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Stimulated focusing and deflection of an atomic beam using picosecond laser pulses

A. Goepfert, I. Bloch, D. Haubrich, F. Lison, R. Schu¨tze, R. Wynands, and D. Meschede
Institut für Angewandte Physik, Universita¨t Bonn, Wegelerstraße 8, 53115 Bonn, Germany

~Received 23 December 1996!

Using the stimulated force exerted by counterpropagatingp pulses from a mode-locked Ti:sapphire laser we
have focused a beam of laser-cooled cesium atoms along one dimension to about 57% of its original width in
the detection zone. We determined the force profile outside and inside the overlap region of the pulses and
found agreement with an earlier theoretical prediction. The scheme does not require an effective two-level
system and is therefore suitable for a large variety of elements.@S1050-2947~97!51011-0#

PACS number~s!: 42.50.Vk, 03.75.Be, 32.80.Lg, 32.80.Pj
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Trapping and manipulation of neutral atoms using la
light have become important tools in atomic physics. Stim
lated light forces have attracted long-standing attention
cause they overcome the saturation limit of spontaneous
forces. The double-p-pulse technique first proposed by K
zantsev in 1974@1# relies on the absorption of a photon fro
a pulsed laser beam and subsequent stimulated emission
a counterpropagating laser beam. Using high-repetition-r
pulsed laser sources the photons are redistributed at a
substantially higher than the spontaneous decay rate.
resulting force can exceed the saturation limit by orders
magnitude, at the same instance minimizing heating of
sample due to random walk in momentum space. The sti
lated light force was first demonstrated by Voitsekhov
et al. @2#, and Nölle et al. @7# achieved a gain by a factor o
3 over the spontaneous light force.

The force is peaked forp pulses; however, it is still
present if the pulse area differs fromp. As will be discussed
below this is due to spontaneous decay and the light phas
the counterpropagating pulse. While spontaneous de
though strongly suppressed, breaks the time symmetry
enhances absorption from one of the laser beams with
spect to the counterpropagating beam, the light phase in
ences stimulated emission. This ensures a significant
mentum transfer even when imperfect pulses are pres
making this scheme very robust.

The broad spectrum of short laser pulses makes sys
accessible that are subject to strong Doppler or Zeem
shifts and that do not necessarily possess a closed two-
transition. This could be of interest, for instance, for the m
nipulation of atoms with complex multilevel hyperfine stru
tures by eliminating the need for multiple narrow-band
sers.

A unique feature is the spatial variation of the force.
will be shown that in the region where the counterpropag
ing pulses overlap a trapping potential exists, which initia
increases harmonically from the center of the overlap reg
The determined potential depth of more than 800 K for
sium atoms exceeds all known trap depths for neutral ato
The restoring force profile was used to focus an atomic be
along one dimension.

In the double-p-pulse scheme an atomic beam is illum
nated perpendicularly by counterpropagating trains of sh
pulses from a mode-locked laser that overlap in a reg
around the atomic beam axis~Fig. 1!. The pulse intensity is
561050-2947/97/56~5!/3354~4!/$10.00
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adjusted to thep-pulse level, i.e., the integral of the Rab
frequency over time for one pulse isp, meaning that a single
pulse coherently transfers a ground-state atom to the exc
state and vice versa. A ground-state atom initially to the ri
of the overlap region first experiences a pulse from the rig
which takes it to the excited state and imparts a momen
of \k to the left. Shortly afterwards the corresponding pu
from the left returns the atom to the ground state via stim
lated emission, which transfers another momentum of\k to
the left. Each pair of counterpropagating pulses thus trans
2\k towards the center of the overlap region; hence a fo
of 2\k/T is obtained, where 1/T denotes the pulse repetitio
rate. For an atom initially to the left the situation is reverse
and the net force is directed once again towards the cente
the overlap region.

A detailed treatment of the force@3# predicts that, within
the region where the two pulses overlap, the atoms exp
ence a restoring force towards the center of the overlap
gion, which increases linearly with distance from the cen
The action of the laser pulses on the atomic beam is t
expected to be that of a cylindrical lens. The aperture of t
lens is determined by the size of the overlap region, i.e.,
pulse length. Since in the focusing experiment described
low the atomic beam had a width of about 8 mm, we us
30-ps pulses corresponding to a pulse length of appr
mately 1 cm.

