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Abstract. We have theoretically and experimentally investi-
gated the focusing properties of a detuned pulsed standing
wave onto a beam of neutral atoms. In close analogy to the
continuous-wave situation the dipole force leads to a periodic
focusing of atoms with a period ofλ/2, provided an adiabatic
condition is fulfilled. Pulsed laser light is conveniently con-
verted to short wavelengths and hence offers advantages in
the application of atom lithography with elements of techno-
logical interest having blue or UV resonance lines.

PACS: 03.75.Be; 32.80.Pj; 42.50.Vk

The periodic focusing of atomic beams by means of a stand-
ing wave light field is a key experiment in atom lithography
and was first demonstrated with sodium in 1992 [1]. In the
simplest case a one-dimensional standing wave of near reso-
nant laser light acts as a microlens array which concentrates
the flux of an atomic beam into parallel lines spaced by half
the wavelengthλ of the light field and having widths of only
several tens of nanometers [2].

One line of research seeks to extend the method of atom
lithography to technologically relevant materials. Many elem-
ents of interest, for instance from group III of the periodic
table, generally have short-wavelength resonance lines in the
blue or UV, requiring a frequency-doubled laser light source.
Most experiments so far have been performed with chro-
mium (λ= 426 nm) [3, 4] where also two-dimensional struc-
tures have been produced [5, 6]. Using aλ= 309 nmstanding
wave, periodic lines of aluminum have been deposited onto
a substrate [7].

Efficient frequency doubling of continuous wave (cw)
lasers requires power enhancement cavities and servo loops
in order to obtain sufficiently strong conversion. Modelocked
pulsed laser sources on the other hand offer a conversion
efficiency of20% or more in a single pass of a suitable nonlin-
ear crystal, i.e. with little effort. We have therefore explored
the applicability of a near-resonant pulsed standing wave for
focusing of atomic beams at the nanometer scale in an at-
tempt to eliminate complex frequency conversion schemes
for atoms with UV resonance lines. For simplicity, however,

we have used the fundamental of a mode-locked Ti:sapphire
laser (Spectra Physics Tsunami) at852 nm and a cesium
atomic beam apparatus which has been described in detail
in [8] for experimental investigations but there is no con-
ceptual difference to the application with other species using
frequency-doubled laser light. This work also extends ear-
lier experiments with an on-resonance pulsed standing wave,
where we have demonstrated the macroscopic focusing of
a slow atomic beam [9].

1 Theoretical description

It is well known [10] that a two-level atom in a continuous
standing wave is subject to a dipole force which formally can
be derived from a potential

Ucw(x, z)= h∆

2
ln (1+s) , (1)

with s= I(x,z)
Isat
× 1

1+
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Γ

)2 . This potential can be approximated

by

Ucw(x, z)' hΓ 2
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in the limit s� 1 and∆� Γ . Atoms immersed into this
field are attracted towards the nodes (antinodes) for blue (red)
detuning∆ of the near-resonant laser light. In cesium, the
(F = 4, mF = 4)→ (F′ = 5, m′F = 5) transition very closely
resembles a two-level system withΓ = 1/τ = 3.3×107 s−1

andIsat= 1.1 mW/cm2. In the standard geometry (Fig. 1) the
envelope of the light field intensityI(x, z) varies smoothly
along thez-propagation direction of the atomic beam, and it
is modulated sinusoidally at the half-wavelength scale in the
transversex-direction as

I(x, z)= Imaxsin2 (kx)exp

(
−2

z2

w2
z

)
. (3)

The typical length scales in our experiment arewz= 84µm
and λ/2= π/k with λ = 852 nm, and we will neglect the
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Fig. 1. Schematic setup of our standing wave focusing experiment. The
atomic beam propagates in thez direction and traverses the standing wave
at a distance of1 mm from the mirror

slow variation of the laser beam profile in they direction
(wy= 788µm).

Theoretically the dipole force exerted by a continuous
standing wave light field is a consequence of the steady-state
solution to the optical Bloch equations which are applica-
ble as long as the variation of atom–field coupling is slow
compared to atomic relaxation. Along thez direction the
typical time scale of change at an average thermal velocity
vth = 300 m/s is wz/vth ' 280 ns, much longer than the ce-
sium spontaneous life time of30.5 ns.

