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Self-induced Bragg-type scattering in dark optical superlattices

Peter Horak and Helmut Ritsch
Institut für Theoretische Physik, Universita¨t Innsbruck, Technikerstr. 25, A-6020 Innsbruck, Austria

~Received 21 August 1996!

We show that the coherent part of the atomic fluorescence spectrum in a dark optical superlattice can be
interpreted as a new type of Bragg scattering of the trapping lasers by the periodic atomic distribution. We
explicitly solve the 1D problem to demonstrate that this built-in mechanism provides a diagnostic tool to
determine the atomic position and energy distribution without any extra disturbance of the system. Hence, in
principle, this method allows one to gain important information on atom-atom interactions and quantum
statistics in the case of several atoms confined within a single optical~super!well. @S1050-2947~97!03803-1#

PACS number~s!: 32.80.Pj, 42.25.Fx, 42.65.2k
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An elegant and successful method to cool atoms be
the recoil-limit is velocity selective coherent population tra
ping ~VSCPT!, which is based on optical pumping of th
atoms into a ‘‘dark’’ superposition of ground states co
pletely decoupled from the laser fields. This mechanism
been recently demonstrated experimentally yielding
tremely narrow velocity distributions in three dimensio
~3D! @1#. With respect to realizing Bose-Einstein conden
tion @2# or building a coherent laserlike source of atoms@3#
by pure optical cooling and trapping mechanisms, a ma
drawback of this scheme consists of its lack of spatial ato
confinement. In order to obtain cooling and trapping sim
taneously, an additional confinement mechanism is nee
In this case, no exact dark state can persist, but with prop
chosen external potentials, at least in principle, a quasid
‘‘gray’’ state can be achieved and significantly populated@4#.

A conceptually different approach is to build gray optic
lattices for atoms using a blue detuned standing wave l
field. Such lattices have been experimentally realized
investigated by several groups@5,6#. The atoms are simulta
neously cooled and confined periodically in space, but
densities obtained so far are less than one atom per la
site, precluding the observability of quantum statistical
fects and direct atom-atom correlations.

An alternative possibility to trap atoms in a VSCPT co
figuration is based on the use oftwo pairs of counterpropa
gating s1 and s2 polarized laser beams@7# of different
frequency. In this model both pairs of laser beams simu
neously contribute to the cooling as well as to the trapping
the atoms into large periodical potential wells formed by
beat of the two slightly different laser frequencies. The
sulting gray state then is optimally adapted to the laser c
figuration. This scheme allows much longer lifetimes an
lower mean energy of the trapped atom states as compar
normal gray lattices. In addition, due to the large size of
optical potential wells, occupation numbers of more than o
atom per site can be expected, implying a wealth of inter
ing new physical phenomena@3#.

Besides looking at the fluorescence and weak field
sorption spectra as discussed recently by Guo and Coope@8#
and measured by various groups@6,9,10#, an elegant way to
monitor the spatial confinement and temperature of atom
a lattice consists in the observation of Bragg scattering o
probe laser@11#. In this work we will show a conceptually
551050-2947/97/55~3!/2176~4!/$10.00
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easy way of measuring the spatial atomic distribution in
dark optical superlattice~i.e., a lattice of periodicityL which
is large compared to a single optical wavelength! simply by
monitoring the coherently scattered light field of the trappi
lasers. This type of scattering can only occur in such a
perlattice configuration and can be interpreted as a new k
of Bragg scattering. Hence the system offers a very sensi
automatically built in monitoring system.

In the following we will solve a simplified 1D model, e.g
we may assume that the atoms are located at a straight
with a small transverse extension. Later we will give an o
line of possible extensions to higher dimensions, which p
vide experimentally more realistic situations.

