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In the frame of mean field approximation the dynamics of the atoms, molecules and
photons in the process of stimulated atom-molecule conversion in the Bose-Einstein conden-
sate was investigated. It was shown that the conversion is both periodic and aperiodic in time.
The dynamic rates depend on the initial densities of particles and initial phase difference.

1. Introduction

Experimental observation of the phenomenon of Bose-Einstein condensation (BEC) in
dilute, trapped alkali-metal vapors has opened a new context for studying of the properties of
mesoscopic systems in the field of low-temperature physics. A fascinating possibility is the
observation of new quantum phenomena on the macroscopic scales. It was shown recently
that the condensate in double traps can exhibit a quantum coherent atomic oscillatory tunnel-
ing between the two traps, if the condensate is initially localized in one well. Due to the
nonlinearity these oscillations are suppressed when the density of atoms in the condensate
exceeds a critical value. Due to atomic interactions the BEC may exhibit nonlinear wave be-
havior similar to the self-phase modulation in the field of nonlinear optics.

Below we propose a general type of nonlinearity, which can arise through atom-
molecule coupling. This coupling may result in the formation of a molecular Bose condensate
through stimulated emission of molecular bosons. Investigation of the dynamics of coupled
atom-molecule conversions under the conditions of the Feshbach resonance in magnetic field
or in the conditions of atom-molecule resonant optical conversion, accompanied by two Ra-
man electromagnetic pulses, is of special interest. A series of recent experiments on the crea-
tion of molecular condensate rely on the application of Feshbach resonance. This coupling
mechanism, however, is restricted to the creation of molecules in the highest vibrational le-
vels and is only practicable for a limited number of systems. A more general method is the
stimulated optical Raman transition, which can directly produce deeply bound molecules.
This method was proposed as a promising way for a fast and efficient conversion of the
atomic BEC into a condensate of molecules [1-8]. Such process can give rise to fundamen-
tally new chemistry, so-called “superchemistry”, in which a strong coherent stimulation of
chemical reactions is possible via macroscopic occupation of a quantum state by the bosonic
chemical species. In other words, superchemistry results on greatly enhanced, non-Arrhenius
chemical kinetics at ultralow temperatures. The stimulated Raman atom-molecule conversion
can become the dominating mechanism of nonlinearity, which can lead to new chemical reac-
tions. A number of experimental studies of the coherent atom-molecule conversion have
shown that direct conversion via Raman photoassociation appears feasible, based on stimu-
lated free-bound and bound-bound transitions in the presence of two laser fields of different
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frequencies. Until now it was succeeded to obtain a number of new molecules: K,, Nay, Liy,
Cs,, Css, Csy4, Rby and He,.

2. Main equations

We investigated the dynamics of atom-molecule BEC treating the Raman process of
binding of two atoms into molecule as an indivisible process. Here pairs of coherent atoms
from the two-atom continuum of the ground electronic potential are transferred: via an excited
bound molecular state to a bound molecular state of a lower energy in the ground potential.
Raman photoassociation allows coupling to a single molecular state, which can be selected by
the Raman laser frequencies. We will show that the initial densities of atoms, molecules, and
photons strongly affect the process rate. The reactions may be both periodic and aperiodic in
time. Moreover, significant role of the phase difference between the initial components of a
reaction is revealed. The macroscopic coherence of the condensate of atoms, molecules, and
photons of both pulses predetermine the quantum interference between all components of the
reactions and, correspondingly, the importance of phase relations.

1

has, Fan Fig. 1. The scheme of Raman atom-molecule conversion. The a.o-
level represents the energy level of two free atoms, the b-level is
the energy level of molecule.
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Let two identical free condensed atoms with zero kinetic energy at zero temperature and
total energy Ei=2hw, transfer to a molecular state with the energy E,=/<2) through a virtual
excited molecular state £, by absorbing and emitting photons with the energies Z®; and hw;
respectively (Fig. 1). The atom-molecule coupling becomes resonant when the Raman detu-
ning 6= A(-2 wy+)-h(w,- ;) goes to zero. Namely this fact allows to select a single molecu-
lar state. We consider the following model interaction Hamiltonian Hiy, which describes the
induced Raman atom-molecule conversion as an indivisible process

H,, =hg(aab*écy +a*a™belc,y),
where & and b are the boson annihilation operators for atomic and molecular states respec-
tively, ¢, and ¢, are the annihilation operators for photons with the frequencies @; and @;,

and g is the coupling constant. In essence, we propose the general type of nonlinearity that
can lead to the formation of the molecular bosons from the atomic Bose condensate, which is
stimulated by two Raman pulses.

