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First Observation of Forces on Three-Level Atoms in Raman Resonant Standing-Wave Optical Fields
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A sodium atomic beam is deflected by two optical standing-wave fields which excite near resonance
Raman transitions. Observed deflections are consistent with theoretical predictions of a long-range dc
component of the force on a three-level atom in the A configuration. The low laser intensities (and small

detunings) used, combined with observed evidence of damping in the three-level A system, may ultimate-

ly lead to the design of high-density, all optical traps wherein the atoms would be mostly in the dark
state.

PACS numbers: 32.80.Pj, 42.50.Vk

The interaction of two laser fields with a three-level
atom in the A configuration has been of increasing in-

terest in recent years. Forces due to counterpropagating
traveling waves (TW) have been used to cool atoms
below the single photon recoil limit [I], and to demon-

strate a matter wave interferometer [2]. Recently, theo-
retical solutions of the steady-state optical Bloch equa-
tions have shown that the semiclassical force on a station-
ary three-level atom in standing-wave (SW) fields is un-

bounded, with spatial variations on length scales both
much longer and much shorter than an optical wave-

length [3,4].
In this paper we show experimental verification of the

existence of the long-range component of this force by
deflecting an atomic beam of three-level sodium atoms

using two Raman resonant SW laser fields. This long-

range force is the force averaged over an optical wave-

length. In addition, we show the existence of damping
forces. These observations are important for several
reasons. First, the deflecting force is stimulated so that it

can be made arbitrarily large. With the coexistence of
semiclassical damping forces, this opens the possibility of
developing deeper neutral atom traps. Moreover, the Ra-
man interaction tends to drive atoms into the transparent
(or "dark") state [5,6], so that atoms in a Raman trap
would be mostly in the ground states. As a result [7,8],
the Raman force may ultimately lead to high densities of
cold and dark atoms in traps. Such a dense collection of
atoms in transparent superposition states could find appli-
cations as novel, low-intensity nonlinear optical materials
[9,10], as well as in a Raman-atomic clock [11].

Previously, the stimulated force due to bichromatic SW
laser fields was found to induce observable deAection of
an atomic beam of two-level sodium atoms [12]. It has

also been proposed that three level atoms in the V

configuration could be deAected using two counterprop-
agating TW fields [13]. Both of these schemes require
strong laser fields and large laser detunings, and no

significant damping forces are predicted or observed. In

contrast, the scheme presented here uses nearly resonant
SW fields, so relatively large forces (deflecting or trap-
ping) can be obtained with low laser intensities (on the
order of the saturation intensity). In fact, the laser inten-
sities and detunings used in this demonstration experi-
ment are not very different from those used in existing
neutral atom traps.

A schematic diagram of the three-level A system
is shown in Fig. 1(a). In this experiment, the states
(a), (b), and )e) are, respectively, the 3 Sitz(F= I),
3 Sitz(F=2), and 3 Pllz(F=2) states of sodium. Laser
detunings are expressed in terms of common mode (or
correlated) detuning b and diff'erence frequency detuning
A, defined, respectively, as b=(b'i+ 62)/2 and A =b'l —b2,
where 8; is the detuning of the field at co;. An important
parameter is the phase difference between the two stand-
ing waves: g=(kz —kl)z, where k; =co;/c and z is the
position of the atom. It can be shown that for conditions
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FIG. I. (a) Schematic of the three-level A system. (b) Per-
spective diagram of the experimental setup. I is the interaction
zone, 0 is the observation zone, REF is a reference atomic
beam and associated optics, and CCD is a charge coupled de-
vice video camera.
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corresponding to our experiment (e.g. , Rabi frequencies

and 5 comparable to I ) the long-range component of this

force varies basically as csin(2g).
The experimental setup is shown schematically in Fig.

1(b). A sodium oven at 400'C is used to generate the

atomic beam which is collirnated to about 3 mrad

(FWHM) by two 1.5-mm-diam pinholes separated by 55
cm. Windows are provided in the atomic beam apparatus
for an interaction zone [labeled I in Fig. 1(b)] and an ob-

servation zone (labeled 0) 18 and 58 cm, respectively,
from the second pinhole. An argon pumped ring dye
laser is used to generate the optical field at ro~ (590 nm).
The field at ro2 is generated with an electro-optic phase
modulator (E/O~) driven near the 1772-MHz sodium

ground-state hyperfine frequency. The drive voltage to
E/O~ is adjusted so that the fundamental and the two

sidebands have equal laser power, each about 30% of the

input power. To change mt the laser is offset locked by
sending a portion of the laser output through an acous-
to-optic modulator (A/0) followed by a second E/0
(E/Oz), as shown, to generate two equal sidebands, one
of which is near ro~. This sideband is locked to an atomic
beam reference (labeled REF) so that by changing the
frequency of the A/0 both ro~ and r02 can be tuned to-
gether.

