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Optimally narrow nanoscale lines are computationally obtained for Rb Rydberg atoms deposited on
surfaces. The use of optimized polychromatic fields is shown to allow lines as narrow as 1 nm in the
absence of transverse velocities and shown to counter the deleterious effects of transverse velocities
in laser cooled beams. Specifically, lines as narrow as 6.5 nm wide are obtained in the presence of
transverse velocities associated with a temperature of 1 mK. Using this approach it is possible to
deposit a single narrow line, even when the atomic beam is bigger than the period of the focusing
lens, using as few as two, relatively weak, laser fields. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2212392�

I. INTRODUCTION

Strong demand for faster electronic devices has been the
main driving force behind rapid developments in microelec-
tronics. Although the density of circuits has been increasing
steadily, the principle of the fabrication procedure remains
unchanged: optical lithography. Here one patterns a surface
by irradiating a mask, leading to photochemical processes on
the surface, and then removes the photochemically nonre-
acted region. The current rate of miniaturization cannot,
however, be sustained indefinitely because both the size of
the atoms deposited on a surface and the diffraction of the
light source impose physical limitations on the resolution of
optical lithography.1 A number of approaches are being ex-
plored to circumvent this limitation and to allow for the fab-
rication of electronic devices at the nanoscale. One of these,
nanolithography, has its origin in the field of atom optics.
Specifically, in atom nanolithography,2–10 as in atom
trapping,11 one relies on the dipole force �the force due to the
interaction of the atom’s induced dipole moment with an
inhomogeneous electric field� to direct the atomic motion.
Recently, efforts have been made to extend nanolithography
to include molecules.12–14

Nanolithography differs from traditional optical lithogra-
phy in using an atomic beam as the material source and laser
light as a focusing lens. A beam of atoms, aimed at a sub-
strate, passes through a laser beam that exerts a force depen-
dent on the characteristics of the light. The process is direct

write, thus causing less physical damage to the surface. In
addition, nanolithography allows for a parallel fabrication of
deposition patterns if one designs the laser light to form an
array of lenses.

Despite recent success, it is difficult to produce arbitrary
patterns15,16 in nanolithography. Recently, we introduced a
degree of flexibility in nanolithographic patterns by using
coherent control18 to introduce nonperiodicity into the nanos-
cale pattern formation. This approach was successfully ap-
plied �computationally� to the N2 molecule17 and to neutral
Rydberg atoms.19 In doing so one sees clearly that the basic
mechanism in all control scenarios in nanolithography is the
manipulation of the light-induced potential �LIP�, which is
the product of the applied electric field with the atom’s in-
duced dipole moment. It is this LIP, whose gradient is the
dipole force, that governs the motion of the atoms’ centers of
mass. In coherent control, manipulation of the LIP �Refs. 17
and 19� is achieved by altering the dynamic polarizability of
the atom using interference between different optical excita-
tion pathways. However, the LIP can also be manipulated, as
shown further in this paper, by varying the external electric
fields’ parameters such as frequencies, phases, and intensities
of polychromatic fields to tailor them to give a desired depo-
sition pattern on a surface.

The primary goal of this paper is to introduce a method
of producing high-contrast deposition patterns that consist of
a sharp peak and a reduced background �pedestal� using rela-
tively weak fields, even when the atomic beam is larger than
the period of the focusing lens. In some sense these single
lines can be regarded as the fundamental building block of
arbitrary surface patterns.
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In order to achieve this goal, Rydberg atoms are used as
the material source. Such atoms possess large polarizabil-
ities, allowing for effective light-induced potential using
relatively low intensity fields. Furthermore, they have unusu-
ally long lifetimes, allowing a longer interaction time be-
tween the atomic beam and the laser fields.

There is a growing number of applications that take ad-
vantage of novel properties of Rydberg states �for a review
see Ref. 20�. Of particular interest is that the deflection of
rubidium Rydberg atoms was demonstrated experimentally
by using crossed electric and magnetic fields.21,22 Further-
more, it has been shown recently, both theoretically and ex-
perimentally, that one can control the translational motion of
Rydberg molecules.23–25 The creation of atom optical ele-
ments based on the polarizability of highly excited Rydberg
states in an electric field has also been demonstrated.26 These
successful studies open the opportunity of employing Ryd-
berg atoms and molecules in nanolithography.

Note also that dealing with Rydberg atoms is computa-
tionally straightforward since they can be treated as quasihy-
drogenic atoms.27,28 Here we focus on Rydberg states of ru-
bidium, although other alkalis can be treated as readily.

In order to deal with multiple field scenarios we utilize
optimal control theory, which has been used widely in elec-
trical and mechanical engineering for decades.29 It has been
adapted to the field of laser-matter interaction30 to control the
branching ratios of different reaction channels,31 the photo-
dissociation and ionization yields,32 the shape of a quantum
wave function,33 and the alignment of molecules,34 demon-
strating the viability of optimal control in quantum dynam-
ics. This approach then identifies the field parameters that
optimize the single narrow line target.