Let us consider two pairs of counterpropagatings1 and
s2 polarized laser beams with wave vectorsk1 andk2, re-
spectively, corresponding to two distinctJ51 to J51 tran-
sitions of the atom. For sufficiently large detunings the e
cited states are only weakly populated and hence can
adiabatically eliminated. As them50 ground state is effi-
ciently depleted by optical pumping, the model atom can
reduced to its two degenerateum561& ground states. In a
rotating frame the Hamiltonian for this system reads

H5 p̂2/2m1 (
n51,2

UnA
n~ x̂!, ~1!

wherep̂ andx̂ are the momentum and position operators a
Un5

1
2Dnsn denotes the effective optical potential streng

due to thenth laser pair, whereDn is the corresponding
detuning andsn the saturation parameter per beam includi
the Clebsch-Gordan coefficient. The operatorsAn are defined
as

An~ x̂!5@a1
n†~ x̂!u21&1a2

n†~ x̂!u11&]

3@a1
n ~ x̂!^21u1a2

n ~ x̂!^11u# ~2!

with a6
n (x)5exp(7iknx) the mode functions of the respec

tive polarization components of the lasers. Optical pump
occurs due to absorption of a single laser photon and a
sequent spontaneous decay into as6 polarized photon at an
angleu. The corresponding optical pumping operators@13#
are exp(2iknx̂cosu)B6

n (x̂), where
2176 © 1997 The American Physical Society
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55 2177SELF-INDUCED BRAGG-TYPE SCATTERING IN DARK . . .
B6
n ~ x̂!5a1

n ~ x̂!s721a2
n ~ x̂!s71 , ~3!

and s665u61&^61u. In a semiclassical picture a slow
atom would see the so-called adiabatic potentials as obta
by diagonalizing only the second part of the Hamiltonian~1!
at each point in space,

V6~x!5U11U26AU1
21U2

212U1U2cos2~k12k2!x,
~4!

yielding a periodicity of the optical lattice ofL5p/
uk12k2u@l. In steady state the atom is trapped near
minima ofV2 with a large fraction of atoms populating th
quasidark localized ground state of this potential. Note, ho
ever, that for realistic parameters this means an exten
over several wavelengths and thus a single-atom model
seems appropriate as a first approximation@12#.

For the calculation of the steady state we use a rate e
tion approach similar to Castin and Dalibard@13#. To this
end we numerically diagonalize the Hamiltonian~1! on a
spatial grid extended over one or a few superperiods@7#.

The stationary spatial distribution for fixed effective lig
shifts and a few typical values of the effective optical pum
ing ratesgn5

1
2Gnsn is depicted in Fig. 1, whereGn denotes

the atomic linewidth. The inset of Fig. 1 shows the occu
tion probability of the lowest system eigenstates. For
chosen parameters the lowest energy band, which consis
two eigenstates, contains over 50% of the atomic populat
since the lifetime of these states is about one order of m
nitude larger than the lifetime of the next energy band~the
decay rate is 8.431024g1 compared to 6.631023g1). For
stronger fields and larger superperiods the ground state
cupation can come close to 100%@7#. It is of course an
important question if and how these nice properties of sup
lattices could be observed and experimentally checked.
the central point of this work we will now calculate the c
herent part of the spectrum of resonance fluorescence
exhibit how it can be used as a measuring tool to investig
the atomic position and energy distribution in the superlat
@11#.

FIG. 1. Position probability of the atom in steady state for tw
potential wells. The atom is strongly localized at the minima of
adiabatic potential V2 . The parameters are chosen
U1520vR , U253vR , k251.2k1, and g250.001g1 ~solid
curve!, 0.01 ~long dashes!, 0.1 ~short dashes!, respectively. The
inset shows the occupation probability of the lowest system eig
states corresponding to the long-dashed curve.
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The spectrum of resonance fluorescence ofs6 polarized
light is obtained by the Fourier transform of the stationa
atomic dipole correlation function, which in our model yield
@14#

Sn,6~D,u!5
vR

2pE2`

`

dte2 iDt^B6
n†~t!eiknux̂~t!