In a pulsed standing wave derived from a mode-locked
laser the situation is very different: the pulse duration is of
orderτp = 30–80 psonly. Therefore the atom–field coupling
varies extremely rapidly and, in addition, a standing wave
exists only in the immediate vicinity of the retroreflecting
mirror. However, in our case it still extends over5–12 mm
and is hence sufficiently long to fully cover the atomic beam
of cross section0.1–1 mm(see Sect. 2). Furthermore, at our
pulse repetition rate of80 MHzan atom is on average subject
to a train of more than50 intensepulses when it traverses the
pulsed light field. It is thus obvious to investigate the proper-
ties of the average force exerted by the pulsed light field.

In our theoretical analysis we will study the dynam-
ical behavior of the Bloch vector which has components
(u, v,w) yielding the quadratures of the complex dipole mo-
mentd= (u+ iv)deg. Here we use the rotating wave approxi-
mation,deg designates the dipole matrix element, andw gives
the inversion.

During the very short presence of the light field we can
completely neglect relaxation and restrict the analysis to the
coherent atom–field coupling:

u̇=∆v , (4)
v̇=−∆u−Ω(x, z, t)w , (5)
ẇ=Ω(x, z, t)v , (6)

with the Rabi frequencyΩ = Γ(I/2 Isat)
1/2. (4) can also be

written as

Ṡ= T×S, (7)

with the Bloch vectorS= (u, v,w) which is acted on by the
torqueT = (Ω(x, z, t),0,−∆) derived from the laser pulse.

The transverse momentum transfer, or kick due to a single
pulse for an atom at position(x, z) is given by

∆p(x, z)=−h

2

∫
τ̃p

u(x, z, t)
∂

∂x
Ω(x, z, t)dt . (8)

Here τ̃p designates an effective pulse length which can for-
mally be extended to±∞ with negligible error. In order to
allow deterministic focusing of an atomic beam in analogy to
the conservative cw potential of (1) the action of a single kick
exerted onto an atom must depend on position only. We will
now show that this situation is easily obtained if the condi-
tion of adiabatic following is fulfilled. In this limit the atomic
dipole moment is allowed to adiabatically follow the driving
field of the laser pulse. The experimental condition for this
situation is

|Ω̇∆|(
Ω2+∆2

)3/2 � 1 , (9)

which can be approximated by

|Ω̇/Ω| �∆ . (10)

For our pulsed standing waveI(x, z, t) = I0(x, z)sech2(
1.76 t

τp

)
with I0(x, z)= Imaxsin2 (kx)exp

(
−2 z2

w2
z

)
, the time

variation of the coupling constant can be evaluated as
|Ω̇/Ω| ≤ 1.76/τp and hence we arrive at a condition for the
pulse duration–detuning product,

|τp∆| � 1.76 . (11)

For illustration we show the evolution of the Bloch vector for
adiabatic and non-adiabatic conditions and experimentally re-
alistic parameters in Fig. 2.

In Fig. 2a the Bloch vector after the pulse more or less is
the same as before, leading to well-defined conditions when
the next pulse arrivesTp= 12.5 nslater. In the non-adiabatic
case theu and v components after the pulse oscillate with
a large amplitude (Fig. 2b), which will be radiatively damped
by a factor exp(−ΓTp/2) = 0.81 only by the time the next
pulse arrives. The momentum transfer (8) due to the next
pulse then depends on the history of previous pulse interac-
tions. Our simulations show that in this case the average force
exerted onto atoms traversing the standing wave light field
shows a non-deterministic behavior and eventually just van-
ishes. Fulfilling the adiabatic condition thus provides a simple
solution to this problem by always returning the atom in its
initial state after the interaction with the light field.