There exist a few sources of linewidth degradation, of
which the transverse velocity distribution due to an imperfect
collimation by transverse laser cooling is the most deleteri-
ous. Therefore, this paper places strong emphasis on mini-
mizing the degrading effect of transverse velocities. In doing
so we develop a general optimization scheme for achieving
narrow lines that is suitable for pattern formation studies.
The use of Rydberg atoms with large polarizabilities allows
us to operate in the long wavelength regime, thus opening up
the possibility of producing a single deposited line using a
focusing lens whose period is larger than the atomic beam.
Significantly, as the results below show, our optimization
scheme makes it possible to create a single deposited line
even when the atomic beam is bigger than the period of the
focusing lens.

The article is organized as follows. Section II presents a
brief overview of the laser-atom interaction and Sec. III pro-
vides details about the computational implementation of the
atomic trajectories simulation and optimization algorithm.
Section IV presents the results and discussions and Sec. V
summarizes the paper and comments on future work.

II. THEORY

A. Atom-field interaction

We consider an atomic system interacting with a poly-
chromatic standing wave �SW�. Within the dipole approxi-
mation the light-plus-matter Hamiltonian reads

Ĥ = K̂�rc.m.� + Ĥel�rel� − ��r� · E�rc.m.,t� , �1�

where rc.m. is the atomic center-of-mass coordinate with as-

sociated kinetic energy operator K̂�rc.m.�. The quantity

Ĥel�rel� is the Hamiltonian for the internal electronic motion
where rel denotes the electronic coordinate. The interaction
between the atom and the field is represented by the term
−��r� ·E�rc.m. , t�, where ��r�, r��rel ,rc.m.�, is the electric-
dipole operator and E�rc.m.t� the electric field at the atom’s
center-of-mass position.

We make use of the adiabatic approximation to separate
out the center-of-mass motion from the much faster elec-
tronic motion and obtain a Schrödinger equation for the elec-
tronic wave function which is parametrically dependent on
rc.m.,

i�
�

�t
�el�rel,t;rc.m.�

= �Ĥel�rel;rc.m.� − ��rel;rc.m.� · E�rc.m.,t���el�rel,t;rc.m.� .

�2�

Since weak fields are employed, first order time depen-
dent perturbation theory can be used to determine the elec-
tronic wave function,

�el�rel,t;rc.m.� = �i�rel�e−i�1t + �
j�i

cj�t;rc.m.�� j�rel�e−i�jt, �3�

where � j�rel� and �� j are, respectively, eigenstates and ei-

genvalues of the field-free Hamiltonian Ĥel�rel�; �i�rel� is the
initial state of the atom.

The polychromatic standing wave has an electric field of
the form

E�x,z,t� = �
l=1

N

El�x,z,t� , �4�

where El�x ,z , t� is the sum of two counter-propagating cw
fields,

El�x,z,t� = �̂l

El
�0�

2
cos�klx + �l�g�z��exp�− i�l

Ft� + c.c.� , �5�

and �̂l denotes the polarization direction of the lth field, g�z�
is the laser beam profile, and c.c. denotes the complex con-
jugate of the term preceding it. N is the number of electric
fields; in the majority of this paper N=1 or 2 suffice. The
spatial part of the lth standing wave field is Fl�x��cos�klx
+�l�. Figure 1 shows the laboratory coordinates used herein.
The electric fields are polarized along the z axis and propa-
gate along the x axis. The atom’s center of mass moves in the
�x ,z� plane. The polarizations are taken to be parallel to one
another and perpendicular to x, and to be aligned, as depicted
in Fig. 1, along the laboratory frame z axis which is taken to
be perpendicular to the surface. The electric fields are con-
sidered uniform along the y axis, thus the SW acts like an
array of cylindrical lenses that focuses the atomic beam into
a grating structure on the substrate. Three different laser pro-
files g�z� were considered, as shown in Fig. 2. Note that in
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subsequent equations, the coordinate of the center of mass
rc.m. will be replaced by �x ,z�.

In first order the coefficients cj are given by

cj�x,z,t� = − �
l

El
�0�

�
Fl�x�g�z�� ji

�l�

�	 ei��ji+�l
F−�j/2�t

� ji + �l
F − i� j/2

+
ei��ji−�l

F−�i/2�t

� ji − �l
F − i� j/2


 , �6�

where � ji
�l�= �� j��̂l ·���i
 are the transition dipole moments

and � j the linewidths which account for the finite lifetime of
excited states.

