics. This is for instance
the case for § =4 as shown in Fig. 1(b).

It is interesting to compare the homonuclear and
the heteronuclear cases in creating coherent trimers
by starting from the same total number of atoms. In
fact, very recently, we have studied the interesting sit-
uation of heteronuclear trimer formation A;B via the
intermediate dimers A, or AB.[24 For the single-path
cases, we obtain the steady-state number of trimers

A5B as
ERYAIOY /Q4)? .
9’573(1—1—/6()\1»/(21-)2)’ (™)
where ¢ = 1 and k = 4 for the path AA, and 7 = 2 and
k =1 for the path AB.[?4) Thereby, for a given initial
number of atoms we find that
N}B < Ny o < NAZ, (8)
where N, ; corresponds to the single-channel situation
discussed above. From this result, we know that the
more efficient single-path assembly of heteronuclear
trimer A3B is through the intermediate homonuclear
dimer A, instead of the heteronuclear dimer AB.
Finally we remark that the present method can
also be extended to the interesting case of creat-
ing the fermionic trimer A;B by starting from some
two-species boson-fermi mixture, such as the bosonic
atoms 8"Rb (A) and the fermionic atoms “°K (B). In
particular, if we consider only the dominated kinetic
energy and ignore the s-wave collisions of fermionic
particles,??3% we can write a single evolution equa-
tion for each kind of particles and then find that the
steady-state number of fermionic trimers AsB in the
CPT regime remains the same as in the bosonic case.
The fact that we found the similar results as in bosonic
cases is due to the statistics-independent cooperating
many-body effect instead of the bosonic enhancement
effect, as firstly revealed in creating fermionic dimers
or four-wave mixing.[12:31]
In conclusion, we have shown that a stimulated
Raman adiabatic passage (STIRAP) scheme based on
FR-assisted photoassociation, which has previously

been shown to result in the production of ultracold
molecular dimers, can be extended to the generation of
molecular trimers. The efficient atom-trimer conver-
sion is realized by minimizing the intermediate dimers
via the atom—molecule dark state. Our work suggests
that coherent trimer gas holds the promise to become
a new playground for the research of coherent matter-
wave optics, such as a new type of molecular matter-
wave amplifier.!”] Future work will study the quan-
tum statistics of the trimer field,'? the trimer gas
in an optical lattice 17*8 and the possible geometric
phases.

This work is related to Ref. [32] which, rather than
probing the atom—molecule dark state and the mean-
field long-time trimer creation rate, studied the short-
time quantum statistics of trimer fields.
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