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Optical shielding of cold collisions in blue-detuned near-resonant optical lattices
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We report Monte Carlo wave-function simulation results for two colliding atoms in a blue-detuned near-
resonantJ51→J51 optical lattice. Our results show that complete optical shielding of collisions can be
achieved within the lattice with suitably selected and realistic laser field parameters. More importantly, our
results demonstrate that the shielding effect does not interfere with the actual trapping and cooling process, and
it is produced by the lattice lasers themselves, without the need to use additional laser beams.
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I. INTRODUCTION

In laser cooling and trapping of neutral atoms, spa
variations in the polarization and intensity of light can
effectively turned into potentials for atoms@1#. Optical lat-
tices are an important application of this technique@2#. By
using suitable laser field configurations and parameters,
can achieve localization of atoms into lattice sites, at least
some period of time on average. In practice, there are
distinct cases of optical lattices. For near-resonant light
lasers are responsible for both cooling and trapping of ato
usually achieved by a strong scattering of photons~energy
dissipation!. The basic example is the Sisyphus or polariz
tion gradient cooling mechanism@3#. In contrast, with far
off-resonant light we obtain only a conservative lattice p
tential without the cooling mechanism, with a strong redu
tion in photon scattering. This allows many delicate expe
ments involving quantum coherences, such as Bose-Eins
condensation@4–7#.

At suitably large atomic densities, about 1012 atoms/cm3,
the atom-atom interactions are expected to become impo
in laser cooling and trapping@8,9#. For far off-resonant lat-
tices, their role can be easily controlled, and one can e
consider studying controlled collisions@10#, or using the
atom-atom interactions to study quantum computing and
tanglement@11,12#. Recently it has become possible to ma
densely occupied far off-resonant lattices@13#. For near-
resonant optical lattices, the situation is more complica
because the main atom-atom effects are light-assisted in
tic collisions, which interfere with the laser-cooling proce
Another aspect is that although strong photon scatte
leads typically to efficient dissipation and cooling, in suitab
dense atomic gases the reabsorption of scattered pho
causes also unwanted heating of the atomic cloud. Exp
mentally the case of densely populated near-resonant lat
has not been studied very much so far, as high occupa
densities are hard to produce due to the above-mentio
problems. These problems are present also in basic mag
optical traps~MOT! so one does not get much gain in dens
by using a MOT as a preliminary stage.

For near-resonant laser light, we have two situations
pending on whether the laser frequency is slightly above
atomic transition~blue-detuned light! or slightly below it
~red-detuned light!. In the more commonly applied red
1050-2947/2002/66~1!/013401~9!/$20.00 66 0134
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detuned case, one obtains the lattice structure rather ea
and can go below the Doppler limit for laser cooling due
the Sisyphus cooling mechanism. For densely populated
tices, this means, however, the above-mentioned appear
of strongly inelastic collisional radiative processes that ca
heating and loss of atoms@9#.

In this paper, we look at the case of a near-resonant b
detuned lattice, which is different from the red-detuned ca
It is not straightforward to construct a blue-detuned latt
with an efficient cooling mechanism. There are, howev
schemes for doing this, based on applying an external m
netic field @14,15#, and we have adapted one of them as
basis of our studies. The important benefit of using a ne
resonant blue-detuned lattice is that the photon scatterin
reduced strongly compared to the red-detuned case. Thi
minishes the role of photon reabsorption as a heating me
nism, and thus increases the relevance of the light-assi
collisions in the complicated thermodynamics of the atom
cloud.

With blue-detuned light, the nature of the light-assist
collisions is also changed, and instead of strong inela
processes we have optical shielding of collisions@9#. For
weak fields this mechanism is incomplete and can lead
some heating of atoms, but barely to any strong loss.
stronger fields the inelastic contribution disappears, also
the sense that optical shielding forbids close ground-gro
encounters which can lead to atom loss or heating, in a
tion to the light-assisted processes. Optical shielding
been studied both experimentally@16–20# and theoretically
@21–23# with laser-cooled atoms in magneto-optical trap
but not, to our knowledge, in optical lattices. None of t
theoretical studies so far have treated the cooling process
the shielding process simultaneously.