Substituting Eq. �6� into Eq. �3� and calculating the ex-
pectation value of the interaction term in Eq. �2�,
��el�rel , t ;x ,z��� ·E�x ,z , t���el�rel , t ;x ,z�
, we obtain, within
the rotating wave approximation, an expression for the LIP,

VLIP�x,z,t�

= − �
l

El
�0�2

�
Fl�x�2g�z�2�

j

�ij
�l�� ji

�l�e−��i+�j�t/2

�	 1

� ji − �l
F − i� j/2

+
1

� ji + �l
F − i� j/2


 + c.c. �7�

Altering the light-induced potential VLIP allows one to
manipulate the atomic trajectories, and hence the deposition
pattern. VLIP can be manipulated through coherent control by
exploiting the interference between different optical excita-
tion pathways.17,19 It can also be altered by changing the
parameters of the external electric fields, i.e., El

�0� and Fl�x�
in Eq. �7�.

Note that in order to arrive at Eq. �7�, we utilize the
particle’s point of view to describe the light-plus-matter sys-
tem semiclassically. Alternatively, one can use the dressed-
atom picture18 to treat the light-matter interaction. In this
case, VLIP can be interpreted as a position-dependent light
�ac-Stark� shift due to a spatially varying light intensity,
Fl�x�.35 When a laser is well detuned from resonance, the
atoms remain in the initial state, �i�rel�, and the light shift of
this state plays the role of a potential energy, giving rise to a
force which is equal and opposite to its gradient. An advan-
tage of using the particles picture is that the theoretical for-
mulation developed here can readily be generalized to
molecules17 and other laser-matter problems such as focusing
and alignment of molecules.12–14,34

B. Polarizability of a Rydberg atom

Since the light-induced potential expressed in Eq. �7� is a
product of the atom’s induced dipole moment with the exter-
nal field, i.e., VLIP=−��ind
 ·E�rc.m. , t�, the induced dipole
moment is obtained by dividing VLIP by the electric field of
the laser light. Further factoring out the electric field from
the induced dipole moment gives an expression for the dy-
namic �frequency dependent� polarizability,

�i��l
F� =

e2

�
�

j

�ij
�l�� ji

�l�	 1

� ji + �l
F − i� j/2

+
1

� ji − �l
F − i� j/2


 .

�8�

The transition dipole moments in this expression, � ji
�l�,

are calculated analytically by using the quantum defect
theory developed by Kostelecky and Nieto.28 We specialize
the treatment by using hydrogeniclike wave functions
�rel �n , l ,m
, where n, l, and m denote the effective principal,
angular momentum, and magnetic quantum numbers, respec-
tively. Reference 19 provides details for the computation of
the dynamic polarizability of a Rydberg atom. The final ex-
pression is

FIG. 1. A schematic representation of the lithographic experiment for Rb
atomic beam in a Rydberg state interacting with a polychromatic standing
wave.

FIG. 2. Laser beam profiles: uniform �full line�, Gaussian I �dotted line�,
and Gaussian II �dashed line�.
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�nlm��l
F� =

e2

�
�

neleme

��nele�r�nl
�2
4	

3
�3�2l + 1��2le + 1�

4	
�

��− 1�2me�1 l le

0 m − me
�2�1 l le

0 0 0
�2

�	 1

� ji + �l
F − i�e/2

+
1

� ji − �l
F − i�e/2


 . �9�

Results calculated using this method were in good agree-
ment with experimental results.19 Note that the polarizability
of rubidium Rydberg atoms is far larger than that of the
ground state. As the results will show, this large polarizabil-
ity allows one to obtain sharp deposited lines using relatively
weak fields.

III. COMPUTATIONAL METHODOLOGY

A. Atomic density distribution

We use a semiclassical approximation to treat the light-
plus-matter system. This approximation is valid because the
extension of the atomic wave packet is small compared with
the long wavelengths of the light employed in this work.
Also, large detunings minimize the probability that an atom
spontaneously emits a photon during its passage through the
SW. Even if it happens, one or two photon recoils would
have a negligible effect on the trajectory of an atom traveling
at thermal speeds over a distance of laser beam radius. We
note that the validity of the classical trajectory tracing
method in nanolithography has already been demonstrated
both theoretically and experimentally.36

Within the semiclassical treatment, the center of mass of
each atom in a beam satisfies the classical equation of mo-
tion,

M
�

�t
xi = pi

x, �10�

�

�t
pi

x = �− �

�x
VLIP�x,z,t��

xi

, �11�

and

M
�

�t
zi = pi

z, �12�

�

�t
pi

z = �− �

�z
VLIP�x,z,t��

zi

, �13�

where the subscript i denotes the ith atom with the coordi-
nates �xi�t� ,yi�t� ,zi�t��, momenta �pi

x , pi
y , pi

z�, and mass M.
Note that the light force along the y direction is assumed to
be negligible as compared to those along the x and z direc-
tions. We consider two laser profiles: uniform, representing a
sudden turn-on and turn-off of the laser, and Gaussian, rep-
resenting an adiabatic turn-on and turn-off.

The above equations are solved for an ensemble of
atomic trajectories to obtain the atomic density distribution

�x , t�. From a uniform initial spatial distribution of atoms,
results are determined at time t= tint+Lff /vz, where tint is the

atom-field interaction time, Lff is the free-fall distance, i.e.,
dynamics in the absence of the field, and vz is the longitudi-
nal velocity.