1.1 Approximate analytic solution

The adiabatic condition can be interpreted as a narrow and
rapid precession of the Bloch vectorS aroundT, i. e. S‖ T,
and hence in this approximation theu component is simply
the normalized projection ofT onto theu axis:

u(x, z, t)= Ω(x, z, t)√
Ω2(x, z, t)+∆2

. (12)

The average force per pulse cycle then is given by

F(x, z)= ∆p(x, z)

Tp
=− h

2Tp

∫
τ̃p

Ω(x, z, t) ∂
∂xΩ(x, z, t)√

Ω2(x, z, t)+∆2
dt ,

(13)
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Fig. 2a,b. Numerically simulated evo-
lution of the Bloch vector (u and w
components). a Adiabatic conditions
(τp = 30 ps, ∆ = 2π×25 GHz, τp∆ =
4.7) b Non-adiabatic conditions (τp =
30 ps, ∆ = 2π ×5 GHz, τp∆ = 0.94).
The dashed curveshows the laser inten-
sity Ia b

which can be derived from an effective potentialUeff(x, z)

F(x, z)=− ∂
∂x

Ueff(x, z) , (14)

with

Ueff(x, z)= h

2Tp

∫
τ̃p

(√
Ω2(x, z, t)+∆2−∆

)
dt . (15)

In Fig. 3 the dependence of the potential fromI/∆ for various
detunings∆ is shown.

We have checked the validity of this approximation forF
by comparing it with the numerical integration of the Bloch
equations. Figure 4 shows trajectories calculated with numer-
ical integration and the approximation of (13), for parameters
that fulfil the adiabatic condition. The atomic trajectories look
nearly the same for both cases, i.e. our approximations are ap-
plicable. In fact, for most of our experimental parameters the
adiabatic condition is fulfilled even better and the agreement
between both simulations is better than in Fig. 4. Not only
does this approximation lead to a much more rapid computa-
tion of the atomic trajectories, it also provides a transparent
solution of the problem.

In the limitΩ(x, z, t)�∆ which is equivalent toI0(x, z)
� Isat2(∆/Γ)2 the potential (15) can be expressed as

U(x, z)= hΓ 2

8∆

Ī (x, z)

Isat
, (16)

with the average intensitȳI (x, z) = I0(x, z)
τp

0.88Tp
for sech2

pulses. It agrees with the potentialUcw (2) for cw laser radi-

Fig. 3. The potential of the pulsed standing wave for different detunings
(pulselengthτp = 80 ps). To give an idea of the magnitude of the poten-
tial the square of the corresponding transverse velocity for cesium atoms is
shown on the right axis

Fig. 4. Simulation of atomic trajectories in one period of the standing wave.
Solid line: numerical integration of the Bloch equation.Dashed line: cal-
culated with the approximated force of (13). Parameters:v = 300 m/s,
τp = 80 ps, ∆= 2π×5 GHz, τp∆= 2.5, P= 100 mW

ation. Consequently, in this limit for a given average intensity
and detuning a pulsed standing wave exerts a dipole force
which very nearly equals the cw case.

These results suggest transferring the concepts of cw
atomic beam focusing to the pulsed standing wave case. In the
next section we will present experimental evidence that this
assumption is valid over a large range of parameters but we
will also show some limitations.

2 Experimental

We use a thermal cesium atomic beam which is transversely
collimated by laser-cooling methods to a divergence less than
1 mrad(see Fig. 5). The diameter of the atomic beam after
the collimation zone is defined by an aperture of diameter
1 mm. A slit of 100µm width in thex direction can be trans-
lated into the atomic beam before the standing-wave inter-
action zone. The atomic beam profile is analyzed at a dis-
tance of1.24 m beyond the interaction region, where it tra-
verses a resonant laser beam and the fluorescence is moni-
tored with a CCD camera. This apparatus already was used
for the production of periodic nanostructures with a cw stand-
ing wave and is described in detail in [8]. The pulsed laser
beam is sent to the apparatus via a polarization-preserving
single-mode optical fiber. We measured pulse shape and pulse
length in front of and behind the fiber with an autocorre-
lator (FR-103, Femtochrome Research, Inc.) and found no
change.
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Fig. 5. Schematic experimental setup to measure the beam profile behind
the standing wave. The pulse length is varied between 30 and80 psand the
standing wave extends over5–12 mm from the mirror. The atomic beam
(about1 mm distance from the mirror) thus is fully covered by the stand-
ing wave. The power of the standing wave is varied from 0 to464 mW, the
detuning of the laser from the Cs-D2 line at 852 nmis set between 5 and
200 GHz