Thus we expect that,a priori, it is better to use blue-
detuned lattices for efficient cooling while aiming at an i
crease in the atomic density in lattices. Matters are, howe
complicated by the presence of the Zeeman states with
ferent energies. Also, the mixing of cooling and collisio
may produce unexpected effects if the two processes are
separable. Finally, there are indications in previous MO
studies that at very strong fields off-resonant processes
become important. Thus, by using the technique of our e
lier study @24,25#, we have examined the dynamics of tw
colliding atoms in a one-dimensional blue-detuned opti
©2002 The American Physical Society01-1
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J. PIILO AND K.-A. SUOMINEN PHYSICAL REVIEW A66, 013401 ~2002!
lattice. It turns out that all the above-mentioned aspects,
complete and complete shielding, and the off-resonant p
cesses, are present also for the blue-detuned lattices.
more importantly, it turns out that the shielding mechani
and the cooling and trapping mechanism can coexist with
interfering with each other.

This paper is constructed as follows. First we briefly
view in Sec. II the basic properties and construction of bl
detuned optical lattices, and in Sec. III the optical shield
process in collisions. In Sec. IV we present how to treat
two situations within the same dynamical model with Mon
Carlo wave-function~MCWF! simulations. The results ar
given in Sec. V and finally discussed in Sec. VI.

II. BLUE-DETUNED NEAR-RESONANT
OPTICAL LATTICES

The light shifts of the sublevels of the atomic ground-st
energy states are positive for blue-detuned light. The stron
the coupling, the larger is the light shift, and the higher
level lies in energy. Therefore, the optical potential minim
may occur when the atomic ground-state Zeeman sublev
minimally coupled to the excited states. This implies tha
should be possible to trap atoms with laser-field polarizat
gradients around those points in space where there is no
pling to the excited state. For example, if the ground a
excited states have an equal total angular momentum q
tum numberJ, the ground-state sublevel with angular m
mentum projection statemg5J is not coupled to the excited
state when the light iss1 polarized. The coupling strengt
and the optical potential increase when the atom moves a
from the totally dark point, in this case away from the po
of s1 light polarization.

In the schemes for optical lattices which use, e.g., o
one ground- and one excited-state manifold (J→J), one of
the light-shifted eigenstates is in fact a completely dark s
which is not coupled to the excited state at any point
space. It would be ideal for trapping atoms but unfortunat
the optical potential for this state is flat. This state can
used for efficient laser cooling@26#, and the photon scatter
ing is about two orders of magnitude smaller than in ot
near-resonant laser cooling and trapping schemes. In ord
achieve a lattice structure, one can add a magnetic fi
@14,15#, which modifies the energy of the initially flat dar
eigenstate in a periodic way. Instead of applying a magn
field, one can also avoid the flat dark state problem by us
two different excited-state hyperfine manifolds@27#.

In our study, we consider the magneto-opticalJ→J lattice
proposal of Grynberg and Courtois~GC! @14#. The numerical
simulations for dynamical collision studies in optical lattic
are very demanding@24,25#, and the GC scheme allows us
do numerical simulations with parameter values that are
experimentally realistic. We limit our study to the ca
in which Jg5Je51. It is possible to find a level scheme lik
this in 87Rb, which hasF51 hyperfine states for both th
5S1/2 ground and for the 5P1/2 excited state@15#. We label
the three ground-state sublevels withug61&,ug0&, and the
three excited-state sublevels withue61&,ue0&, where the inte-
ger subscripts indicate the angular momentum projec
01340
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quantum numberm, see Fig. 1. We use the atomic mass
87Rb in our simulations.

The laser field consists of two counterpropagating bea
with orthogonal linear polarizations and with frequencyvL .
For a zero magnetic field, the laser detuning isd5vL2v0,
wherev0 is the atomic frequency. The total field has a p
larization gradient in one dimension and reads~with suitable
choices of phases of the beams and origin of the coordin
system!

E~z,t !5E0~exe
ikrz2 ieye

2 ikrz!e2 ivLt1c.c., ~1!

where E0 is the field amplitude andkr the wave number.
With this field, the polarization changes from circulars2 to
linear and then to circular in the opposite directions1 when
z changes bylL/4, wherelL is the wavelength of the lase
light.

The intensity of the laser field and the strength of t
coupling between the field and the atom are described by
Rabi frequencyV52dE0 /A2\, whered is the atomic dipole
moment of the transition between the ground and exc
states. In the level scheme used here, all the allowed tra
tions are equally strong and the absolute value of the co
sponding Clebsch-Gordan coefficient has been included
the definition of the Rabi frequencyV above.

The magnitude of the light shift is@3# ~when taking into
account the current level and coupling scheme!