To provide a long interaction time, the laser emerging
from E/O~ is expanded to a line of approximately uni-

form intensity (20% maximum variation) with a length of
4. 1 cm and a width of about 0.24 mm (FWHM) at the
atomic beam. This expanded beam then intersects the
atomic beam at a right angle, and is retroreflected by a
translatable mirror on the opposite side of the atomic
beam. This produces SW fields with a variable phase
difl'erence between the ro~ and roz components at the
atomic beam. Maximum laser power in the incoming in-

teraction beam is about 70 mW. This corresponds to a
laser intensity of about 200 mW/cm2 for each component
at co~ and co2 in both the incoming and retroreflected laser
fields. Laser polarization is circular (both ro~ and roz),
but with a magnetic field of about 1 6 oriented perpen-
dicular to the propagation directions of both the laser
beam and the atomic beam. In this configuration [14],
all 0 and x transitions are excited so as to prevent popu-
lation trapping in the F 2,mF 2 ground-state sublevel.

To detect the effects of the interaction on the atomic
beam, a portion of the reference laser beam (emerging
from E/02) is split off to form a standing-wave probe
field which intersects the atomic beam in the observation
region. To minimize Doppler shifts the probe beam is
made perpendicular to both the interaction laser beam
and the atomic beam. Fluorescence generated by this
probe field is imaged onto a CCD video camera, as shown
in Fig. 1(b). The imaging system is slightly off axis with
the atomic beam propagation direction to avoid detecting
stray light from the interaction zone. To ensure that the
fluorescence intensity is an accurate measure of the atom-
ic density, both ground-state sublevel populations are

probed via the uncoupled transitions: 3 S~/2(F =1)
3 P~/2(F=2) and 3 S~/2(F=2) 3 P~/z(F=1),

which are separated by 1960 MHz. These are excited by
applying a 980-MHz signal to E/02 to generate side-

bands separated by the required 1960 MHz. Typical
probe laser power is about 0.1 mW in a cylindrical beam
of about 1 mrnx20 mm in size.

Atomic beam deflection data are shown in Fig. 2.
Each data trace is a digitized line from a single stored
video frame. For these data we chose to use the max-
imum laser power available (200 mW/cm2) in the in-

teraction zone. The detunings were then optimized
(A= —16 MHz, b=4 MHz) to observe the cleanest
deflection.

In Fig. 2 the top trace shows the atomic beam profile
with the interaction laser beam blocked. The measured
beam width of 3 mm is consistent with the geometric esti-
mate. The next four traces show the deflection obtained
for SW fields having relative phase shifts of @=0, z/4,
z/2, and 3rr/4 as labeled. The @=0 trace, which corre-
sponds to in-phase SW fields, is obtained with the
retroreflection mirror 17 cm (or one complete optical beat
wavelength) from the atomic beam. The bottom trace in

the figure is obtained with the retroreflected interaction
laser beam blocked. This data trace shows the spontane-
ous deflection induced by copropagating TW fields at ro~

and roz, and is included for comparison. The peak atomic
beam deflection in this case is about 3 mrad.

Examination of the data in Fig. 2 reveals several im-

portant points. First, the atomic beam profile for g=z/4
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FIG. 2. Atomic beam deAection data obtained using setup of
Fig. l(b). Traces are obtained by digitizing single lines of
stored video images. Standing-wave phase shifts g are as la-
beled. Laser intensity is 200 mW/cm at each frequency, with

detunings h, = —16 MHz and 8'=4 MHz.
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shows clear asymmetry and centroid deflection to the left,
which is the direction of the incoming interaction laser
beam. In contrast, for @=3'/4, the asymmetry and cen-
troid shift are similar in magnitude, but in the opposite
direction. For g=O and m/2, the centroids are not shift-
ed. Reversal of asymmetry and centroid shift are also ob-
served (not shown) for fixed values of g (e.g. , g=x/4 or
3x/4) when the laser difference detuning A is reversed in

sign. For TW Raman fields the deAection is not reversed
with h, . These observations are in agreement with

theoretical predictions.
Quantitative comparison of the magnitudes of the ob-

served deflections in Fig. 2 with theory is difficult for two
reasons: First, sodium is not a pure three-level system
but rather has 13 m levels with 21 allowed optical transi-
tions for the laser polarization and magnetic-field orienta-
tion used in this experiment. Since each optical transition
has a different matrix element, different Rabi frequencies