The computation of the deposition pattern involves the
following steps:

�1� At t=0, a fixed number of atoms is uniformly distrib-
uted over the nozzle segment of size X. This nozzle
segment is subdivided into N cells of size �x=X /N,
where �x is chosen sufficiently small so that the force
at xi, which is the gradient of the LIP, remains constant
over the cell. In case of a perfectly collimated atomic
beam �no transverse velocity� one atom is assigned to
each cell. Otherwise Nv=100 atoms are assigned to
each cell. This number is large enough to describe the
Maxwellian velocity distribution of the transverse ve-
locity. The initial longitudinal velocity distribution is
considered uniform. In case of a Gaussian beam profile,
the longitudinal velocity spreads during the interaction
of the atoms with the fields.

�2� Given a time t0, the LIP is calculated at every point
�xi ,zi�= �−X /2+ �n−1��x ,zi� �n=1,2 , . . . ,N�. Hamil-
ton’s equations are solved to obtain vi

q= pi
q /M �q

=x ,z� at time t= t0+�t. The �t time step is chosen
small enough to maintain energy conservation. Since
there are no forces in the y direction, the vi

y velocity
components are constant �zero in this paper�. Supple-
menting these values with the vi

q information obtained
from Hamilton’s equations gives the atomic positions
�xi, yi, and zi� for each atom in the ensemble at time
t= t0+�t. The procedure is repeated until the atom hits
the surface.

�3� After all the trajectories have terminated, the density of
the atoms on the surface is analyzed by considering a
segment of size 2X. Histograms of the data provide the
deposited atomic density.

B. Optimization methodology

Our objective is to find an optimal set of electric field
parameters that produce sharp deposition patterns with little
background while avoiding loss of population due to excess
defocusing during the deposition. This objective is quantified
in the target function,

F�T� = Np�T� + �h�T� , �14�

where Np represents the number of particles that reach a
predefined target region T of the surface and h�T� is the
height �as a number of trajectories� of the peak formed in
that region. T often is the central region of the plate. By
maximizing F�T� we maximize the number of atoms that
reach the target region, thus minimizing the loss of atomic
population during the laser focusing. We also maximize the
height of the deposited peak formed in that region. The
weighting parameter � balances the importance of the height
of a peak versus the atomic population in the target function.
The best value of �, which was �=1, was found by trial and
error.
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The target function F�T� depends on the electric field
parameters and the experimental configuration. Particular pa-
rameters such as the state of the Rydberg atom, the interac-
tion time, and the free-flight distance are fixed whereas the
fields’ intensities, frequencies, and phases �Ei

�0�, �l
F, and �l in

Eq. �5�� are optimized. The optimization procedure is con-
structed for an electric field composed of N independent
electric field contributions �usually N=2�. Hence the target
function is a function of 3N variables. The optimization
starts from a guess for the initial 3N parameters and iterates
to convergence using a modified Powell algorithm37 to maxi-
mize F�T�.

In many optimal control scenarios the target function is a
simple observable, e.g., the dissociation or ionization rate in
a chemical process. Here the target function is derived from
a complex observable, a deposition pattern, which is the re-
sult of a dynamical evolution. Hence a large number of target
functions can be conceived. The target function used in this
paper is the best found after much trial and error. For ex-
ample, note that the width of the deposited peak, defined as
the full width at half maximum, is not included explicitly in
the target function. When a very sharp peak and a small
pedestal are obtained, it means that the optimization proce-
dure has found a good “focal length” for the lens represented
by VLIP. With a good focal length, the feature width of the
deposited peak is also minimized.

For a simple case of atoms passing through one uniform
electric field, whose intensity is in the focusing regime �see
the next section for a definition of this regime�, by using an
analogy between laser-focused nanolithography and tradi-
tional optics one can derive an analytic expression for the
focal length.38 However, most cases in this paper are com-
plex, involving one or two fields of uniform or Gaussian
profiles. Furthermore, the deposition process can happen in
the channeling regime,39,40 which has no analogy in optics.
Therefore, use of a numerical optimization methodology is
necessary in order to obtain high-contrast, sharp deposition
patterns.

Note that we found, as in most nonlinear problems, that
the results converged to local minima that depend sensitively
on the initial parameter guess. This is especially true of the
wavelengths of the fields. Hence it was necessary to choose
the wavelengths of the initial guess using physical intuition.

Finally, we remark that the free-fall distance Lff is set to
zero in all of our computations. Experimentally, Lff is usually
small. Note that if Lff is chosen nonzero one can optimize the
target function for the new experimental configuration.

