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Raman-Induced Avoided Crossings in Adiabatic Optical Potentials:
Observation of lyyy8 Spatial Frequency in the Distribution of Atoms
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Chromium atoms traverse an optical potential and the resulting spatial distribution is measured
new method. Atoms are collected on a substrate and an atomic force microscope is used to det
the flux as a function of position. An unexpectedly high spatial frequencysly8d is found in the
atomic distribution. This is attributed to avoided crossings arising from Raman coherences ind
between magnetic sublevels. These results show that level crossings and nonadiabatic tran
can play an important role in the manipulation of atomic trajectories by near-resonant light fi
[S0031-9007(96)00340-7]

PACS numbers: 32.80.Pj, 42.50.Vk
a
n

uc
n
on
ibl
p
, o

o
in
b

ve
ng
d

n
yi
a

re
b

ru
nc

i
m

he
e

p
ll

ro
o

rs

ls
su
ls

er-

o-
and
la-

ed
are

ate
u-

use

he

rred
as-

ts a
ul-

f a
n

of
ials
lead
ri-

y

s.

tion
x-
iza-
t of
ese
no
The interaction of atoms with near-resonant optic
standing waves results in spatially varying optical pote
tials. The force experienced by the atoms due to s
potentials can be used to manipulate atomic motion i
number of ways. For example, as the atoms move al
these potentials, the dissipation due to the irrevers
process of spontaneous emission can be used to dam
atomic motion and, thereby create a collimated beam
a cold, localized sample of atoms [1]. In the absence
spontaneous emission, e.g., in a far-off-resonant stand
wave, the conservative motion in these potentials can
used to focus or diffract atoms [2]. These effects ha
made possible a wide variety of applications, includi
precision atomic clocks [3], atomic interferometry [4], an
nanostructure fabrication [5].

Achieving more complete control of atomic motio
demands a deeper understanding obtainable by stud
the spatial distribution of the atoms on the suboptic
wavelength scale. The spatial distribution can be infer
from various spectroscopic observations such as Lam
Dicke narrowing in the resonance fluorescence spect
[6] and absorption spectrum [7], absorption in the prese
of a nonresonant standing wave [8], Raman transitions
spatially varying potentials [9], and Bragg scattering fro
an optical lattice [10].

In this Letter we report on a new, direct approach to t
study of subwavelength atomic spatial distributions. W
determine the spatial distribution of Cr atoms in an o
tical field generated by counterpropagating, orthogona
linearly polarized (lin'lin) traveling waves. We use a
high-resolution technique where an atomic force mic
scope is used to determine the flux of atoms deposited
a substrate. With this method, we observe, for the fi
time, spatial distributions that have aly8 component to
their periodicity, wherel is the wavelength of the light
field. We show, through qualitative arguments and a
detailed calculations, that this component is a direct re
of dynamical focusing in the adiabatic optical potentia
0031-9007y96y76(25)y4689(4)$10.00
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of the multilevel Cr atoms, as influenced by Raman coh
ences. We begin with a discussion of the observedly8
periodicity in terms of level crossings in the optical p
tentials. We then describe the experimental results,
finally present a detailed quantum Monte Carlo calcu
tion corresponding to the experiments.

The optical field present in alin'lin polarization con-
figuration can be decomposed into two circularly polariz
standing waves of opposite polarization whose nodes
spatially displaced byly4. For a multilevel atom such
as Cr withJg ­ 3 and Je ­ 4 on the7S3 ! 7P

±

4 transi-
tion, each of the magnetic sublevels of the ground st
experiences a light shift (ac stark shift) that has contrib
tions from each of these two standing waves. Beca
of Clebsch-Gordan coefficients, the negativeM sublevels
have light-shift potentials most strongly influenced by t
s2 standing wave, and the positiveM sublevels have po-
tentials dominated by thes1 standing wave. If there is no
coupling between the levels, then the potentials are refe
to as diabatic, and they have minima at the nodes of the
sociated dominant standing wave. However, there exis
coherent coupling between magnetic sublevels due to m
tiphoton Raman transitions which involve absorption o
photon froms1 standing wave and stimulated emissio
into thes2 standing wave or vice versa. As a result
this Raman coupling, crossings of the diabatic potent
become avoided crossings. These avoided crossings
to new local minima in the potentials that also have a pe
odicity of ly4, but are offset from the original minima b
ly8. It is these new minima that give rise to thely8 com-
ponent in the observed periodicity of the deposited line

