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Abstract

We suggest a technique to eliminate inelastic losses in an atomic condensate when tuned close to a Feshbach res-
onance. The key idea is to couple the quasi-bound molecular state to a bound molecular state with an electromagnetic
field. Such coupling forces the population of the Feshbach state to zero, thereby eliminating all of the losses associated

with this state.
© 2004 Elsevier B.V. All rights reserved.

PACS: 34.50.—s; 32.80.Qk; 32.80.Pj

In recent experiments on Bose—Einstein con-
densates large loss rates were observed when a
quasi-bound molecular state was tuned slowly
close to a Feshbach resonance with an atomic
condensate [1,2]. Although the precise mechanism
for this loss is not understood, it is likely that the
loss is associated with the population of the quasi-
bound molecular state. As suggested by Yurovsky
et al. [3], one mechanism which causes loss is three
body recombination.

In this work we extend the suggestion of Harris
[4] to coupled, zero-temperature, atomic and mo-
lecular condensates, and demonstrate a technique
to eliminate Feshbach loss. The key idea is to
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couple the quasi-bound molecular state to a bound
molecular state with an electromagnetic field. Due
to destructive interference, the quasi-bound mo-
lecular state accumulates no population and all of
the losses associated with this state are eliminated.
The nature of this interference has strong similar-
ities with electromagnetically induced transpar-
ency (EIT) for light fields, where an incident
optical beam tuned to what was previously line
center has near zero absorption [5].

A schematic of the system to be studied is
shown in Fig. 1. The energy of the atomic con-
densate is magnetically tuned close to a Feshbach
resonance with the quasi-bound diatomic mole-
cules. We assume that the quasi-bound molecules
decay with a rate I';. The quantity Q in Fig. 1 is the
Rabi frequency of the electromagnetic field that
couples the quasi-bound and bound molecular
states. In symmetric molecules this transition is
dipole forbidden and € is the effective two-photon
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Fig. 1. Energy-level schematic for the studied system. The
atomic condensate is magnetically tuned close to a Feshbach
resonance with the quasi-bound diatomic molecules. The cou-
pling field with the Rabi frequency, @, couples the bound and
quasi-bound molecular states.

Rabi frequency. Without the coupling field, the
atoms form quasi-bound molecules and, due to the
large decay rate of these molecules, the atomic
condensate experiences loss. With the coupling
field, there is destructive interference in two
quantum paths that form the quasi-bound mole-
cules. In analogy with EIT for light fields, perfect
interference is obtained only for the ideal case of
', = 0. The atomic condensate experiences no loss
on the exact Feshbach resonance and the band-
width of the transparency is determined by the
intensity of the coupling field.

Pertinent prior work includes general formal-
isms that describe laser-assisted, electron—atom
scattering [6] and cold-atom collisions in the
presence of one or more resonant photoassocia-
tion lasers [7,8]. Van Abeleen and Verhaar [9] have
suggested a possible loss mechanism when a
Feshbach resonance is crossed rapidly with high
ramp speed of the magnetic field. The schematic of
Fig. 1 has been suggested by several authors as an
efficient way to convert an atomic condensate to a
molecular condensate [10,11]. Drummond et al.
[12] has shown how stimulated Raman adiabatic
passage (STIRAP) can be used to form a molec-
ular condensate by Raman-coupling the free
atomic state to a bound molecular state. Dynamics

between coupled atomic and molecular conden-
sates have been discussed by Heinzen et al. [13]
and Holland and Kokkelmans [14]. Coherent os-
cillations between atomic and molecular conden-
sates have been observed by the Wieman group
[15]. The formation of a molecular BEC has been
recently demonstrated [16,17].