IV. RESULTS AND DISCUSSIONS

For comparison purposes consider first a perfectly colli-
mated atomic beam; a more realistic beam with finite trans-
verse velocities will be considered later below. Both uniform
and Gaussian laser profiles are used and results are compared
for deposition controlled by monochromatic and by poly-
chromatic lasers. This sequential approach also provides in-
sight into the nature of the fields required to achieve narrow
sharp lines. Far-detuned off-resonant fields are used in order
to minimize the stimulated emission;41 the term �i in Eq. �7�

is therefore neglected. In all cases the initial longitudinal
velocity is taken as 500 m/s and the interaction time tinter

=0.3 �s, which is less than the lifetimes of Rydberg states
studied in this paper.

A. Perfectly collimated atomic beam

To see how the optimization proceeds, consider an ex-
ample of the deposition patterns obtained during the optimi-
zation of the 8s Rb atomic beam traversing a laser beam
consisting of two standing wave fields with an atomic beam
width of 10 �m, shown in Fig. 3. In this case the optimiza-
tion converged after three iterations. Panel �a� shows the
deposition pattern resulting from the initial guess parameters,
which is seen to consist of a noisy background with no dis-
tinct peak. After the first iteration step, in which all the six
parameters are optimized, the deposition pattern improves
considerably �panel �b��, now consisting of three sharp peaks
and a much smaller background. The final deposition and the
associated LIP are shown in panels �c� and �d�, respectively.
Comparison of panel �a� with panel �c� confirms that the
optimization has considerably reduced the noise and in-
creased the sharpness of the deposited peaks. Here the peaks
are separated by 
1 /2, in accord with observations made
previously5,7,8 and are of width 10 nm. Sharper peaks can be
obtained with further optimization, as discussed later below.
Note that even though the two electric fields appear to have
approximately the same wavelength, the first field produces a
deeper light-induced potential because in the far off-resonant
regime a large difference in the detuning does not result in a
large difference in the wavelength. The first field’s detuning,
below the 8p, �1=5.21�109 Hz, is approximately three
times smaller than the second’s, �2=14.8�109 Hz. This dif-
ference results in a deeper LIP for the first field because the
dynamic polarizability in the region examined is approxi-
mately inversely proportional to the 8s to 8p detuning.

Since our goal is to produce a single peak within the
plate size, i.e., between −10 and 10 �m, the two outer peaks
in Fig. 3 are extraneous. There are three possible approaches
to removing these peaks: �1� use a mechanical slit to deflect
the portion of the atomic beam that forms the unwanted
peaks,42 �2� increase the fields’ wavelengths, or �3� split the
laser into two components so that one serves to defocus the
unwanted part and the other to focus the remainder of the
beam. Since our interest is in using light to manipulate the
atoms, and since the mechanical slit loses a lot of incident
flux, we focus upon items �2� and �3�.

The idea of increasing the wavelengths arises from the
fact that the two outer peaks are a consequence of the rela-
tive size of the wavelength and the plate. For a fixed Rydberg
atom state, increasing the wavelength of the electric field
results in a decrease in the dynamic polarizability and a shal-
lower LIP, making laser focusing less effective. On the other
hand, if one choose a state of higher principal quantum num-
bers n, then the spacing �i.e., � ji in Eq. �7�� between two
adjacent energy levels become smaller which, for a given
wavelength, decreases the detuning and increases the dy-
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namic polarizability. In short, Rydberg atoms of higher-lying
excited states are useful in order to use longer wavelengths
of light.

Note that Rydberg atoms have relatively long radiative
lifetimes ��� due to their small dipole coupling to the ground
state and other low-lying states. For example, the 12s state
studied extensively in this paper has a radiative lifetime of
��0.75 �s.43 In order to minimize decay into the ground
and other low-lying states, the interaction time is chosen so
that tinter��. In this work tinter=0.3 �s; it satisfies the just
stated condition. Taking lifetimes and longer wavelengths of

light into account, numerical experiments show that with

�70 �m, which corresponds to far infrared regime, n
=10 ���0.4 �s �Ref. 43�� is the minimum in order to have
an efficient laser focusing.

Figure 4 shows the results for the 12s state Rydberg Rb
atomic beam passing through a standing wave field. The pa-
rameters are indicated in the figure caption. Panel �a� shows
that there is now only one focusing center and that, conse-
quently, the deposition pattern consists of only one peak
�panel �b��. In addition, the deposited peak is very sharp,
being 1 nm wide, because of the harmonic characteristic of

FIG. 3. The deposition patterns ��a�–�c�� in an optimi-
zation procedure and the light-induced potential �d� as-
sociated with the final deposition pattern. In �d� the
dashed and dotted lines represent the LIP associated
with the first and second fields, respectively. The full
line represents the total LIP. The state of the Rydberg
Rb atom is 8s. The first field’s parameters are E1

=13 W/cm2, �1=5.21�109 Hz, and 
1=12.4611 �m.
The second field’s parameters are E2=13 W/cm2, �2

=14.8�109 Hz, and 
2=12.4618 �m. The relative
phase is �F=�2−�1=1.13 rad. 600 trajectories are
simulated. The transverse velocity is taken as zero. The
time of interaction tint=0.3 �s.