U05 1
2 \ds0 , ~2!

wheres0 is the saturation parameter given by

s05
V2/2

d21G2/4
. ~3!

The magnetic fieldB is applied in thez direction, B
5Bz , which is also the quantization axis. The ground st
mg50 is not Zeeman shifted but the statesmg561 are
shifted byumBu5\VB into opposite directions with respec
to each other. Herem is the magnetic moment along thez
axis of the corresponding state. Thus the energy separa
betweenmg561 states due to magnetic field is 2\VB .

FIG. 1. The level structure of a single atom with the Clebsc
Gordan coefficients of corresponding transitions.
1-2
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OPTICAL SHIELDING OF COLD COLLISIONS IN . . . PHYSICAL REVIEW A 66, 013401 ~2002!
If the light shift dominates over the Zeeman shift,\VB

,U0, the lattice is paramagnetic@14#. The atoms are trappe
in potential wells located 0.5l apart, either in the points o
s1 polarization or in the points ofs2 polarization, depend-
ing on the direction of the applied magnetic field. If th
Zeeman shift dominates,U0,\VB , the eigenstates of th
system correspond to Zeeman sublevels onto which the
field induces perturbations. In this case the atoms are trap
in boths2 ands1 light polarization points in space and th
lattice behavior is antiparamagnetic@14#.

We have done our simulations in the antiparamagn
regime where the Zeeman shift dominates over light sh
U0,\VB . The polarization gradient of the laser field mod
fies the lattice potential as in the Sisyphus scheme@3#, see
Fig. 2. The atoms are cooled by optical pumping, and
trapped into themg521 and mg511 ground sublevels
Without the magnetic field there would be no cooling
trapping for theJg5Je51 system due to the dark state a
the lack of motional coupling between the dark state and
coupled states@2#.

Since the Zeeman shifts formg521 andmg511 are in
opposite directions, their effective detuning from the re
nance is not equal and consequently they experience di
ent optical potential modulation depthsU2 andU1 , respec-
tively. The value ofU0 gives the optical potential modulatio
depth when the Zeeman shift is large compared to the de
ing. This is the value that bothU2 andU1 approach when
U0 is kept fixed with increasing detuning. We show the sc
matic view of optical potentials for ground sublevels in F
2. The relevant lattice properties along with simulation p
rameters are given in Tables I and II. We have performe
series of simulations for two fixed values of detuning, with
changing Rabi frequency, and another series for a fixed v
of U0, with a changing detuning and Rabi frequency.

FIG. 2. Schematic view of the optical potentials for the tw
trapping ground-state Zeeman sublevels. The periodic polariza
gradient of the laser field creates the lattice structure and we i
cate the points of circular polarizationss1 and s2. The dashed
lines give the Zeeman shifted energy levels which the light fi
modifies.
01340
ht
ed

ic
s,

e

e

-
r-

n-

-
.
-
a

ue

III. OPTICAL SHIELDING

A. Collisions in the presence of near-resonant light

Two slowly colliding atoms form a quasimolecule. Whe
a laser field is present, the quasimolecule may be resona
excited at long range at the Condon pointRC where the
ground and excited molecular states become resonant. In
case, the nature of the atomic collision depends on the
of the detuning of the laser@9#.

For a red-detuned laser, the excitation is followed by
acceleration of the quasimolecule on an attractive exc
state. The collision becomes inelastic when spontaneous
cay back to the ground state occurs and the pair of collid
atoms gain kinetic energy. The shared energy increase co
sponds to the acceleration on the excited state. This is
radiative heating and escape mechanism. In addition, the
oms may also gain kinetic energy by a fine-structure cha
ing mechanism. If the atom pair survives on the excited s
to very small internuclear distances and there is a level cr
ing between two excited fine-structure states, the pair m
change their internal state. When coming out of the collis
on a fine-structure state which is asymptotically below
state on which they entered the collision, the kinetic ene
of the quasimolecule increases by the corresponding amo
For a review, see Ref.@9#.

