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Observation of three-level rectified dipole forces acting on trapped atoms

T. T. Grove, B. C. Duncan, V. Sanchez-Villicana, and P. L. Gould
Department of Physics, Box U-46, University of Connecticut, Storrs, Connecticut 06269-3046
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We have observed rectified dipole forces acting on three-level atoms in the cascade configuration. Laser
cooled and trapped rubidium atoms are illuminated with an intense bichromatic standing wave (780 and 776
nm) tuned near resonance with the 55,&z +SP&&z—~SDs&z transitions. The resulting rectified forces produce

periodic potential wells (71-pm period), which localize the cold atoms. Experimental results are in reasonable

agreement with theoretical predictions. These forces may be useful in atom optics and laser traps.

PACS number(s): 32.80.Pj, 42.50.Vk, 03.75.8e

The forces exerted by near-resonant laser light have been
used to cool, trap, and generally manipulate atoms [1—3].
These techniques have allowed advances in areas ranging
from precision measurements to collision physics. A great
deal of activity has centered around understanding and im-

proving these forces. In this Rapid Communication, we
present measurements of rectified dipole forces acting on a
three-level atom in the cascade configuration. These forces
can be large and unidirectional over a macroscopic distance,
allowing the creation of deep potential wells for neutral at-
oms.

In general, there are two types of radiative forces on at-
oms. The spontaneous force (or radiation pressure) is unidi-
rectional but limited in magnitude by the spontaneous emis-
sion rate of the atom. The dipole force, on the other hand, is
due to the interaction of the induced atomic dipole with the
incident electric field. Since it involves stimulated emission,
it does not saturate with laser intensity. It is proportional to
the gradient of intensity, and therefore tends to be large when
the intensity exhibits a rapid spatial variation. However, this
means that the force reverses direction on the scale of this
variation, preventing the buildup of a deep potential well.
For example, in a standing wave, the force changes sign four
times in one wavelength.

The idea of a rectified force [4,5] is to prevent the dipole
force in a standing wave from changing sign on the optical
wavelength scale. This is done by taking advantage of the
dispersive nature of the dipole force, i.e., the fact that it
changes sign with detuning. If the detuning can be made to
change sign when the intensity gradient does, these two sign
changes cancel, meaning the force remains unidirectional. In
a three-level atom subject to a bichromatic standing wave, as
shown in Fig. 1(a), the effective detuning of one transition
can be made to change sign via the spatially varying ac Stark
shift caused by the other transition. This effect depends on
the relative phase y= (k3 —ki)z between the standing waves,
so that as the two standing waves get out of phase (which
they do on the scale of the beat wavelength) the force will
reverse. If the wavelengths of the two transitions are similar,
the beat wavelength will be long and the force will be uni-
directional over many wavelengths, resulting in a deep po-
tential well for the atom.

Rectified forces exist for all three three-level systems:
lambda [6—9], vee [10], and cascade [11];as well as for a
two-level system [4,5].A unique feature of the cascade con-
figuration [11] is that the rectified force can be large when

two-photon resonant, and that in this case, the force can be
completely rectified on the wavelength scale, meaning that
wavelength-scale channeling is not present. An example is
seen in Fig. 2, where we show (a) the wavelength-scale force
F, (b) the wavelength-averaged force (F), and (c) the poten-
tial U. These results are obtained by numerically solving the
three-level optical Bloch equations [11] (OBE's). In Fig.
2(a), the wavelength-scale force at g=0.17m (where (F) is
maximized) is indeed seen to be fully rectified. This com-
plete rectification persists over a large range centered on the
potential minimum (g= m/2) and, as a result, the potential
[Fig. 2(c)] has no local minima, which would channel atoms
and impede their motion towards y= 7r/2. If both detunings
are reversed (maintaining two-photon resonance), the force
changes sign, resulting in a shift of the potential minimum by
one-half the beat wavelength.

Previous experiments have demonstrated rectified forces
in a two-level system [12,13] and in three-level systems in
both lambda [14,15] and vee [16,17] configurations. Deflec-
tions of atomic beams were used to measure these forces,
which had beat wavelengths of several centimeters.