FIG. 4. The LIP �a� and the deposition pattern �b� of the
12s Rydberg Rb atomic beam. The beam size is 10 �m.
The first field’s parameters are E1=13.28 W/cm2, �1

=2.5�109 Hz, and 
1=70.8 �m. The second field’s
parameters are E2=13.27 W/cm2, �2=11.5�109 Hz
and 
2=70.9 �m. The relative phase is �F=0 rad. Ex-
planation for panel �a� and other parameters are as in
Fig. 3.
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the LIP resulting from an iterative optimization scheme. That
is, Fig. 4 results from a three-step optimization procedure.
Initially we used a large target region in a central region of
the plate, encompassing −2.5 to 2.5 �m. This target region
resulted in a reasonably sharp peak and minimized the loss
of flux. In the second and third steps, we further minimized
the feature width by successively using smaller target regions
ranging from −1 to 1�m and from −0.5 to 0.5�m, respec-
tively. Calculations were performed using one and two fields
with uniform intensity profile �Fig. 2, full line�. All the con-
verged results gave feature widths of 1 nm. Note that an
attempt was made to use the smallest target region in one
step for the calculations shown in Fig. 4, but the calculations
did not converge. This three-step optimization procedure was
developed in order to avoid such numerical difficulties.

In Figs. 3 and 4 the size of the atomic beam is 10 �m,
which is smaller than the period of the LIP. Although experi-
mental techniques are able to produce a beam as small as
5 �m by using a special miniature capillary micronozzle,44

this method is associated with considerably reduced atomic
flux. A wider atomic beam of 100 �m can be manufactured
by using less stringent equipment and is more desirable.
However, with such an atomic beam the optimized param-
eters obtained above would yield a deposition pattern con-
sisting of several sharp peaks equally spaced on the substrate
because the atomic beam is larger than the period of the LIP.
Further increasing wavelength in order to restore the single
sharp peak is not desirable because this requires a higher-
lying Rydberg state or a more intense field. Both solutions
increase the probability of field ionization, which degrades
the deposition.

Rather than these approaches we consider a 100 �m
wide beam interacting with a laser field comprising two com-
ponents, i.e., focusing and defocusing lenses. The defocusing
part causes some of the atomic trajectories to deflect off the

plate, resulting in an acceptable loss of population. Figure 5
depicts the optimized LIP, in panel �a�, and the resultant
deposition pattern, in panel �b�. The first field �dashed line�,
with optimized wavelength 
1=70.88 �m, acts as a focusing
lens, and the second field �dotted line�, with optimized wave-
length 
2=119.1 �m, acts as a defocusing lens. A single,
sharp deposited peak of 1 nm width is obtained. The con-
trast, defined as the ratio of the height of the deposited peak
to the height of the pedestal, is 30:1, which is excellent. Note
that here the size of the atomic beam is more than twice
larger than the period of the focusing LIP.

To simulate a more realistic nanolithographic process a
laser with a Gaussian profile38,45 g�z�=exp�−2z2 /�z

2�, where
�z is the 1/e2 radius of the Gaussian laser beam, was also
considered. Two Gaussian profiles were used: Gaussian I
with �z=70 �m, which fits inside the formerly used uniform
profile and Gaussian II with �z=150 �m, whose width
matches the uniform profile. Both are illustrated in Fig. 2,
along with the uniform profile. With a Gaussian profile, the
atoms experience a force along the z direction that causes the
atoms’ longitudinal velocities to change along the z direction,
resulting in a spread in the longitudinal velocity distribution.
In addition, the LIP changes with respect to the uniform pro-
file case. Reoptimization with these profiles, starting with the
optimized uniform profile results, gives a sharp deposited
peak that is, once again, 1 nm wide. Thus, optimized lines as
narrow as 1 nm are possible in the absence of an initial trans-
verse velocity distribution.

Note that red-detuned fields have been used throughout
this paper. When a blue-detuned laser field is applied, its
maxima serve as focusing centers and minima as defocusing
centers. Calculations performed for blue-detuned fields
yielded qualitatively similar deposition patterns to those
above.

FIG. 5. The LIP �a� and deposition pattern �b� of the
12s Rydberg Rb atomic beam. The beam size is
100 �m. The first field’s parameters are E1

=13.27 W/cm2, �1=2.92�109 Hz, and 
1=70.88 �m.
The second field’s parameters are E2=8.88
�104 W/cm2, �2=10.77�1012 Hz, and 
2

=119.1 �m. The relative phase is �F=0 rad. 3000 tra-
jectories are used. Explanation for panel �a� and other
parameters are as in Fig. 3.
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B. Atomic beam with transverse velocities

Consider now the more realistic case where the atomic
beam emerges with finite transverse velocities. Chromatic
aberration due to the transverse velocities is the most delete-
rious, hence the optimization scheme is used to minimize
their degrading effect. Chromatic aberration resulting from
the longitudinal velocity spread, on the other hand, has a less
degrading effect on the linewidth. Indeed, a longitudinal ve-
locity spread as large as �vz /vz�1 is expected to only
broaden the line by 36% with respect to that obtained with a
monochromatic beam.38 Although not done here, we expect
that the optimization scheme would minimize degrading ef-
fects due to the longitudinal velocity distribution of the inci-
dent atoms, as it has for the more deleterious longitudinal
velocity spread arising from the Gaussian laser profile.