When the laser field present is blue-detuned, the situa
is different. The resonant excitation of the quasimolecule
RC occurs now to a repulsive molecular state. The atom p
is prevented from approaching close to each other due to

n
i-

d

TABLE I. Laser parameters for the simulation series with fix
detuning, and the corresponding lattice properties: Detuningd, Rabi
frequencyV, Zeeman shiftVB , lattice modulation depthsU0 ,
U2 , andU1 . The atomic photon recoil energy isEr5\2kr

2/2M ,
andG is the atomic linewidth.

d(G) V(G) VB(G) U0(Er) U2(Er) U1(Er)

5.0 1.5 1.25 178 236 143
5.0 2.0 1.25 316 419 254
5.0 3.0 1.25 712 943 572
5.0 5.0 1.875 1980 3120 1447

10.0 2.0 1.25 159 182 141
10.0 4.22 1.875 710 873 599
10.0 8.0 3.125 2554 3704 1948
10.0 10.0 3.75 3990 6359 2905

TABLE II. Laser parameters for the simulation series with fix
lattice depthU0, and the corresponding lattice properties: Detuni
d, Rabi frequencyV, Zeeman shiftVB , and lattice modulation
depthsU0 , U2 , andU1 .

d(G) V(G) VB(G) U0(Er) U2(Er) U1(Er)

1.5 1.72 0.8125 710 1126 489
5.0 3.0 1.25 712 943 572
7.0 3.54 1.25 712 865 605

10.0 4.22 1.875 710 873 599
1-3
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J. PIILO AND K.-A. SUOMINEN PHYSICAL REVIEW A66, 013401 ~2002!
reflection of motion on the repulsive state at the turning po
Rtp , see Fig. 3. If the transfer of population back to t
ground state is not complete when the quasimolec
traversesRC again, the atom pair may gain kinetic energy.
this case, the shielding is incomplete and the collision
inelastic. If the population transfer between the states is a
batic and there is no time for spontaneous emission to o
during the process, shielding becomes complete and
laser-assisted collision between atoms is elastic.

It should be noted that despite strong localization of
oms into lattice sites, atoms still move from site to site
some extent. This is due to the finite spatial extent of ato
wave packets and the optical pumping process. Thus the
calization does not mean that weak long-distance atom-a
interactions at relatively fixed atom-atom distances n
dominate over the more stronger cold collisions betwe
moving atoms.

B. Shielding of ground-state processes

Efficient optical shielding can suppress the rates of
wanted processes which occur at short internuclear dista
even in the absence of laser fields@9#. Inelastic ground-
ground processes are suppressed because complete shi
simply empties the quasimolecule ground state atRC and in
principle the quasimolecule can never reach the internuc
distancesR,RC . Since for near-resonant light the values f
RC are typically hundreds or thousands of angstroms,
small-distance molecular process such as a change of a
perfine state or Penning ionization is prevented.

In the past, the optical shielding and suppression h
been studied experimentally, e.g., in the following contex

FIG. 3. A schematic semiclassical representation of opt
shielding. The quasimolecule is excited resonantly to the repul
molecular state at the Condon pointRC . Then it reaches the clas
sical turning pointRtp , and is finally transferred back to the groun
state when arriving atRC again. If the transfer back to the groun
state is not complete, the atom pair may gain kinetic energy as
further accelerated by the excited-state potential. In this c
shielding is incomplete and the collision is inelastic. If the popu
tion transfer between the states is adiabatic, shielding is comp
and the collision between the atoms is elastic.
01340
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suppression of heating and escape of atoms in MOTs@16#,
shielding of photoassociative ionizing collisions@17#, shield-
ing of ionizing collisions of metastable xenon and krypt
@18,19#, and optical suppression in two-photon ‘‘energy poo
ing’’ collisions in Rb MOTs@20#. Theoretical methods use
for shielding studies include MCWF simulations@21#,
Landau-Zener @21# and three-dimensional Landau-Zen
theory@22#, and quantum close-coupling calculations@23#. It
should be noted that shielding does not help very much
achieving Bose-Einstein condensation as it involves ac
resonant absorption and subsequent emission of phot
with the corresponding recoil momentum effects.

C. Shielding in optical lattices

When studying optical shielding in blue-detuned ne
resonant optical lattices, there is no need for additio
shielding lasers. The blue-detuned lattice laser itself acts
shielding laser. Efficient shielding in blue-detuned lattic
would make it possible to increase the occupation den
even in the case of near-resonant lattices and without
problems arising from light-assisted inelastic collisions a
photon reabsorption. This would be in contrast to the cas
red-detuned near-resonant optical lattices where the inela
processes dominate when the occupation density incre
and atom-atom interactions are accounted for@24,25#.