We have calculated the force profile in the region whe
the pulses do not overlap. Using the optical Bloch equatio

FIG. 1. Counterpropagating pulses overlapping in the vicinity
the atomic beam. Atoms at positive~negative! position experience a
stimulated light force towards the left~right!. In the region around
zero position where the pulses partially overlap, the restoring fo
increases linearly with the distance to the overlap center.
R3354 © 1997 The American Physical Society
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Temkin @4# showed that for a train of unidirectional pulse
with constant area the atomic variables approach an equ
rium state. The same can be shown for a train of coun
propagating pulses, resulting in a momentum transferDP per
p-pulse pair of

DP/\k52
e2GDt2e2G~T2Dt !

12e2GT
'22

4 Dt

T
, ~1!

for GT!1, whereG denotes the spontaneous decay rate
the excited state andDt the time delay between the pulses
a pulse pair. Note thatG breaks the time symmetry. Th
temporal separation of two consecutive counterpropaga
laser pulses is eitherDt or T2Dt; the longer the separatio
the higher the probability for an atom to be in the grou
state. Hence the absorption process is enhanced for on
the laser beams, which maintains the direction of the fo
even if non-p-pulses are present.

Our experiments were performed with a mode-lock
Ti:sapphire laser~Spectra Physics Tsunami! with a pulse
repetition rate of 1/T580 MHz tuned to the cesiumD2 tran-
sition at a wavelength of 852 nm. The pulses were cha
terized by an autocorrelator in the time domain and a hi
finesse Fabry-Pe´rot interferometer~FPI! in the frequency
domain. The typical pulse length of about 30 ps and
measured bandwidth of 11 GHz indicate that the sech2 pulses
were Fourier limited. Given these parameters the achiev
stimulated light force is about ten times the maximum sp
taneous force of\kGCs/2 for cesium (GCs52p35.22 MHz!.
As a frequency marker a cesium vapor cell in front of the F
imprinted a Doppler absorption spectrum onto the mo
spectrum.

In the experiment a slow cesium atomic beam with a fl
of approximately 1010 atoms/s was produced with a pair
diode lasers using the Zeeman-slowing technique@5#. For a
final longitudinal atomic velocity in the range 50–80 m/s
velocity spread of about 20 m/s was measured. After
cooling process the atomic beam had a diameter of abou
mm in the interaction zone with a divergence of 0.3° fo
velocity of 52 m/s.

The atomic-beam profile was velocity selectively detec
downstream from the interaction zone with a charge-coup
device~CCD! camera by monitoring the fluorescence dist
bution induced by a diode laser beam. The angle between
laser beam and the atomic beam yielded a velocity resolu
of 10 m/s.

In order to find the optimum set of experimental para
eters for the focusing experiment we measured the de
dence of the stimulated light force on the power of the co
terpropagating pulses in an atomic-beam deflect
experiment. To be able to reach pulse areas substant
higher thanp, the laser beam diameter~at 1/e2 intensity
drop! had to be reduced to 2w51.3 mm in the interaction
zone. A curved mirror placed 330 mm from the atomic-be
axis retroreflected the laser pulses. Note that the overlap
ter coincides with the reflecting mirror surface. The las
light was circularly polarized and a homogeneous magn
field of about 3 mT flux density applied parallel to the puls
laser propagation direction defined the quantization axis
maximum coupling of the light field to the atom. Simila
experiments had been done by Voitsekhovichet al. @6# in an
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amplitude modulated light field, more recently by No¨lle
et al. @7# for a thermal Na beam, and by our group for
thermal Cs beam@8#.

Since the cooled atomic beam was larger than the di
eter of the laser beam, most of the atoms would be alm
unaffected by the pulsed laser beam. Therefore the ato
beam was truncated by a 2-mm-diam circular aperture~85%
transmission for the slowing lasers! immediately in front of
the interaction zone. A smaller aperture could not be u
because the Zeeman slowing process was disturbed du
scattering and diffraction of the slowing laser beams.