1. Optimized one field results

We consider the case where the beam is characterized by
a thermal transverse velocity distribution of 1 mK, with the
width of the velocity distribution �=0.44 m/s and maximum
transverse velocity cutoff of 1.1 m/s. To enhance numerical
efficiency, the optimization procedure begins with a perfectly

collimated beam and uses the previously described multistep
optimization procedure. After obtaining a sharp peak, whose
width is usually 1 nm, transverse velocities are added and
the system is optimized once again. Often this later optimi-
zation did not change the fields significantly. We first exam-
ine depositions in two laser intensity regimes: weak and
moderately high intensities using one optimized laser. These
results are summarized in Table I.

Figure 6 shows a few of the trajectories �panel �a�� and
deposition pattern �panel �b�� in the weak intensity regime.
The line broadening due to the atoms’ initial transverse ve-
locities can be estimated17 as �2tint�, where tint is the inter-
action time and � is the width of the transverse velocity
distribution. With tint=0.3 �s and �=0.44 m/s a width of
187 nm is obtained. Application of an optimized electric
field yields only a somewhat narrower peak that is 140 nm
wide.

Note that here the atomic trajectories show no oscilla-
tions in their path through the laser beam profile. Rather, the
trajectories are simply focused onto a small portion of the
plate. The results are said to lie in the focusing regime. On
the other hand, if the LIP is such that the atoms oscillate

TABLE I. Feature widths �in nanometers� of the deposited peaks calculated with one field. The numbers in
parentheses are the fields’ wavelengths �in micrometers�, phases �in radians�, and intensities � in W/cm2�. The
transverse temperature is 1 mK.

Profile

Uniform Gaussian I Gaussian II

Low intensity 140 140
�70.874, 0, 13.34� �70.871, 0, 12.89�

High intensity 15 65 15
�77.553, 0, 13.26�104� �72.428, 0, 13.27�104� �71.512, 0, 13.18�104�

FIG. 6. Atomic trajectories �a� and the deposition pat-
tern �b� of the 12s Rydberg Rb atom beam. The field’s
parameters are E1=13.34 W/cm2, 
1=70.875 �m and
�F=0 rad. 60 000 trajectories are simulated. The width
of the transverse velocity distribution is �=0.44 m/s.
The time of interaction tint=0.3 �s.
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several times while traversing the laser beam, then the sys-
tem is said to be in the so-called channeling regime. Chan-
neling has in the past been used for laser cooling.39,40 We see
below that it is also a useful regime in which to operate in
order to minimize the feature widths.

With an increase in the field’s intensity, the LIP becomes
steeper, resulting in a stronger dipole force and the atoms
enter the channeling regime and oscillate within the potential
well. Figure 7 illustrates the atomic trajectories and the as-
sociated deposition pattern. The channeling effect reduces
the spreading of the transverse velocities, and a better focus-
ing in both the position and transverse momentum spaces
results; a feature of 15 nm width is now obtained. Narrower
lines can be obtained upon further optimization, as discussed
below.

Results are also shown in Table I using one field with a
Gaussian profile. In the low field regime the field profile has
no effect. In the higher intensity regime, Gaussian I shows a
significantly larger width of 65 nm.

2. Optimized polychromatic results

Table II summarizes the optimized results obtained with
a standing wave consisting of two fields, with the transverse
velocity distribution as described above; these results are to
be compared to those in Table I. The feature widths are
given, along with the optimized field parameters. In the low
intensity, or focusing regime, the one and two field results
are quite similar, with the optimized feature width reduced
slightly �from 140 to 130 nm� with the addition of the sec-
ond field. However, in the high intensity, or channeling, re-
gime, application of two fields reduces the line widths by a
factor of 2. Hence, in the presence of a uniform or Gaussian

II field, linewidths as small as 8 nm are obtained. For the
narrower Gaussian field the line width can be reduced to
30 nm.

Two unsuccessful attempts at improvements are worth
noting, as well as the effect of adding additional fields. First,
small linewidths do not result in the case of Gaussian I pro-
files because the field region is very narrow. However, we
cannot decrease the linewidth by increasing the field strength
since the required fields would ionize the Rydberg atoms.
Second, further increasing the Gaussian II beam’s waist, to
250 �m, did not result in narrower lines. However, using
three fields with uniform profile in the high intensity regime
did reduce the feature width somewhat, from 8 to 6.5 nm.
Hence, near-optimized narrow lines can be achieved with as
few as two fields.