Our simulation scheme and collision model is similar
the one we have used previously for collision studies in
tical lattices; details can be found in Ref.@25#. The simula-
tions require very large computational resources and we n
again that we fix the position of one of the two collidin
atoms with respect to the lattice. The small number of sc
tered photons means that in a high-density atom cloud
radiation pressure due to reabsorbed photons decreases
means that our purely collisional model becomes more r
istic in the context of the thermodynamics of the atom clou
compared to our previous studies of the red-detuned c
@24,25#.

IV. FRAMEWORK FOR SIMULATIONS

A. Product state basis and Hamiltonian

We formulate the problem in position space and use
two-atom product states@28#. We do not use the adiabati
elimination of the excited states@29# since we want to ac-
count for the dynamical nature of atomic interactions in t
presence of near-resonant light. The basis vectors are

u j 1m1&1u j 2m2&2 , ~4!

where j 1 and j 2 denote the ground or excited state andm1 ,
m2 denote the quantum number for the component ofJ along
the quantization axisz for atoms 1 and 2, respectively, in ou
Jg5Je51 system. The total number of states in principle
636536. In the current coupling and level scheme, it
possible to simplify the problem and use only nine states;
below.

We have to fix the position of one atom, and the bina
system wave function depends now only on the positionz2
of the moving atom 2,

l
e
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e,
-
te
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OPTICAL SHIELDING OF COLD COLLISIONS IN . . . PHYSICAL REVIEW A 66, 013401 ~2002!
uc~z2 ,t !&5 (
j 1 , j 2 ,m1 ,m2

c j 2 ,m2

j 1 ,m1~z2 ,t !u j 1m1&1u j 2m2&2 . ~5!

The atomic spatial dimensionality of the problem is reduc
from numerically impossible 2 to numerically treatable
see Ref.@25# for more discussion. The relative coordinatez
between atoms is nowz5z22zf , wherezf is the position of
the fixed atom.

In the atomic product state basis@28#, our system Hamil-
tonian is

HS5H11H21Vdip . ~6!

Here, Vdip includes the interaction between the atoms.H1
andH2 are the single-atom Hamiltonians for atoms 1 and
respectively, in product state space.

The single-atom Hamiltonian for atoma (a51,2) in re-
spective Hilbert spaces is, after the rotating-wave approxi
tion,

H̃a5
pa

2

2M
2\dPe,a1Ṽa1Ũa . ~7!

Here, Pe,a5(m521
1 uem&a a^emu, and the interaction be

tween a single atoma and the field is

Ṽa5 i
\V

A2
sin~kza!$ue0&a a^g21u1ue1&a a^g0u%

1
\V

A2
cos~kza!$ue21&a a^g0u1ue0&a a^g1u%1H.c.,

~8!

where za is the position operator of atoma. The dipole-
dipole interaction potentialVdip is the same as used in Ref
@24# and @25#. The sum over the quantum numberm in Eq.
~12! of Ref. @25# goes now fromm521 to m511 for the
level schemeJg5Je51 studied here.

The interaction of atoma with the magnetic fieldB in Eq.
~7! is

Ũa5(
i

mi\VBi
u i &a a^ i u, ~9!

where the sum overi includes all the ground and excite
states, and the Zeeman shift factorsVBi

are for the ground

substatesm561 equal toVB , see Tables I and II.
The description of optical shielding is usually given

terms of molecular potentials, see Sec. III. We note that
use the two-atom product state vectors because of their
plicity in treating quantums jumps for the current case. M
lecular potentials can be obtained by diagonalizingVdip in
Eq. ~6!.

In the antiparamagnetic regime of the GC optical latti
the values of detunings are such that the Zeeman shifts
not negligible in all simulations. Themg521 level is closer
to resonance than themg511 level for the magnetic field
orientation we use. Thus the optical potential modulat
01340
d
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,

a-

e
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depth may also be different for the two states. The value
modulation depthU2 and U1 for levels mg521 andmg
11, respectively, and Zeeman shifts are presented in Ta
I and II. In the constant detuning simulations, it is necess
to increase the Zeeman shift when going for stronger la
fields and deeper lattices, in order to stay in the antiparam
netic regime.

B. Aspects of the simulation method

We use the MCWF method to solve the equation of m
tion for the density matrix of the two-atom system intera
ing with semiclassical light fields@8,30,31#. A direct
quantum-mechanical solution of the density-matrix mas
equation by other means is not feasible due to the large
of the density matrix and the coupling of atoms to a lar
number of vacuum modes of the electric field. The variant
Monte Carlo~MC! methods we use was developed by Da
bard, Castin, and Mølmer@32#. Application of the MCWF
method for the study of cold collisions in optical lattices
not straightforward and we have given the details in our e
lier publication@25#. As a result of simulations, we obtain
momentum distribution for an atom in the lattice. This d
tribution is the most informative result when studying optic
shielding in the context presented here.