3B6
n ~0!e2 iknux̂~0!&, ~5!

whereD denotes the detuning of the emitted light with r
spect to thenth trapping laser,u5cosu the emission direc-
tion, andvR the recoil frequency. Up to a constant prefact
Sn,6(D,u) gives the number of photons emitted per u
time, per frequency unit, and solid angle.

We will concentrate on the coherent part of the emiss
spectrum, obtained by factorizing the expectation value
Eq. ~5!, which givesScoh

n,6(D,u)5vRd(D)u^B6
n†eiknux̂&u2.

Let us first look at the radiation emitted from a sing
potential well, cf. the solid curve of Fig. 2. Due to the pos
tion dependence of the phase of the atomic dipole induced
the lattice laser, the forward direction,u5p, for the given
polarization component in Fig. 2, contributes most to t
coherent spectrum, whereas backward scattering is stro
suppressed. The deviation of the maximum fromu5p is
caused by a change of this phase due to the second laser

If we now extend the calculation of the coherent spectr
to include several superperiods, the light emitted from diff
ent potential wells interferes constructively or destructive
depending on the emission angle. This is a sort of Bra
scattering by the atoms trapped in the periodical poten
As an example, in Fig. 2 we have plotted this spectrum c
culated for different numbers of participating potential wel

The coherently scattered light amplitude fromN potential
wells in the far field is related to that from a single well by
geometrical structure factor@15# of

f ~u!5 (
m51

N

exp„imknL~12cosu!…. ~6!

The scattered intensity scales withu f (u)u2, and therefore the
spectrum fromN wells is given by

n-

FIG. 2. Angular dependence of the dimensionless coherent s
trum for one polarization component. The emission stems from
single potential well~solid curve!, from two wells ~long dashes!,
and from three wells~short dashes!, respectively. The parameter
are chosen ask2 /k151.2, U1520, U253, g151, andg250.01
in units ofvR .
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Scoh
n,6~D,u!5vRd~D!U 1N f ~u!U2u^B6

n†eiknux̂&u2, ~7!

where u5cosu and the expectation value now has to
taken with respect to the stationary density matrix restric
and normalized to a single superperiod.

In a classical picture for a large number of superperio
the scattered light interferes destructively for most ang
and only very sharp peaks occur in directions, where
terms of Eq.~6! add up constructively. This yields the Brag
angles fulfilling cosu5122mp/k1L, wherem is an integer.
Inserting the expression for the superperiodL one obtains the
following condition: cosu5122muk2 /k121u. Hence, for typi-
cal wavelength ratios many Bragg resonances can be
served, e.g., at cosu521,20.6, . . . in Fig. 2.

Note that the photon flux integrated over all emission
rections is rather small, of the order of 1024gn per atom,
since in steady state the atom mostly populates the ne
dark ground state. Nevertheless the strong directiona
should still allow the observability of the signal as it h
been achieved for ordinary optical lattices@6#.

The beauty of the presently discussed bichromatic tra
that the trapping lasers themselves act as sensitive as p
beams. It is possible to observe Bragg scattering from
trapped atom without any additional probe laser disturb
the system. This only works because the periodicity in t
model is larger than the wavelength of the trapping lasers
contrast to ordinary optical lattices built with a single las
wavelength spectrum one intricate@11#. In our model this
diagnostic tool is automatically built in, which means that w
do not have to introduce an external perturbation for
measurement and thus the physical situation remains
‘‘clean’’ as possible.

As is well known from solid state physics@15# the Bragg
spectrum provides sensitive information on the spatial ex
sion of the scatterers~Debye-Waller factor!, which in turn
allows one to obtain the occupation probability of the low
energy levels. We demonstrate this explicitly for our latti
in Fig. 3, where we plot the relative intensityR of the first
Bragg peak relative to the second, the root mean squar
the spatial distribution, and the ratio of the atomic popu
tions of the first excited statep1 and of the ground state
p0, which show clear correlations.