In the present work, we observe rectified forces acting on
laser-cooled and trapped rubidium atoms. To our knowledge,
this is the first demonstration of radiative forces in a three-
level cascade system. The 5S»2—+5I'3+~5D5g transitions
in Rb are interesting because they have nearly identical reso-
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FIG. 1. (a) Three-level cascade system. The detunings are 6;
(shown as positive) and the Rabi rates are 0;(z)= 0;coskg. For the

SS&&2~5P3&2—+SD5&2 transitions in Rb, the population decay rates
are I'&=2m(5. 9 MHz) and I 3=2vr(0.66 MHz) and the transition

wavelengths are k, =780.2 nm and k3=776.0 nm. (b) Schematic of
the experiment: a bichromatic standing wave is applied to a sample
of trapped atoms and the resulting density modulation is observed.
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nance wavelengths: 780 and 776 nm. The beat wavelength
(i.e., the period of the rectified force) in this case is 71
p, m. The basic idea of the experiment is to illuminate the
cold atoms with a bichromatic standing wave, as shown in
Fig. 1(b), and observe their accumulation in the potential
wells formed by the rectified force.

The sample of cold Rb atoms is obtained using a
magneto-optical trap [18] (MOT) that captures slow atoms
from room-temperature vapor [19].The trap laser is tuned
—1I below the SS»z(F = 3)~5P3/z(F

' =4) transition at
780 nm and has an intensity (sum of six beams) of -7.5
mW/cm . Optical hyperfine pumping is prevented with a la-
ser tuned near the SS»z(F= 2)~SP»z(F' =3) transition at
795 nm. These diode lasers (Sharp LTO24MDO) are line-
width narrowed by optical feedback from diffraction gratings
at grazing incidence [20], yielding linewidths of —1 MHz.
Long-term frequency stabilization is achieved by locking to
saturated absorption features. The MOT typically contains
—2X10 atoms at a density of —10 cm and loads in

1 s.
The bichromatic field is produced by combining the light

from two linewidth-narrowed diode lasers. The laser at 780
nm is stabilized at a variable detuning 6

&
from the

SSi/z(F=3)~SP3/z(F'=4) transition using saturated ab-
sorption in a magnetic field [21].The 776-nm laser is locked
at a detuning A3 = —6 i relative to the 5P3/z(F

' =4)
~SD5/z(F"=5) transition using Doppler-free two-photon
two-color spectroscopy with counterpropagating beams in a
room-temperature vapor cell [22]. This technique maintains

FIG. 2. Example of rectified force acting on the

5$i/z~SP3/z +5D5/z transi—tions in Rb: (a) wavelength-scale force
for y=0.17m, (b) wavelength-averaged force, (c) potential. Param-
eters are BI=03=41 I, 6I= —63=21 &. The force is in units of
the maximum spontaneous force I",= hkI"/2 and the potential is in
units of the Doppler temperature k&TD = A I /2. Here
k=(ki+k3)/2, X=2 lkzr, and I =—I i. A change in y of zr corre-
sponds to a change in z of 91k or 71 ~m. The average force in (a)
is 0 45F, and the .well depth in (c) is 87k//TD.

two-photon resonance for arbitrary values of 5 I . The
bichromatic standing wave is created by retroreflecting from
a mirror (located -20 cm from the MOT), which can be
translated to adjust the relative phase y between the two
standing waves (71 p, m changes y by zr). Both fields are
circularly polarized in an attempt to drive the stretched-state
transitions: m+=F~mr; =F'~mr; =F". These Gaussian
beams are focused to yield an average size of -700 p, m
(1/e diameter) at the location of the MOT. This is to be
compared with the -500-p, m size of the trapped atom cloud.
The actual focus is beyond the retromirror to compensate for
intensity losses from the uncoated vacuum window. The in-
tensities of the counterpropagating pairs are balanced to bet-
ter than 5% (780 nm) and 20% (776 nm).

In order to clarify the interpretation of the experiments,
the MOT laser and the bichromatic field are alternated in
time (-50-p, s period) using acousto-optic modulators
(AOM's). The bichromatic field typically has a duty cycle of
—10%. This low duty cycle serves three purposes. First, it
allows the MOT to continuously capture, cool, and confine
the atoms. Second, it results in the temperature being deter-
mined primarily by the MOT. Third, the fluorescence from
the trapped atoms is dominated by the uniform MOT excita-
tion so that a time-averaged image is an accurate representa-
tion of the density distribution. The repumping laser is on
continuously to prevent optical hyperfine pumping while the
rectified force is being applied. Since it is tuned to the D&
line, it is immune to ac Stark shifts produced by the rela-
tively intense bichromatic standing wave.