The laser field couples only states whereDm561. The
Clebsch-Gordan coefficient between the statesmg50 and
me50 is zero in the level scheme. It follows that optic
pumping rapidly moves population to the ground levelsmg
561, which are coupled only to the excited levelme50.
Thus there is population on only three levels for both of t
colliding atoms, theL scheme, and the number of the us
product state basis vectors can be reduced from 36 to 333
59. This simplifies the problem considerably. The simu
tions take fewer computational resources and are much fa
to perform. The dipole-dipole interaction does not change
scheme and it is confirmed by the results of the full simu
tion, which includes all 36 states. From the molecular pot
tial point of view, this means that only one attractive and o
repulsive state is relevant instead of all four different attr
tive and four different repulsive states.

The number of collisions should be the same for simu
tions with different parameters for the results to be com
rable. The number of collisions is dictated by the number
spontaneously emitted photons. We fix the simulation time
constant value 120, in units of 1/Gs0. This guarantees tha
the average number of spontaneously emitted photons
the number of collisions remains roughly the same for
simulations. We have performed all the simulations for t
one-dimensional occupation density of 25% of the latti
i.e., every fourth lattice site is occupied on average.

V. RESULTS

We present the momentum distributions of three simu
tion series in Figs. 4, 5, and 6. We do two simulation ser
with the constant values of detuningd and changing the Rab
frequencyV. We haved55G andd510G in Figs. 4 and 5,
respectively. Figure 6 gives results for a constant optical
tential modulation depth,U0;710Er , and changingd. We
1-5
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compare the results between interacting and noninterac
atoms.

A. Constant detuning

For the smallest values ofV, the constant detuning simu
lations show that optical shielding is not complete. Wi

FIG. 4. Momentum probability distributions for thed55G case.
The Rabi frequencies are~a! V51.5G, ~b! V52.0G, ~c! V53.0G,
and ~d! V55.0G. Momentum is expressed in recoil unitpr5\kr .
Dashed line is for interacting and solid line for noninteracting
oms. WhenV increases, the regime changes from incompl
shielding, ~a! and ~b!, to complete shielding,~c!, and finally to
off-resonant heating in~d!. The momentum distributions also ge
wider due to a deeper lattice with increasingV.

FIG. 5. Momentum probability distributions for thed510G
case. The Rabi frequencies are~a! V52.0G, ~b! V54.22G,
~c! V58.0G, and~d! V510.0G. Dashed line is for interacting an
solid line for noninteracting atoms. WhenV increases, the regime
changes from incomplete shielding,~a! and~b!, to complete shield-
ing, ~c!, and finally to off-resonant effects in~d!. The momentum
distributions also get wider due to a deeper lattice with increas
V.
01340
ng

wings towards large momentum appear@Figs. 4~a!, 4~b!,
5~a!, and 5~b!#. The resonant excitation process at Cond
point RC is not adiabatic and some atoms can move apar
a repulsive molecular state after the collision. If the proc
terminates for spontaneous decay atr .RC , the atom pair
gains a corresponding amount of kinetic energy by accel
tion on the repulsive molecular state; see Fig. 3.

The wings get narrower when we increase the value oV
and they nearly vanish when the point of complete shield
is reached@Figs. 4~c! and 5~c!#. The resonant excitation pro
cess for the repulsive state atRC becomes adiabatic an
hardly any change inp distribution is visible when compare
to noninteracting atoms. When atoms try to occupy the sa
lattice site, they collide elastically in this parameter regim

When we increase the Rabi frequency further, the o
resonant effects come into play@Figs. 4~d! and 5~d!#. The
momentum distribution begins to deviate again from the
sult for noninteracting atoms, and the qualitative characte
momentum broadening is now different when compared
the smallV results. This indicates that the heating proce
does not arise from incomplete shielding. Additional sho
ders that appear in both the interacting and noninterac
cases arise due to the difference in the depth of the
lattice potential wells,U61. When we increased, we note
that the point of complete shielding moves towards lar
U0, in our case fromd55G andU05712Er to d510G and
U052554Er .