For smaller values ofg2 the ground state occupation in
creases@7#, since optical pumping on this second transition
mostly responsible for the decay of the ground state. T
yields a stronger localization of the atom, see also Fig. 1,
thus the emission spectrum is more homogeneous, whic
manifested in the relative height of different Bragg orde
@According to Eq.~7! an atom in a position eigenstateux&
would give a completely flat spectrum.# From Fig. 3 it can be
seen that there exists a one-to-one correspondence bet
these quantities. Hence the relative intensity of differ
Bragg orders provides an experimentally accessible mea
of some properties of the stationary population distributi
For instance, from the ratiop1 /p0 derived in this way one
can obtain an estimate for the system temperature, altho
strictly speaking, there is no well-defined temperature si
the steady state population distribution is far from a therm
one.
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So far we restricted ourselves to a quasi-one-dimensio
model where the atoms are strongly localized in the tra
verse directions. Experimentally it is more realistic to co
sider a 2D or 3D lattice setup. Unfortunately, it is not po
sible to perform all the numerical calculations analogous
1D due to the size of the Hilbert space. However, by look
at the adiabatic potentials we can argue that the propo
scheme also works in higher dimensions, as we will show
the following. The basic principle remains the same as in 1
for any appropriate laser configuration there exists a d
state consisting of a few plane wave components in
atomic J51 to J51 transition@1,16#. By ‘‘doubling’’ this
configuration~using two frequencies! in the same sense as i
1D one obtains a superlattice structure with potential mini
of zero light shift. Figure 4 shows a contour plot of th
lowest adiabatic potential in a rectangular 2D configurati

FIG. 3. Relative height of the first to the second order Bra
peakR ~solid curve!, root mean square of the spatial distribution
the atom within a single potential wellDx ~short dashes!, and ratio
of the populations of the lowest statesp1 /p0 vs g2. The parameters
are the same as in Fig. 2.

FIG. 4. Rectangular 2D configuration for a superlattice for t
parameters of Rb atoms (L526l1). The white arrows represent th
various trapping lasers and the black ones indicate the pos
Bragg scattered beams. In the center of the figure a contour plo
the lowest adiabatic potential is given. The optical potentials
chosen asU1550vR andU2510vR .
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The Bragg conditions for such a lattice can be deriv
easily by considering the reciprocal lattice@15#. Again co-
herent scattering of the trapping lasers will occur only
certain angles, which can be changed by adjusting the di
tions and frequencies of the involved laser fields, e.g., b
deviation from the rectangular setup and/or by introducin
small angle between the lasers of different wavelengths
general it is a nontrivial problem to find the correspondi
angles. As an example for Rb atoms (l15795 nm,
l25780 nm, L526l1), a simple rectangular setup yield
several Bragg angles, as depicted in Fig. 4. Thus for this c
the proposed scheme of measuring the Bragg scattered
ping lasers as a diagnostic tool also works in 2D and si
larly in a 3D extension.

In conclusion, we have shown that an optical superlat
created by a bichromatic laser field produces a Bragg s
trum of the trapping lasers themselves, which can be use
measure and analyze the atomic state. Hence, in contra
other schemes, this system automatically provides its o
diagnostic tool, without the need for any additional pro
lasers. The superperiod of the lattice can be deduced f
the Bragg angles, while simultaneously the relative heig
d
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of different Bragg orders give an indication of the level o
cupation probabilities and spatial confinement.

A central motivation to construct such a superlattice is
prospect of achieving densities of more than one atom
well starting from an initial density as one obtains in a sta
dard MOT. Hence atom-atom interactions at very low te
peratures and a low number of scattered photons includ
quantum statistical effects should play an important role.
this case via the Bragg spectrum discussed in our work
could sensitively monitor the time dependent changes in
spatial atomic distribution as a function of the initial dens
~number of atoms per well!. From these quantities one cou
deduce information on the interatom interaction strength
the quantum statistical correlations of different atoms oc
pying the same trapping state. This could be of great va
for similar setups, which are theoretically discussed as p
sible candidates for building a laserlike source of ato
@3,17,18#.
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