To see the effect of the coherent coupling betweenM
sublevels on the potentials of the system, a diagonaliza
of the Hamiltonian must be carried out. Treating the e
ternal degrees of freedom (i.e., position) as a parameter
tion, rather than treating the full dynamics, leads to a se
adiabatic potentials in the diagonalized basis [11]. Th
potentials are plotted for Cr in Fig. 1; since there is
© 1996 The American Physical Society 4689
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FIG. 1. Adiabatic potentials in units ofErec ; h̄vrec (vrec is
the recoil frequency, which is 22 kHz) for theJg ­ 3 ! Je ­
4 transition in Cr, for an optical field consisting of two linea
orthogonally polarized traveling waves with a Rabi frequen
of V ­ 4.8 3 104vrec and a detuning ofD ­ 2.3 3 104vrec.
(top) OddM-state family of potentials; (bottom) evenM-state
family of potentials. The potentials are numbered 1–7
reference in the text.

optical component withp polarization in thelin'lin con-
figuration, the Raman coupling only exists between m
netic states withjDMj ­ 2, and the potentials are groupe
into two independent families associated with odd and e
magnetic states (Fig. 1, top and bottom, respectively).
each family, only the top level (labeled 1 for the odd fa
ily and 2 for the even family) has the necessary minim
locations, associated with avoided crossings, to gene
thely8 component.

While the existence of the extra minima in the optic
potentials suggests a cause for the high spatial freque
in the atomic distribution, it is necessary to carefully co
sider several effects before drawing any conclusions ab
the prominence of such features. First, since there are
eral differently shaped potentials, only some of which ha
minima at the correct locations, the visibility of thely8
patterns depends on the distribution of the initial popu
tion among the various adiabatic eigenstates of the at
But more important, it must be recognized that nonad
batic transitions [12] in the avoided crossings due to m
tional coupling could in principle be very significant. If th
nonadiabatic transition probability is high enough, the
will be no concentration of atoms at thely8 locations, be-
cause the atoms will pass onto the adjacent potential
not be localized.

Although a full dynamical calculation, which is dis
cussed below, must be performed to determine the pre
behavior, some qualitative understanding of the role pla
by nonadiabatic transitions can be had by considering
shape of the adiabatic potentials. Because the nona
batic transition probability is proportional to the veloci
4690
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of the atoms at the anticrossing, and inversely proportio
to the energy separation between the potential curves [
the ratio of the kinetic energy and this energy separa
gives a qualitative measure for the adiabaticity. Ignor
any initial kinetic energy, this ratio can be approximat
by the ratio of the potential well depths to their ener
separation. With this criterion it is easy to see from Fig
that the atoms entering potential 1 are quite likely to ma
a nonadiabatic transition, whereas the atoms in potent
are less likely to do so.

Another effect that plays a significant role is th
shape of the potential minimum. Most efficient focu
ing of atoms is achieved with a quadratic minimu
[5], which is more closely approximated when th
Raman coupling is strong and the level separation
large. Thus, again, atoms traveling on potential
would tend to contribute more localized peaks th
potential 1.

Our experimental approach relies on the fact that,
cause of their low surface mobility [13,14], the sp
tial distribution of Cr atoms in an optical field can b
faithfully captured by inserting a substrate into the fie
and allowing the atoms to deposit. Most of our set
has been described in detail elsewhere [15] and is o
briefly mentioned here. It consists of an effusive sou
of chromium atoms from a commercial molecular bea
epitaxy evaporation cell operating at 1650±C, a precolli-
mating aperture, a region of optical collimation in whic
dissipative light forces are used to transversely cool
atom beam to a divergence of 0.2 mrad [16], and an
idized Si substrate mounted facing the atom beam.
standing wave, which grazes across the substrate
face with its maximum intensity at the surface, has
1ye2 radius of 65 mm and is formed by retroreflectin
a linearly polarized laser beam though a quarter-w
plate. The single-beam power was typically 20 mW
A single-frequency, stabilized ring-dye laser, operat
at 425.43 nm (air wavelength) with stilbene 420 las
dye and pumped by a UV argon ion laser, provides
laser light for both the optical collimation region an
the standing wave. The dye laser is tuned 500 M
above the atomic resonance to generate a standing w
with minimal probability of spontaneous emission. T
atomic resonance utilized in the experiment is the7S3 !
7P