B. Constant lattice depth

Figure 6 shows results for the case of constant opt
modulation depthU0;710Er and varying detuning. When
the detuning is small, the off-resonant effects heat the ato
cloud and small wings appear in momentum distribution;
Fig. 6~a!. For an intermediate detuning value, the point

-
e

g

FIG. 6. Momentum distributions for fixedU0;710Er . ~a! d
51.5G, ~b! d55.0G, ~c! d57.0G, and ~d! d510.0G. The off-
resonant processes play a role at the small detuning,~a!. In the
intermediate detuning, shielding may become complete and the
lisions between atoms are elastic,~b!. For larger detuning the
shielding is incomplete,~c! and ~d!.
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complete shielding is reached@Fig. 6~b!#. Increasingd fur-
ther makes the shielding incomplete and subsequently w
wings appear in the momentum distribution@Figs. 6~c! and
6~d!#. This is in agreement with the study of off-resona
effects of the laser field in cold collisions in MOTs@33#.
Keeping the lattice depth constant and increasing the de
ing means decreasing the ratioV/d, which reduces the role
of off-resonant effects. Simulation studies reported in R
@33# show that for collisions in uniform blue-detuned las
fields, the off-resonant effects vanish whenV/d decreases
until for small values ofV/d the shielding effect is again
incomplete. This is accordance with the optical lattice res
presented here.

VI. CONCLUSIONS

Our simulations demonstrate clearly that optical shield
should be present in blue-detuned near-resonant optica
tices. The shielding process is not expected to always
perfect, but with an appropriate choice of the detuning a
the intensity of the trapping laser it is nevertheless poss
to strongly suppress the rate of inelastic collisions. For
ample, with a detuningd55.0G and a Rabi frequencyV
53.0G, giving U05710Er in our scheme, the optical shield
ing process is practically complete, see Fig. 4~c!. If the pa-
rameters are not chosen correctly, the shielding process
be either incomplete or reduced by the off-resonant exc
tion of the quasimolecule states related to attractive at
atom potentials@33#.

We have studied here the antiparamagnetic regime
GC lattice@14#. In this case, the cooling and trapping mech
nism resembles the traditional Sisyphus mechanism@3#,
making comparisons between our previous study of the
detuned case more appropriate. In this scheme, the la
depth depends on the intensity of the laser. The value
detuning for effective shielding increases when the laser
tensity and thus the optical potential modulation depthU0
are increased. Thus for shallow lattices, effective shield
occurs at small detunings, in which case the two trapp
potentials are not identical because of the non-neglig
Zeeman shift compared to the detuning of the laser.

In the paramagnetic regime of a GC lattice, the latt
depth U0 is dictated by the strength of the magnetic fie
more than by the laser intensity. This leaves more freed
for using both the intensity and detuning of the laser to
timize optical shielding for a given lattice depth. This is
interesting subject for possible future studies of collisions
blue-detuned near-resonant optical lattices.

Together with the reduced photon scattering and thus
duced heating of dense atomic clouds by photon reabs
tion, optical shielding opens a way to achieve higher oc
pation densities and lower temperatures in blue-detu
near-resonant optical lattices, compared to the red-detu
case. Unlike in the red-detuned case, two atoms trying
occupy the same lattice site will at worst only repulse ea
other in an elastic process. It should be noted that opt
shielding was originally introduced to, e.g., suppress the
perfine state changing ground-ground collisions during co
ing and trapping of alkali-metal atoms@16#, and this addi-
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tional benefit is naturally present in blue-detuned lattices
well. More importantly, the strong Penning ionization f
metastable rare-gas atoms@18,19# should be suppressed a
well in blue-detuned lattices. An important benefit here
that all three processes—trapping, cooling, and shieldin
are produced by the same set of laser beams.

Considering what is already known about blue-detun
optical lattices, and about optical shielding in magne
optical traps, our results appear rather obvious. Howe
they could have been different. Firstly, previous theoreti
studies of optical shielding have excluded the actual coo
process@21–23#. Our results show that the two can coexist
least in blue-detuned lattices without apparent problems e
in the saturation limit, although the off-resonant excitation
quasimolecule states reduces the shielding efficiency. In
periments in magneto-optical traps, shielding has b
implemented typically with an additional catalyst laser, w
the red-detuned cooling and trapping lasers either off or
If the red-detuned cooling and trapping lasers are on,
near-resonant shielding studies become practically imp
sible due to the strong and usually unfavorable mixing of
two processes@19#. In other words, we hope that our wor
serves as a motivation for experimentalists to perform shie
ing studies in near-resonant blue-detuned lattices in the p
ence of the cooling process. Although the densities that h
been available so far have been rather low, the use of,
metastable rare-gas atoms could provide useful informa
due to the clear ion signal that marks collision events@18#.