apply. Second, the observed peak deflection angle (when

g =&/4 or 3x/4) is about 4 mrad, which corresponds to a
final transverse velocity of about 280 cm/s or a Doppler
shift of about 5 MHz=1 /2. Since this is comparable to
I, typical values of 6, and the Rabi frequencies, the sta-
tionary atom assumption used to derive the theoretical
force is not strictly valid. Nonetheless, to get an idea
about the size of the deflection, we have used the v =0
approximation to find the force for a representative
transition [3 S~/2(F= I,mF =0) 3 P~/2(F=2, mF
= I) 3 S~/2(F=2, mF =0)]. Under the experimental
conditions of Fig. 2, the Rabi frequencies at the antinodes
of each SW is about 21 MHz =2.11 for each leg of this
transition. Assuming the force remains constant over the
deAection zone, we find a maximum deflection (at g=z/4
or 3x/4) of 5.6 mrad, which is consistent with the ob-
served maximum deflection of about 4 mrad in Fig. 2.

We have also observed deflection of magnitude similar
to those in Fig. 2 at lower laser intensities with different
values of laser detunings. For example, deflections as
large as 4 mrad (not shown) were observed for g=z/4
with a laser intensity of 53 mW/cm, and detunings of
6 = —5 MHz and 8'=0. Theory for these conditions pre-
dicts a deflection of about 5.2 mrad, which again is con-
sistent with the observation. However, we have not ob-
served any SW deAection larger than about 4 mrad in the
present setup, even though stationary atom theory pre-
dicts larger deflections for some of the experimental con-
ditions we have tried (e.g. , A=I, 8=0, and the same
laser intensity as in Fig. 2). At present, we have not

identified the reason for this.
Experimentally, it is often diScult to observe clean

deflection as in the data of Fig. 2, because of the presence
of accelerating and damping forces. One example of
strong damping is shown in Fig. 3 where h, = —3 MHz,
8=11 MHz, and the laser intensity is 200 mW/cm (as
in Fig. 2). As can be seen, when the phase is g=3m/4,
the damping is the strongest [15]. In fact, these data cor-
respond to an atomic beam width of 2 mm in the observa-
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tion zone, which is also approximately the width expected
at the interaction zone, based on geometric considera-
tions. This implies that the atomic beam divergence has
been greatly reduced at the interaction zone. However,
our ability to determine the residual divergence of the
atomic beam from the data in Fig. 3 is limited to an ac-
curacy of about 0.5 mrad because of roughly IO%%uo uncer-

tainty in measuring the linewidths. This gives an upper
limit of the velocity spread of about 20 cm/s, which is

barely below the Doppler cooling limit (30 cm/s). Clear-

ly, more accurate measurements are necessary. Finally,
note that there is virtually no deflection observed in Fig.
3, even though our stationary atom theory predicts a

large deflection for @=3'/4 under these conditions. We
believe this is due to masking of the deAection force by
the strong damping force.

As we have pointed out, the deflection force changes
sign when the sign of h, is reversed. This property can be
of help in designing an all optical trap. Briefly, one can
conceivably design a magnetic-field gradient such that
the value of h, is antisymmetric with respect to the zero-
field point, which would be the trap center. The dimen-
sion of the trap should be small enough (compared to 17
cm) so that the value of g remains a constant (e.g. , 3m/4).
The deflection force would thus always push the atoms
towards the trap center, acting as a restoring force. Near
the trap center, h, is small, which corresponds to the larg-
est observed damping forces for the optimal value of b.
Since h, =o in the trap center, slowly moving atoms at
this point would be mostly in the dark state. Note that,
as in the case of existing two-level standing-wave traps
[16], this scheme could potentially work even if deflection
and damping are not present at the same position. Thus,
the fact that deflection and damping are not observed
simultaneously in Fig. 3 is not a serious concern at
present. Generalizing this scheme to three dimensions is

of course a nontrivial problem, and will be the subject of
further investigation.

In summary, we have observed phase-dependent
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FIG. 3. Data showing evidence of strong damping forces.
Laser-laser intensity is 200 mW/cm, and detunings are 6 = —3
MHz and 8 11 MHz.
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deflection of a sodium atomic beam by two standing
waves, simultaneously near resonance with both com-
ponents of a A three-level system. Qualitative agreement
between theory and experiment is achieved, even though
sodium is not a pure three-level system and the stationary
atom assumption is violated. In addition, we have ob-
served phase-dependent cooling, being maximum at the
phase where the deAection is maximum. Potential appli-
cations to high-density, dark atom traps are currently be-
ing investigated, both theoretically and experimentally.
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