We proceed by using the mean field approach
[18-20]. Following Fig. 1, the coupled, Gross-Pi-
taevskii equations for the atomic condensate field,
V,, the molecular condensate field for the quasi-
bound state, i,, and the molecular condensate
field for the bound state, ¥, are:

oy,
h é//td - Valpa + (Z&u‘%ﬁ) lpa + Za*hlpllp:u
(la)
6
l//l + h*‘pl =Ny, + (Zgu%ﬁ)%
+ i + W, (1b)
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(Ic)

Here, to simplify what follows, we assume all
mean-field amplitudes to be spatially uniform. The
quantities I'; and I', are the decay rates, V; are the
uniform potentials (including the magnetic field
contributions and resonance detunings for zero
magnetic field) seen by each specie, 2 is the Rabi
frequency of the coupling field that couples
molecular states, and the coupling coefficient o
describes the process that converts atoms to quasi-
bound molecules (Feshbach process). g;; are the
self- and cross-interaction constants between the
ith and jth specie and are related to background
scattering length through the relation g; =
47'ch2a,1,-/m. These equations have been used by
many authors to describe coherent atomic and
molecular condensate dynamics [3,10,11]. Work-
ing in interaction picture, we expand mean-field
quantities as: v, (1) = ¢, (1)e % Y, (1) = g, (1)e
e and ), () = ¢,(t)e A ¢!, The energies of
the states are defined as: iw, = V, + 32, 24i|¢;(0)[°,
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hiw, = Vl ‘|‘Z g17|¢( )|2’ and 7w, =1, +Z &2i
16,(0)]; Aw = (2, — @) is the detuning from the
Feshbach resonance. With these definitions, the
coupled equations are:

Zgaz(kb )I* = 1¢:(0)] )]%
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In the above equations, we have taken the
coupling field to be on exact resonance with the
molecular states and used the rotating-wave ap-
proximation. For simplicity, we have taken I'} to
be a constant, and neglected the density dependent
decay of the atomic and molecular condensates
due to atom-molecule and molecule-molecule
collisions. The inclusion of these decay terms do
not change our results significantly. From Egs. (2),
with I'y) =T, =0, we obtain the conservation
condition for the total atom number:
(1, + 20 + 21f) = 0.

We proceed by numerically solving Egs. (2)
with the parameters of an MIT experiment [2,3].
We consider the 907 G Feshbach resonance in a
Na atomic condensate with |¢,(0)]> =5 x 10"/
cm®, a,, = 3.4 nm, and o = 4.11 x 10~° (mks). We
take I, = 0.01 Hz [11], consider an on-resonance
excitation (Aw = 0), and take I';/2n = 0.3 MHz.
The choice of I'; is consistent within an order of
magnitude to the estimated rates of van Abeleen et
al. [9], Yurovsky et al. [3] and Timmermans et al.
[19]. We also assume ¢,(0) = ¢,(0) = 0. Although
the atom-molecule and molecule-molecule inter-
action constants are not known, our results are

insensitive to their exact values. In Fig. 2, the
normalized density of the atomic condensate,
|p,I, is plotted vs. time for @ =0 and Q/2n = 1
MHz, respectively. Without the coupling field, the
condensate decays very rapidly; the loss is due to
the formation of the quasi-bound molecules within
the condensate, followed by the inelastic decay of
these molecules. With the coupling field on, due to
destructive interference, the loss to the atomic
condensate is eliminated. The initial decrease in
the density is due to the production of bound
molecules, which is essential for creating interfer-
ence. This phenomenon is in the spirit of the
preparation energy for EIT with light fields [21].

The last terms on the right-hand side of Eqs. (2)
are a density-dependent frequency shift of the
mean-field amplitudes. We now proceed with the
analytical interpretations of the numerical results
of Fig. 2 and neglect the frequency shlfts in Egs.
(2). We assume g;l < I'i¢, and a‘l’z < ‘Q‘ (;’)2 in Egs.
(2b) and (2c) to obtain expresswns for 'the molec-
ular field amplitudes:

20(2Aw +1I')
(2Aw 4+ 1I') (2Aw +1I,) — |Q|
20"

= 2
by = (2Aw 4 i) (2Aw + 1) — |Q by (3b)

¢ = > b7, (3a)