The localization of cold atoms in the rectified-force po-
tential wells results in a density modulation n(z) of the
trapped cloud. This fringe pattern is viewed perpendicular to
z by a charge-coupled device camera with an f/6 lens (unit
magnification, resolution —18 /Mm 1/e diameter) and a
780-nm bandpass filter (transmission of 50% at 780 nm and
25% at 776 nm). Images with and without the trapped cloud
are subtracted in order to reduce scattered light and several
(typically 20) images are averaged in order to reduce noise.
Profiles of the image along the z axis reveal the density
modulation. For a given image, several (typically 10) lines
along z are analyzed to yield an average value and standard
deviation of the contrast.

Typical fringe patterns are shown in Fig. 3 (inset). For
these scans, a smoothed version of the profile is subtracted
from the true profile. This difference profile is then divided
by the smoothed profile to yield a normalized fringe pattern.
The pattern has the expected period (71 pm) and follows the
retromirror as it is translated. A crucial test that the modula-
tion is due to the rectified force is to change the sign of both
detunings (maintaining two-photon resonance). Theory pre-
dicts that the force (and thus the potential) should change
sign, resulting in an inversion of the fringe pattern. If the
pattern were simply a spatial modulation of the fluorescence
(both SP~SS and SD~SP) due to changes in the relative
phase of the bichromatic excitation, we would expect a
modulation at the beat wavelength which would not change
sign with the detunings [23].As seen in Fig. 3 (inset), the
pattern does indeed reverse with detunings, indicating that
the rectified force is responsible for the modulation.

In Fig. 3, we present the results of a more thorough in-
vestigation of the detuning dependence of the fringe pattern
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contrast. In order to clearly demonstrate the inversion of the
pattern with detunings (as shown in the inset), we allow the
contrast to be negative by defining it as the normalized dif-
ference between densities at two fixed phases:

n(X= 0) —n(X= m/2)C=
n(X= o)+ n(X= ~/2)

For Ai(0 (bi)0), the potential minimum is located at
X=O (X=m/2), resulting in a positive (negative) contrast.
We also show in Fig. 3 a theoretical fit to the data. If the cold
atoms are in thermal equilibrium, their density distribution in
the potential U(z) is described by a Boltzmann factor:

n(z)=n en Z —n0e (2)

The solid curve in Fig. 3 is based on the potential-well
depths obtained from numerical solutions of the OBE's.
These well depths are time averaged by multiplying by
the duty cycle. The Rabi rates used in the calculations are
based on m-averaged and m '-averaged strengths for
the 5Si/2(F = 3)~SP3/2(F ' =4) and 5P3/z(F' = 4)

+SD3/z(F" =5) tra—nsitions, respectively [24]. The tempera-
ture, assumed constant for all the data, is a parameter in the
fit. The best least-squares fit yields T= 1.1~0.2 mK, which
is somewhat higher than recently measured (-70 p, K) for
similar trap parameters [25]. However, these previous mea-
surements were made under conditions of low atomic density
and with great care taken to balance the MOT beam intensi-
ties and ensure that the trap formed at zero magnetic field.
Similar precautions were not taken in the present experiment,
so this higher temperature is not unreasonable. We note that
for the highest contrast shown in Fig. 3 (i.e., for
b, &=~1.51 i) the calculated well depth (for 100% duty
cycle) is —1.5 mK.

FIG. 3. Contrast as a function of detuning for Q&=3.11 &

(I~„k=75 mW/cm ), 03= 1.5I, (I~,~=275 mW/cm ). Two-
photon resonance (AI= —b 3) is maintained throughout. The solid
curve is the fit described in the text. Error bars result from a quadra-
ture combination of the standard deviation from different lines of
the image and the uncertainty in assigning contrast to a given line.
Inset: normalized fringe signal (NFS) demonstrating fringe reversal
with detunings. 5, = —h3 = 2.51 I (solid curve); 5 I = —b, 3
= —2.5I', (dashed curve).

FIG. 4. (a) Contrast as a function of duty cycle for
Qi=4.41'$ 03 1.41 I, EI= —63= —3.71 I. (b) Contrast as a
function of laser intensities for 6

&
= —A3= —3.3I

&
and duty cycle

=10%. The intensity ratio is kept approximately constant at

I3 /I, —2.7, resulting in A3 /A ] 0.4.