We use the mean field approximation, in which the Heisenberg equations of motion for

the operators &, l;, ¢, and ¢, are transformed into equations for the amplitudes & and b of
material fields and the amplitudes ¢, and ¢, of the electromagnetic fields

ia = w,a+2ga’be,c,,

ib = Qb+ gaac,c;,

i¢, =wc, +ga’a’be,,

.. *
¢, = w,c, + gaab c,.

161



Moldavian Journal of the Physical Sciences, Vol.6, N2, 2007

We supplement this system by the initial conditions
_ ip _ iy iy
Aoy = %€ ' b|t:0 =be™, ¢ |z=0 ' =0
where each variable is characterized by its initial amplitude and phase. We can see that the
stimulated Raman atom-molecule conversion in the condensate is strongly nonlinear in the
amplitudes of material and electromagnetic fields. Introducing the particle densities n=|a/",

N=p]*>, fi=lci, fi=lcof we obtain three integrals of motion n+2N =n,+2N,,

W0

=C e T, 6 =Cy€ ,

f+N=1f,+N, and f,-N = f,, —N,, which are the conservation laws for the particles,
and the nonlinear differential equation for the density of molecules

N:ng,

2

A
Q2 :_{E(N_No)_znov]voflofzo cos@, +4N(n0 +2N, _2N)2(N0 + /1o _N)(fzo - N, +N)»

where no, N, fio0, f20 are the initial particle densities, 6, =y, —2¢, +v,, —y,, 1s the initial
phase difference between the material and electromagnetic fields, A =20, -Q +o, -, is

the resonance detuning. Finally we obtain the formal solution in the form of hyperelliptic in-
tegral for the molecular density N(7).

3. Discussion of results

Let us analyze the time evolution of the system for the case of exact resonance A =0,
where the energy difference between diatomic and molecular states is equal to the energy dif-
ference between two photons. We can see that the stimulated Raman atom-molecule conver-
sion is impossible if molecules N and photons f, as the products of reaction are
simultaneously absent at the initial time. It is due to the complicated inducing of the process.
For the beginning of the transformation reaction it is necessary to introduce a certain number
of final-state photons f, or molecules N into the system. This chemical conversion is domi-
nated by coherent stimulated process, in which transitions are enhanced by the number of
molecules or photons £, in the product mode. This fact is completely different from the usual
chemical kinetics, which predicts that the rates of chemical reactions do not depend on the
number of particles in the product mode and go to zero at low temperatures according to the
Arrhenius law.

Having no opportunity to calculate the hyperelliptical integral for the density of mole-
cules, further we consider the time evolution for the different relations between the initial
densities of particles. Let us consider the time evolution in the approximation of the given
density of photons of both pulses fio, f20>>No, no. The solution depends on the initial phase
difference. In the case when phase difference ®, ==+7/2 solution for the density of mole-

N:(N +@j' Ny £INy + 10 /2 - th2g [ Fro fon Ny + 110 2) )]
P2 N, +n,/2 i\/N_O-th(Zg\/flofzo(NO+n0/2)t) ’

where the signs (+) and (-) correspond to the initial conditions N LO >0 and N LO <0 orto

cules has the form

the difference phases ®, =—-7/2 and ©, =+7/2. The solution with sign (+) for @) =—-7/2

increases monotonously in time and approaches the value Nytno/2. All atoms convert into
molecules and the process terminates (Fig. 2). The rate of time evolution increases with in-
creasing of densities N, no, fi0, and fo9. As for the solution with sign (-), we can see that at first
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it decreases in time, approaches zero, then increases and asymptotically reaches the same li-
miting value Notno/2. The reverse reaction accompanied by the dissociation of molecules
does not proceed. The process of atom conversion into molecules has the aperiodic character.

Fig. 2. The dependence of the normalized concen-
tration N/ny in approximation fig, f0>>Ny, 1y on the nor-

malized time 7/7, (7, =(gn,"*)™") and normalized initial
concentration of molecules Ny/n, for the values of pa-
rameters O, =7 /2, fio/ni=fo/ne=2.

In the case when the initial phase difference ®, =tk the solution essentially depends

on the relation between the densities Ny and no. It has the periodic character, the amplitude
and period of oscillations of which depend on the initial densities of particles. The amplitude
of oscillations at first decreases with the increasing of the ratio ny/Ny, reaches zero at ny/Noy=4
and then increases.