With these expressions, the differential equation
for the atomic mean field amplitude (Eq. (2a)) is:
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Fig. 2. The normalized density of the atomic condensate, |¢, |,
vs. time for @ = 0 and /21 = 1 MHz. With the coupling field
on, the decay of the atomic condensate is eliminated.
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O, _ 4o’ 2Aw +iI) 6.F
o (A0 +il)(2Aw +ilH) — Q4 ™
4nh
= Ta(Aw)l(ba'zd)w (4)

where a(Aw) is the complex scattering length for
the atomic condensate (without the background
contribution). The imaginary part of a(Aw) de-
termines the loss to the condensate and is plotted
vs. frequency in Fig. 3(a) for the parameters of the
numerical simulation of Fig. 2. With the coupling
field, the loss profile is double-peaked and is zero
on the exact Feshbach resonance (previous maxi-
mum). By choosing the intensity of the coupling
field, the interference profile may be either nar-
rower or wider than the decay width, I";. The real
part of a(Aw) is the change in the atom-atom in-
teraction energy due to the Feshbach interaction
and is plotted versus frequency in Fig. 3(b) [22].
As seen from Fig. 3(a), perfect transparency is
only obtained on exact Feshbach resonance. Due
to the nonlinear frequency shifts of Egs. (2), an
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Fig. 3. (a) The normalized imaginary part of the scattering
length. With the coupling field on, there is no loss on exact
Feshbach resonance. (b) The real part of the scattering length
normalized to its background value.

atomic condensate which is initially tuned to the
exact Feshbach resonance will go in and out of
the resonance during coherent interactions and the
transparency will be degraded. One way to elimi-
nate these shifts is to bound the minimum intensity
of the coupling field thereby limiting the number
of generated molecules. From Eqgs. (3), this mini-
mum intensity bound is:

QI > dlaf’|¢, " (5)

This restriction might be overcome by tracking
the resonance using a time varying magnetic field
or a frequency-chirped coupling laser.

As noted above, throughout this paper, for
simplicity, we have taken I'; to be constant and
neglected density dependent decay of the atomic
and molecular condensates due to atom—molecule
collisions. With the inclusion of these decay terms,
Egs. (2) read:
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where y is the atom—molecule state changing col-
lision rate [3,19]. In Eq. (6), I'} represents any
other unknown loss mechanism of the fragile
quasi-bound state. Numerically solving Eq. (6),
with y =~ 107°-10"1° cm?/s [3,19], and with all the
other parameters identical, we find that the results
of Fig. 2 practically remain unchanged.

In our formalism, for simplicity, we have not
included an upper electronic molecular state,
which is necessary for two-photon coupling the
quasi-bound and bound molecular states in sym-
metric molecules. For the numerical simulations of
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Fig. 2, the inclusion of such a state doesn’t change
the results significantly as long as the detuning
from this state is larger than 10 times the decay
width of this state. Strong Raman coupling for
these conditions require laser power densities of
about 10 kW/cm?. Tuning closer to the upper
electronic state reduces the laser intensity re-
quirement, however degrades transparency. The
amount of degradation can be found by adiabati-
cally eliminating the mean-field amplitude of the
upper electronic state and substituting the relevant
quantities in Eq. (4) with their effective values.
These substitutions are: Q@ — Q,Q5/(20w +1iI'3),
Iy — I'y — Imag[|Q, /(28w +iI'3)], and I, —
I',— Imag[|Q,|* /(28w + iI'5)]. Here Q, and Q, are
the Rabi frequencies of the two driving lasers, dw
is the detuning from upper state, and I'; is the
decay width of this state.

Several recent papers discuss the importance of
the noncondensate modes in the coupled con-
densate dynamics [14,23-25]. We believe that the
inclusion of these modes will not change the re-
sults of this letter significantly since the quasi-
bound state does not accumulate significant
population.

In summary, we have suggested a technique to
eliminate losses to an atomic condensate near a
Feshbach resonance. The predictions of this letter
can be realized within current experimental con-
ditions. By coupling the quasi-bound state, the
double-peaked interference profile of Fig. 3(a)
should be readily observable. The atomic con-
densate experiences dispersion of the scattering
length at the point of zero loss. Such a unique
dispersive feature may find possible applications in
nonlinear matter—-wave interactions.
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