We have used two methods to experimentally investi-
gate the focusing properties of our pulsed standing wave.
For the narrow atomic beam (width0.1 mm) interacting with
the standing wave the spatial distribution at large separation
(1.24 m) reflects the angular distribution of the atoms leaving
the standing wave and makes a rough quantitative analysis of
the light forces exerted by the standing wave available. This
method gives only indirect indications of the nanoscale focus-
ing properties, but it allows a rapid evaluation of the influence
of the experimental parameters pulse length, detuning, and in-
tensity. During these measurements we optically pumped the
atoms into the (F = 4, mF = 4) groundstate with a weakσ+
polarized laser beam tuned to the (F = 4)→ (F′ = 5) transi-
tion before they entered theσ+ polarized standing wave.

A direct proof for the periodic focusing of cesium atoms
in the pulsed standing wave is given by our second method
which provides an image of the spatial distribution of atoms
in the focal region through high-resolution lithography with
a resist-based technique [11].

2.1 Angular distribution

Because of the nanoscale focusing of the atomic beam in
the interaction region the atomic beam expands behind the
standing wave. From the resulting transverse density distri-
bution we can derive a measure for the interaction potential

Fig. 6. Simulated atomic trajectories for a standing
wave tilted byβ = 2.5 mrad(P= 400 mW, ∆= 2π×
30 GHz). The atomic beam in this simulation only il-
luminates two periods of the standing wave. Some of
the atoms are reflected by the potential wells of the
standing wave leading to a second peak in the density
distribution. On the right-hand side the resulting dis-
tribution 1.24 m behind the standing wave is shown.
For illustrating purposes we only show trajectories for
vz= 250 m/s

in the standing wave by comparing the measured profiles
with simulated profiles. We have found that the sensitivity of
this method can be increased by tilting the standing wave by
a small angleβ = 1 mradwith respect to the atomic beam
(Fig. 5): with a perpendicular standing wave the expansion of
the atomic beam already saturates at relatively small poten-
tials, whereas the tilted standing wave gives more significant
information about higher potential values. In the beam profile
behind the tilted standing wave a second peak appears since
atomic trajectories are concentrated near the reflecting angle
−β of the potential wells of the standing wave field (Fig. 6).
Note that the Doppler shift introduced by the small angleβ
is negligible compared to the large detuning of the laser from
resonance.

For the comparison of the measured beam profiles with
theoretical calculations we simulate a thermal atomic beam
with transverse velocity distribution and light field parameters
as in our experiment. The trajectories of the atoms traversing
the pulsed standing wave are calculated using the expres-
sion for the average force (13). Measured and simulated beam
profiles (Fig. 7) show a good agreement at a pulse length of
τp= 80 ps.

Next we have extracted a potential height from a com-
parison of measured profiles and simulations by calibrating
the measured profiles against a set of simulated profiles with
differentI and∆. The maximum potential height of the simu-
lated profile, that correlates best with the measured profile, is
taken as the maximum potential height of the measurement.
In the limitΩ(x, z, t)�∆ the only variable parameter isI/∆
which simplifies the interpretation of the experimental results.

The result is shown in Fig. 8, lending confidence to the
validity of our model for a pulse length of80 ps and for
the investigated parameter range. In contrast, for shorter
pulse lengths (30 ps and 50 ps) and large laser power, ex-
perimental results render this theoretical approximation in-
valid: in this case we have obtained large differences be-
tween measured and simulated profiles, although the adia-
batic condition (11) is well fulfilled for all sets of experimen-
tal parameters (Fig. 9).

2.2 Spatial distribution in the focal region

The results of the previous section suggest that the atoms
are periodically focused inside the standing wave for a wide
range of laser parameters. But a convincing proof has still to
be given by a direct measurement of the flux density distribu-
tion inside the standing wave.