We have also investigated the dependence of the contrast
on the duty cycle and the laser intensities. Results are shown
in Figs. 4(a) and 4(b), respectively. Since the time-averaged
potential increases linearly with the duty cycle, we expect
the contrast to increase according to the Boltzmann factor
[Eq. (2)]. This is indeed the case, as seen in Fig. 4(a). If we
fit the contrast vs duty cycle data using the calculated well
depths (as described above for Fig. 3) we obtain a best-fit
temperature of 0.7~0.2 mK. For these data, the trap detun-

ing was —1.31 &, somewhat larger in magnitude than the
value ( —1.0I'i) used for the detuning data (Fig. 3). This
trend of decreasing temperature with increasing detuning is
consistent with our MOT temperature measurements [25].

The numerical calculations indicate that, for a fixed de-
tuning, the potential-well depth should increase approxi-
mately as the product of the two Rabi rates, i.e., as the square
root of the product of the two intensities. Since both beams
pass through a single AOM, we control the two intensities by
adjusting the rf drive power to the AOM. The data [contrast
vs (I,I3)' ] are shown in Fig. 4(b). Once again, we include
a fit based on the calculated well depths. In this case, the
best-fit temperature is 0.8~ 0.7 mK. The large uncertainty is
due to the limited range and precision of the data. The fact
that the curve is still increasing at the highest intensities
indicates that our measured contrast (i.e., the well depth) is
limited by the available laser intensity.

For all of the above data, we operate at a fixed alternation
frequency f-20 kHz. The measured contrast is independent
of f for 5 kHz( f(100 kHz. For f(5 kHz and f) 100 kHz
the contrast rapidly disappears. At low frequencies, this is
due to the diffusion of atoms away from the potential minima
when the bichromatic field is off. At high frequencies, the
bichromatic field is not on long enough (e.g. , (1 ps) to
reach steady state (recall that the SD lifetime is -240 ns).

We note that there are conditions (large duty cycle and/or
small b, i) under which significant contrast is observed but
with a reduced number of atoms in the trap. For a fixed duty
cycle, the steady-state number of atoms in the trap (deter-
mined from time-averaged fiuorescence) is symmetric with
respect to 5& with a deep minimum at 5& =0. If the bichro-
matic field is turned off, the fiuorescence increases with the
characteristic loading time of the trap (-1 s). The lack of an
instantaneous drop in the fluorescence indicates negligible
fluorescence (compared to that from the MOT) due directly



R4328 GROVE, DUNCAN, SANCHEZ-VILLICANA, AND GOULD

to the bichromatic field, in agreement with our OBE calcu-
lations. We believe that the reduced number of trapped atoms
is not a consequence of the rectified force, but of the manner
in which we produce the bichromatic standing wave. In order
to compensate for reAection losses, the retroAected beams
are slightly smaller than the incoming beams. As a result,
outside the central region of the trap, there are intensity im-
balances that tend to inhibit the trap loading, especially when
the lower transition is near resonance (i.e., 5,-0) and/or the
duty cycle is large.

The issues of cooling and heating in this system are im-

portant. Calculations for our two-photon resonant cascade
situation show [26] that under some conditions sufficient
cooling to overcome the heating can be obtained, resulting in
stable one-dimensional trapping in the rectified force poten-
tial well. However, the strong cooling occurs when the inten-
sities are higher than we have achieved so far in the experi-
ments. If stable trapping (without the need for additiona1
cooling beams) could be realized, bichromatic standing
waves could be alternately applied in three dimensions, re-
sulting in a deep three-dimensional trap with cooling, which

does not require a magnetic field. Atoms would be confined
in a three-dimensional lattice of potential minima which are
spaced by the 71-p,m beat wavelength. These lattice points
are sufficiently separated to be individually optically ad-
dressed.

In conclusion, we have observed the rectified dipole force
that results when a three-level cascade configuration atom is
subjected to a bichromatic standing wave. This force causes
cold atoms to accumulate in the resulting macroscopic peri-
odic potential. Experimental results are in reasonable agree-
ment with theoretical expectations. Such rectified forces may
prove useful in forming new and deeper laser traps as weil as
in atom optics applications.
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