±

4 transition in chromium. The portion of the lase
beam used for optical collimation is frequency shifted
an acousto-optic modulator to about 5 MHz (one natu
linewidth) below the atomic resonance. Three pairs
Helmholtz coils are used to cancel the earth’s magn
field to a level of about2 mT. After deposition of typi-
cally 20 min, the substrate is removed from vacuum a
a “tapping-mode” atomic force micrograph (AFM) of th
chromium lines is made in air. Etched silicon tips wi
a nominal radius of 20 nm are used to image the lin
and the data shown are uncorrected for any effects
to the size or shape of the tips.
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To generate a deposition profile, a series of the
scans from an AFM image spanning a region100 nm 3

425 nm were band-averaged along the direction of the
lines. Figure 2(a) shows such a band-averaged line
for the lin'lin optical field configuration. Clearly8
spacing is seen in the Cr lines, in very good agreem
with the minimum spacing in the adiabatic potentials.

To further emphasize the importance of the adiab
potentials, and to provide further evidence that the pe
in the deposited atomic distribution do arise from t
avoided crossing minima in the potential, we varied
displacement between the two sets of adiabatic poten
by varying the anglew between the polarizations of th
two counterpropagating traveling waves. Asw is varied,
the resulting optical field can be decomposed into two
of oppositely circularly polarized standing waves who
nodes are spatially displaced byDx ­ wly2p . Hence,
we should expect the line spacing to vary fromly2 to ly8
as w is varied fromw ­ 0, where there are no avoide
crossings, tow ­ py2, where they are most pronounce
The lines scans from AFM images of Cr lines deposited
several values ofw are shown in Fig. 2. The spacing of th
structures is in excellent agreement with the expectat
based on the spacings of the adiabatic optical poten
for the values ofw used. We note from a practical poi
e
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FIG. 2. Band-averaged atomic force line scans of Cr d
posited on Si wafer in the presence of alin'lin optical field,
shown as a function of the anglew between the linear polar-
izations of the two counterpropagating traveling waves. T
values ofw are (a) 90±, (b) 75±, (c) 60±, and (d) 0±. The verti-
cal scale is set by the calibration of the atomic force microsco
(accurate to610%), with the zero determined by measuring th
height of a step formed by etching the sample. The zero is
ther corrected for a background of other isotopes (16%) a
loss to Cr metastable5D states (estimated 7%).
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of view that this provides a means of generating structu
with a variable spacing, should this be desirable.

In order to analyze more accurately the behavior of
atoms in thelin'lin light field, we have carried out a
fully dynamical quantum calculation, in which the time
dependent Schrödinger equation is solved numerica
The internal degrees of freedom of the atom are
by the magnetic sublevels of the ground state, w
Jg ­ 3, and the excited state, withJe ­ 4, yielding a
total number of 16 states. For the external degrees
freedom we tabulated the wave function in the moment
representation on a grid with1h̄k spacing. Since the
problem has a translational symmetry with periodic
l, only momentum states which differ bynh̄k are
coupled to each other. Therefore the only approximat
was the truncation at a finite maximum momentu
which was chosen to be much larger than the maxim
momentum change during the laser interaction (120h̄k for
the laser parameters as used in the experiment). For
propagation of the wave function we used a 4th-ord
Runge-Kutta method, which allowed us to also inclu
the Gaussian turn-on of the laser intensity in the mode

The first goal of the theoretical analysis was to und
stand the role of nonadiabatic transitions in the format
of the ly8 features. This could in principle be compl
cated by the fact that, in addition to gaining kinetic ener
in the potential wells, the atoms feel a time-dependent
tential because of their motion in the Gaussian shape
the laser beam. In order to concentrate only on the r
of the potentials themselves, we first simulated the
namics for a constant laser beam profile. Figures 3(a)
3(c) show the time evolution, averaged over space, of
populations of the adiabatic states for a Rabi frequen
V ­ 4.8 3 104vrec, wherevrec is the recoil frequency,
which is 22 kHz for chromium. In order to compare th
dynamics in potential 1 to potential 2, we chose either p
M ­ 63 or 62 states as initial Zeeman distributions.