Secondly, very few theoretical studies of shielding w
near-resonant light have been done so far, as the interes
been mostly on the large-detuned laser fields. This is beca
the theoretical treatment is simplified when we can ign
the spontaneous emission~at large detunings, the excited
state potential is so steep that the resulting fast dynamics
slow spontaneous emission decouple trivially from ea
other!. In an earlier near-resonant study@33#, the possibility
of spontaneous emission from the excited repulsive qu
molecule state during the slow-down of the relative moti
of the two atoms was found to be suppressed by reexcitat
until the atoms had finally turned around, i.e., the efficien
of shielding increased without limit with laser intensit
Similarly, in our study there does not seem to be any e
dence for breakdown of efficient shielding due to such
spontaneous-emission effect.

Thirdly, experiments show clearly that the shielding ef
ciency of inelastic ground-ground collisions can saturate
some finite value as we increase the laser intensity@18,19#.
The reason for this is still unclear. It has been attributed
various processes, in addition to the above-mentioned
mature termination of shielding via spontaneous emiss
@21#. Other possibilities include counterintuitive or of
resonant processes involving different partial waves or ot
processes that similarly involve multiple states~in contrast to
the basic two-state approaches@9,19,22,23#!, or off-resonant
excitation to the attractive molecular states@18#. We find that
off-resonant excitation is indeed present in our studi
where d<10G, i.e., our detuning is small in general an
comparable to the Rabi frequencies. This is in agreem
with the much more simplified three-state study done ear
1-7
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@33#. WhenV/d@1, the steady-state formation can surpa
the dynamical resonant excitation process at suitably
collision velocities, and we see that indeed it is the near-z
region of the momentum distribution that gets depleted
Fig. 4~d!, and not the near-average velocity region as in
red-detuned lattice case. However, as discussed before
off-resonant process cannot explain the observed satura
of shielding, as that happens at very large detunings,
which V/d!1, but V is large enough for the situation t
correspond mainly to Fig. 4~c!, the case of complete shield
ing. There is no evidence of saturation of shielding in o
studies, but due to the limitations of our model~one dimen-
sion only, and ignoring the very small scale molecular p
cesses!, we cannot state conclusively that it would not
present in any experiments.

Due to the limitations set by the numerics, we have c
sidered only the one-dimensional case where the directio
propagation for the lattice laser beams and the direction
the collision axis are the same. In practice, even in a o
dimensional lattice the collision axis is still in a thre
dimensional space and can have any angle with respect t
beam propagation and electric field directions. In our pre
ous study@25#, we report the result of the full calculation o
the dipole coupling term for two atoms. Basically, the res
shows that for any collision angle the interaction between
colliding atoms remains qualitatively the same, with a nu
ber of attractive and repulsive molecular potentials~this situ-
ation, by the way, is behind the reason why a possible an
dependence cannot really be used to explain the saturatio
shielding in xenon; see Ref.@19#!. Thus one can expect tha
also for fully three-dimensional collisions in blue-detun
near-resonant lattices, the coexistence of cooling and sh
,
.

o,

r,

v.
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ing is possible. Interestingly, this also implies that for a on
dimensional lattice we have cooling and localization to l
tice sites only in one direction, but the shielding effe
induced by the lattice beams should nevertheless be pre
for all directions of the collision axis, including the cas
where this axis is perpendicular to the lattice direction.

Thus, we have demonstrated that efficient optical shie
ing should be possible in near-resonant blue-detuned op
lattices. More precisely, it is mediated by the trapping a
cooling lasers themselves but it does not interfere with
cooling process, unlike in basic magneto-optical traps c
ated with strong red-detuned lasers. Especially, we h
theoretically demonstrated optical shielding within a lev
scheme, which is more complicated~and realistic! than the
two-state models used so far@9,21#. Our approach is fully
quantum, takes spontaneous emission into account, an
applicable even for strong fields. Finally, our results sh
that by a suitable choice of lattice parameters it should
possible to obtain efficient cooling and trapping, togeth
with efficient optical shielding of collisional processes, a
yet to avoid any contributions from off-resonant excitation
the attractive quasimolecule states.
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