The deflection angle obtained from the CCD images
the atomic-beam profiles gives the total momentum tran
for stimulated and~with the return mirror blocked! sponta-
neous beam deflection~Fig. 2!. The error for the momentum
transfer in this and the following figures is mainly due to t
uncertainty in the determination of the atomic velocity. T
saturation of the spontaneous momentum transfer at a
320\k is evident and corresponds to a force of\kG/2 for an
interaction length of 2w and an atomic velocity of 66 m/s
The stimulated force, in contrast, increases to a maxim
momentum transfer of 880\k and then slowly decreases.

Due to the Gaussian laser beam profile the atoms inte
with varying intensities and thus varying pulse areas on th
way through the interaction zone. Since the maximum m
mentum transfer per pulse pair occurs for pulse areas clos
p, the overall deflecting force is peaked at powers where
p-pulse region has slightly moved into the wings of the la
beam profile, thus maximizing the time the atoms inter
with such pulse areas. The dashed curve in Fig. 2 is a th
retical prediction based on the optical Bloch equations, t
ing into account the Gaussian laser beam profile along
atomic beam direction~i.e., horizontal! and transverse
atomic velocities.

The effect of the light phase of the returning pulse, whi
depends on the distance of an individual atom to the refl
ing mirror, is also included. The phase difference betwe

FIG. 2. Momentum transfer for the deflected part of the atom
beam vs average laser power. The spontaneous force~diamonds,
return mirror blocked! saturates while the stimulated force~circles,
return mirror unblocked! reaches a maximum corresponding
about three times the maximum spontaneous force. The da
curve is a theoretical calculation; the solid curve in addition
cludes the vertical atomic and laser beam profiles. At 120 m
~vertical line! the p-pulse condition is met in the maximum of th
Gaussian laser beam profile.
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the rotating Bloch vector and the returning laser pulse de
mines the rotation axis around which the light field chang
the direction of the Bloch vector. For example, for an ato
initially in the ground state, applying twop/2 pulses with a
phase difference of zero~p! results in a complete excitatio
~complete relaxation! of the atoms with an average mome
tum transfer of 0\k (1\k). Since the atomic beam width i
much larger than an optical wavelength, one has to ave
over the light phase.

The shape of the experimental force profile and the p
tion of maximum deflection can be reproduced much be

FIG. 3. Deflection of a narrow atomic beam by picosecond la
pulses:~a! atomic beam profiles for various positions of the overl
region with respect to the atomic beam;~b! momentum transfer for
pulses overlapping in the vicinity of the atomic beam~circles, de-
flected component; squares, unaffected part of the atomic be!.
Starting from negative positions of the overlap center with resp
to the atomic beam only the end mirror position of the delay l
was changed. This results in a slight asymmetry of the momen
transfer, which can be corrected by optimizing the overlap of
laser beams, as was confirmed~cross!. ~c! Momentum transfer for
pulses overlapping off to one side of the atomic beam.
r-
s

ge
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~solid curve in Fig. 2! when the vertical atomic and lase
beam profiles are also considered. The remaining differe
of the experimental momentum transfer to the predicted
is attributed to the multilevel structure of the Cs atom and
inequalities in the counterpropagating laser pulse parame
like beam diameter or pulse intensities.

The predicted linear force profile within the overlap r
gion was confirmed in a second set of experiments where
pulsed laser beam was divided into two counterpropaga
beams of equal power. Using a variable delay line for one
the beams, the overlap center of the two laser pulses coul
shifted left and right with respect to the atomic-beam ax
Both beams were again circularly polarized and their dia
eter in the interaction region was reduced to 2w50.8 mm in
order to reachp-pulse intensity.