The theoretically expected force in a blue-detuned pulsed
standing wave causes a focusing of the atoms into the min-
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Fig. 7. Comparison of the measured beam profiles (solid lines) with simu-
lated profiles (dashed lines) 1.24 mbehind the interaction zone atτp= 80 ps
showing good agreement (∆ = 2π×30 GHz). The beam profiles reflect
the angular distributionf(α) of atoms after having traversed the standing
wave. Without the standing wave the atomic beam is centered aroundα= 0.
Atoms leaving the interaction region perpendicular to the standing wave
appear atα= 1 mrad

Fig. 8. Maximum potential heights derived from a comparison of experi-
mental and simulated beam profiles. Thesolid line is a linear fit through the
origin to experimentally determined potential values where the condition
Ω�∆ is fulfilled. The slope of this curve is12% larger than the theoret-
ically expected one (dashed line). This deviation lies within the systematic
experimental uncertainty (≈ 15%) of determiningI/∆. The error bars iny
direction indicate statistical errors of the simulated beam profiles

Fig. 9. Comparison of the measured beam profiles (solid lines) with simu-
lated profiles (dashed lines) 1.24 mbehind the interaction zone atτp= 50 ps
(∆= 2π×30 GHz). For large laser power (406 mW) a strong deviation of
experiment and simplified theory is observed.

ima of the standing wave. This leads to a characteristic flux
density distribution inside the interaction region, i.e. the flux
density increases in regions of small light intensity and de-
creases in regions of high intensity (Fig. 10). The variation of
the cesium flux density inside the standing wave can be inves-
tigated with a lithographic method based on a high-resolution
resist. We use a self-assembling monolayer (SAM) of nonan-
thiole on gold [11].

The schematic experimental setup for these investiga-
tions is shown in Fig. 11. In this case, unlike the ex-
periments in the previous section we use the full1-mm-
diameter atomic beam and a standing wave aligned perpen-
dicular to the atomic beam to achieve maximum contrast.
Furthermore, we employed a different optical pumping
scheme [12] to avoid transverse heating of the atomic beam.
The parameters we have chosen for the experiments were
P= 350 mW,∆= 2π×20 GHz, andτp= 80 ps.

The result of the lithographical experiment is shown in
Fig. 12. As expected, the substrate is patterned with a regular
line structure of periodicityλ/2= 426 nm, clearly demon-
strating the microscopic periodic focusing ability of a pulsed
standing wave. The resist-based lithography process intro-
duces small irregularities which we have also found in experi-
ments with a continuous, single-frequency standing wave.

Fig. 10. Simulated flux density distribution of the atomic beam in the focal
plane shown over5 periodsof the pulsed standing wave. Parameters:P=
100 mW, ∆= 2π×30 GHz, τp = 60 ps. The dotted lineindicates the flux
density without standing wave

Fig. 11. Experimental setup for high-resolution lithography with a pulsed
standing wave. The resist-coated substrate is placed inside the standing
wave light field
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Fig. 12.Atomic force microscope picture of an exposed and developed sub-
strate. The regular lines with a periodicity ofλ/2= 426 nm result from
the spatially flux density distribution of the cesium atomic beam caused
by the pulsed standing wave. Parameters:P= 350 mW, ∆= 2π×20 GHz,
τp= 80 ps

3 Conclusion

We have theoretically and experimentally investigated the pe-
riodic focusing of a cesium atomic beam in a pulsed standing
wave. Theoretically we expect that an atomic beam is peri-
odically focused in a near-resonant standing wave, as long as
the adiabatic condition|τp∆| � 1.76 is fulfilled. In the limit
Ω�∆ the force on the atoms is nearly the same as in the cw
case fors� 1 and∆� Γ .

To determine the force quantitatively we have measured
the spatial expansion of the atomic beam in the far field of
the standing wave. From these measurements we have ex-
tracted information about the focusing in the interaction re-
gion by comparing measured beam profiles with simulated
profiles. This method allows a rapid evaluation of experimen-
tal parameters. For long pulses (80 ps) we have found a good
agreement of our theory and the experimental results for all
investigated experimental parameters.

For shorter pulses (≤ 50 ps) and high values ofI/∆ we
have found a significant difference between our simplified

theory and the experimental investigations even though the
adiabatic condition is still fulfilled.

Experimentally we have proven with nanoscale litho-
graphic experiments, that the spatial atomic flux density
distribution inside the standing wave is modulated with pe-
riodicity λ/2 due to the focusing of the atomic beam into
the minima of the blue-detuned standing wave light field.
Thus it should be possible to extend atom lithography to
technologically interesting elements with blue or ultravi-
olet resonance lines by using frequency-doubled pulsed
lasers.
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