Figure 3(a) clearly shows the population in the 1 sta
decaying over the course of interacting with the las
beam as a result of nonadiabatic transitions, as expe
from the qualitative arguments discussed above. F
ure 3(b) shows the spatial probability distribution at t
end of the interaction for the oddM state family. Clearly
there is noly8 component left. In Fig. 3(c) we see tha
the evenM-state family populations remain essential
constant in time, indicating a very small probability o
nonadiabatic transitions. As a result, the final spatial d
tribution for the even family, shown in Fig. 3(d), show
a clearly8 component. Upon adding the effect of th
Gaussian laser turn-on we saw only minor changes in
outcome, leading us to the conclusion that in this para
eter regime the turn-on does not play a significant r
in generating nonadiabatic effects.

The second goal of the theoretical study was to attem
to provide a comparison with the experimental results.
accomplish this, we solved the dynamics of the atom
motion in two steps. First we modeled the collimation
4691
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FIG. 3. Calculated population evolution and final spa
distribution for the various adiabatic states of Cr in alin'lin
optical field with constant profile. (a) Evolution of the od
M-sublevel family of states, averaged over space. Num
correspond to the potentials in Fig. 1. (b) As in (a), for t
evenM-sublevel family of states. Time is expressed in units
T, one-fourth of the time period of oscillation in the optical f
an atom with the most probable longitudinal velocity. (c) T
total spatial distribution for the atoms in the oddM-state family
at t ­ T . (d) As in (c), for the evenM-state family.

the atom by solving the optical Bloch equations for la
cooling by means of quantum Monte Carlo simulatio
[17]. The resulting momentum distribution (Gaussi
with rms width of 7h̄k) and the distribution in the
ground state magnetic sublevels then served as an in
condition for the equation of motion in the localizatio
region. Although the laser parameters in the localizat
region sV ­ 7.0 3 104vrec, D ­ 2.3 3 104vrecd make
conservative motion in the optical potentials the domin
interaction, we also had to include dissipative effects
a Monte Carlo approach. The probability for emittin
a spontaneous photon in the localization region
the most probable velocity was calculated to be 0.
We note that the impact of spontaneous emission
the motion does not come from the photon recoil,
from the redistribution into different magnetic state
Changing magnetic states corresponds to changing
ia
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FIG. 4. Quantum Monte Carlo calculation of the spat
distribution of Cr atoms traversing alin'lin optical field,
showing clear ly8 features. All salient features of th
experiment are taken into account, including a Gaussian l
profile with waist 65 mm s1ye2d, a peak Rabi frequency o
V ­ 7.0 3 104vrec, and a detuning ofD ­ 2.3 3 104vrec
(vrec is the recoil frequency for Cr, which is 22 kHz). Initia
conditions include magnetic-level relative population weights
0.5 (M ­ 13, 23), 0.35 sM ­ 12, 22d, 0.1 sM ­ 11, 21d,
and 0.05sM ­ 0d, a Gaussian transverse velocity distributi
with rms spread of7h̄k, and a Maxwellian longitudinal velocity
distribution corresponding to a temperature of 1650±C.
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different optical potential, where the atom experience
different force. The distribution in longitudinal velocitie
(Maxwellian distribution for a temperature of 1650±C)
was taken into account by averaging over a distribut
of interaction times and intensity profiles.

The result of the simulation is shown in Fig. 4, whe
qualitative agreement is seen with the experimental re
of Fig. 2(a). Clear peaks at odd multiples ofly8 are
seen in addition to the peaks at multiples ofly4. The
ratio of the height of thely8 peaks (largest contribution
from level 2) to the height of thely4 peaks (largest
contribution from levels 6 and 7) is 1:1.33, similar to th
average experimental value of 1:1.18 6 0.09. Differences
between the calculation and the experiment in this ra
and also in the line shapes, are not fully understood. Lik
causes include the uncertainty in the initial conditions
exact position of the standing wave relative to the substr
Also, AFM tip effects cannot be entirely ruled out. Th
small modulation in peak height withly4 periodicity
in the experimental result is most likely a result of
population imbalance between magnetic substates du
stray magnetic fields in the interaction region.
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