Atomic-beam profiles were recorded for various positio
of the overlap center@Fig. 3~a!#. The central peak in all pro-
files results from about 50% of the atomic beam that pas
above or below the narrow interaction zone and remai
fairly undeflected. A second peak appearing on the left or

r
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m
e

FIG. 4. Focusing of the atomic beam:~a! atomic beam profiles
in the focal plane forv552 m/s;~b! and ~c! normalized widths of
the atomic beam in the detection zone vs average laser powe
v577 m/s and 52 m/s, respectively. In~c! the data forv577 m/s
are replotted~crosses! for comparison. Error bars denote the readi
uncertainty.
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the right results from stimulated deflection of the atoms. F
ure 3~b! shows the transverse momentum transfer for a l
gitudinal velocity of 77 m/s. For small delay lengths th
deflecting force increases linearly with the distance of
overlap center from the atomic-beam axis. This qualitat
behavior of the force and the width of the linear part
9.860.2 mm around zero deflection confirms the theoreti
prediction of Freegardeet al. @3#. For a delay of more than
10 mm the pulses no longer overlap on the atomic-beam
and the deflection decreases according to Eq.~1! almost lin-
early @Fig. 3~c!#. The slope is larger than expected, since
long delays the laser geometry is modified, leading to a
duced momentum transfer. Assuming a longitudinal inter
tion length of 2w, the transverse force is calculated from t
measured momentum transfer. Integration of this force al
the direction of the pulsed laser propagation yields a o
dimensional trapping potential with a depth of more than 8
K in the case of cesium.

The restoring linear force profile for overlapping puls
can be used to focus an atomic beam along one dimens
The focal lengthf for an atom moving parallel to the atom
beam axis with a longitudinal velocityv is given by f
5mv/a, wherem is the atomic mass anda the slope of the
linear region@Fig. 3~b!#, which depends on the time an ato
spends in the light field, and is hence proportional tov21.
For v577 m/s (v552 m/s! this results in a calculated foca
length of f 5187 mm~85 mm!.

To clearly demonstrate the focusing effect, we replac
the circular aperture by a slit leaving the atomic beam un
scured in the horizontal but small~2 mm! in the vertical
direction. The atomic beam was detected in the vicinity
the calculated focal lengths 150 mm downstream from
interaction region. Using the results of Fig. 3~b! the overlap
center was adjusted to coincide with the atomic-beam ax

The beam profiles obtained with and without laser pul
@Fig. 4~a!# clearly show the narrowing of the beam. The no
malized width of the atomic beam versus laser power
shown in Figs. 4~b! and 4~c! for longitudinal velocitiesv
577 m/s and 52 m/s, respectively. The curves reflect
power dependence of the stimulated light force~Fig. 2!. The
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position of the focal point~infinity at zero power! approaches
the detection zone with increasing laser power. For
atomic velocity of 52 m/s, the data suggest that the fo
length matches the detection distance at a laser powe
about 120 mW@Fig. 4~c!#. At higher power levels the stimu
lated force still increases, and the focal point moves betw
the interaction and the detection region, hence the obse
beam diameter increases again. This interpretation is s
ported by the data forv577 m/s. Here, the width still de
creases in the range between 120 and 150 mW, indica
that the stimulated force still increases. However, since
focal length is proportional tov2, it is always larger than the
interaction-detection distance. For laser powers above
mW, the stimulated force slowly decreases. Neither a sub
quent significant decrease of the width of the atomic be
for v552 m/s nor an increase forv577 m/s could be ob-
served, since the reduction of the force with rising power
small ~cf. Fig. 2!.

The width of the atomic beam in the interaction zone
about 50% larger than the smallest beam width obtain
which clearly demonstrates the focusing properties. Since
atomic beam contains about 50% of nearly unaffected ato
the recorded widths represent an upper limit on the width
the focused part of the atomic beam.

In conclusion, we have shown that short pulses fro
mode-locked lasers can be used to exert stimulated l
forces on an atomic beam that deflects or focuses it.
results for the force profile inside and outside the over
region indicate that a neutral atom trap based on the resto
force due to counterpropagating short pulses without any
ther electric or magnetic fields as proposed by Freega
et al. @3# should, indeed, be possible. Since the characte
the broadband light force is dominated by stimulated p
cesses, it is conceivable to extend this scheme to the
chanical manipulation of multilevel systems not accessi
by narrow-band light sources.
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