From the obtained results we can see that for the nonzero densities of all particles, when
the relation ny=4Nj is fulfilled, the system does not change its values in time. We can affirm
that when ny=4N, and ®, = +k7 the system is balanced in such a manner that its amplitude of

oscillation is found to be zero with nonzero period of oscillation. At the fixed values of Ny, ny,
fi0, and fr the change of initial phase difference ®, leads to the changing both the period and

the amplitude of oscillations. The density of molecules changes in the limits from Ny, till
Nmax, which are determined by the initial densities of particles and phase difference ©,. This

fact evidences the possibility of phase control of the time evolution of the system. We can
govern the time evolution of the system by the initial phase difference varying.

In general, we observe the oscillations between atomic and molecular condensates,
which provide clear evidence of a long-range coherence effect. In contrast, stimulated Raman
photoassociation in a thermal cloud of atoms would not produce similar collective oscilla-
tions, because the phases associated with the individual atom-molecule conversion processes
are random. Stimulated atom-molecule conversion in a condensate is nonlinear process in the
atomic and molecular amplitudes. Important signatures of the coherent stimulation are the
dependence of the nonlinear period oscillations and the reaction rate on the densities of partic-
les.

We can study the time evolution of the system in the approximation of a given density
of only one of applied pulses too. Let us suppose that it is the second pulse and let
f20>>f10, o, No. In this case until f19p<n¢/2 the density of molecules oscillates in the limits be-
tween zero and Notfio (Fig. 3). The period of oscillations depends on the particle densities:

T=7z/(2g\/f20(N0+n0/2)(n0/2—f10)). It increases if fio increases and diverges when

fro—no/2. When fio>no/2 the time evolution of the system is found to be aperiodic one. All
atoms convert into molecules, the density of molecules monotonously reaches the value
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Notng/2 and by this the conversion process finishes. The evolution in the reverse direction
accompanied by the dissociation of molecules does not take place.

We point out that in the approximation of the given density of the photons of the first
pulse fi10>>f20, No, 1o the time evolution of the system is always aperiodic one, accompanied
by the increasing of the density of molecules. The time evolution takes place only in one di-
rection. The formed molecules do not dissociate.

Fig. 3. The dependence of the norma-
lized concentration N/nmy in approximation
f20>>fi0, o, Ny on the normalized time ¢/7,

**)") and on the normalized concen-

(To = (gnO
tration of photons of the first pulse f,0/n, for the

values of parameters @, = /2, fr0/ne=3.

Let us consider the approximation of the given density of atoms: ny>>Ny, fio, f20. The
time evolution has an interesting behavior for the initial phase difference ®,=7/2. For

No>to the density of molecules oscillates above some background density Ny-f29 and changes
between the values Ny-f20 and Nytf10. When Ny<f the molecular background disappears and
the density of molecules oscillates between zero and Nyt+fo. If No=r20 the time evolution has
the aperiodic character (Fig. 4). Period of oscillation changes nonmonotonously depending on
the ratio fo/Ny. It first increases with the increase of the ratio f>0/Ny, diverges at f>0/No=1 and
then decreases at f>0>N,.

Fig. 4. The dependence of the
normalized concentration N/my in ap-
proximation fi¢>>f», 1o, Ny on the nor-

malized time /7, (7,=(gne’")") and
on the normalized concentration of pho-
tons of the second pulse N/n, for the
values of parameters ©,=7/2,

fz()/n():3 .

The time evolution for the initial phase difference ®, = £kz has the periodic behaviour

for arbitrary relations between the particle densities. Both amplitude and period of the oscilla-
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tions depend on the initial densities. In this case there also exists the regime of complete sto-
ping of the evolution or the oscillatory regime with zero amplitude, but nonzero period.
Changing the initial densities so that the relation f0=f10+f1¢f20/No is fulfilled we can observe
that the system conserves the particle density and it does not evolutionize. In the frame of this
approximation we also observe the change of regime of oscillations by changing only the ini-
tial phase difference O, .

4. Conclusion

In conclusion we estimate the oscillation frequency in the system of Bose-condensed
atoms and molecules *’Rb,. Comparing our results with the results from [1] we determine the

value of the coupling constant g=8x10™"* em”s™'. We can obtain the period of oscillation from

the simple expression: T, =7z/gn,./f,. For the densities noxfy~10'* cm> we obtain

Ty=4x10™* s and the frequency of order 2x10* 57"
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