C. Experimental considerations

Rb atoms in Rydberg states can be prepared by optical
excitation from the �52S� ground state.27 To prepare the
beam, Rb atoms are mixed with an inert buffer gas and the
mixture is supersonically expanded through a nozzle to nar-
row down the translational velocity distribution. After exit-
ing the nozzle, the supersonic Rb atom beam can be colli-
mated by letting it pass through a series of slits46 and/or by
cooling the transverse velocity with a transverse laser field.47

The Rydberg states are then prepared by laser excitation of
the beam. To further ensure that well-defined Rydberg states
are populated, the optical pumping and radiative deflection
techniques developed in Ref. 48, wherein atoms are optically
pumped and deflected before passing through collimating
slits, can be used. By exploiting the high polarizability of the
Rydberg atoms one can separate them from the ground-state
atoms, thus reducing the background noise.

FIG. 7. Same as in Fig. 6 except that the field’s param-
eters are E1=13.27�104 W/cm2, 
1=71.533 �m and
�F=0 rad.
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Rydberg atoms are chosen here for their large polariz-
abilities, making it is easier to produce a deep LIP with a
relatively weak field �here less than 105 W/cm2�. This reduc-
tion in the intensity allows the use of cw lasers to focus the
atomic beam, thus increasing the write rate by many orders
of magnitude when compared to a pulsed laser.14 Further-
more, with a cw laser we also minimize the problem of back-
ground atoms depositing on the substrate when the laser is
off. By contrast, use of non-Rydberg atoms would require a
far more intense field to produce a sufficiently deep potential
well. For example, a perfectly collimated beam of atoms in
the ground state requires a field intensity of 1013 W/cm2.49

The large Rydberg atom polarizability results from the
fact that electrons in high-lying Rydberg states are loosely
bound to the ion core and hence they can be easily polarized
by a laser field. At the same time, a strong field can certainly
ionize the loosely bound Rydberg electrons. Therefore, care
must be taken not to ionize the Rydberg atoms during the
laser focusing, especially in the channeling regime where the
field intensity is moderately intense. However, using the qua-
sistatic model of Ref. 27 we can estimate the upper limit
allowed for the field intensity. Using n*=8.865 gives Eion

=5�106 V/m as the allowed maximum, well above the
most intense field that are used here ��1�106 V/m�.

The Rydberg atom’s unusual large size would decrease
the resolution of the deposition pattern. Specifically, a 12s
state atom is �7.6 nm in diameter, comparable to the width
of the deposited lines. However, the size of the Rydberg
atom is greatly reduced by tunneling ionization once it ap-
proaches to within �3.7n2a0 of the surface.50,51 The depos-
ited ion would then be neutralized by interactions with the
surface. The distance at which the ionization occurs is
�0.3 �m, which is far shorter than the interaction distance
of �100 �m in our model. Hence the tunneling ionization
would not affect the LIP.

Throughout this work it is assumed that all atoms that hit
the surface stick and do not migrate. Experimentally ob-
served linewidths are, however, typically a factor of 2 larger
than the calculated linewidths.36 This discrepancy can likely
be attributed to the neutralization of the ionized atoms, dif-
fusion, aggregation, and growth of the atoms deposited on
the surface. While a qualitatively clear picture of the line-
broadening mechanism is yet to be developed, it is generally
agreed that surface growth and diffusion play the most im-
portant role in nanostructure formation on the surface.36,52,53

Ideally, the surface diffusion coefficient of the deposited

atoms must be small enough to maintain the fidelity of the
deposition pattern. In practice, it can be reduced by increas-
ing the deposition rate.52 However, the high atomic flux as-
sociated with a large deposition rate can degrade the LIP
because of the absorption in SW. Large detunings employed
in this work minimize the deleterious effect of absorption,
thus making use of a high deposition rate possible.

The diffusion coefficient also depends on the amount of
the atoms deposited on the surface.36 At the beginning of the
deposition process, high mobility of Rb atom on the sub-
strate can cause a large broadening of the linewidths. As
more atoms accumulate, the diffusion coefficient decreases
because of a lower mobility of Rb atoms on the Rb surface.
Consequently the line-broadening effect is minimized. Once
a significant amount of atoms is deposited on the surface, the
linewidths will, however, increase again due to an increase in
rubidium grain size with the thickness of the position pattern.

In future work, the deposition rate, the amount of the
deposited atoms, and other important diffusion-and growth-
related parameters such as the surface temperature and the
atoms’ longitudinal kinetic energies can be incorporated into
our optimization algorithm in order to provide a robust tech-
nique for nanofabrication.

V. SUMMARY

These results show that it is possible to utilize relatively
weak multifrequency long wavelength light, incident on Ry-
dberg atoms, to produce a single narrow deposition line over
a wide target region. By using a focusing and a defocusing
field as part of a two-component electric field the single line
can be successfully retained, even if the atomic beam is con-
siderably larger than the width of the laser-induced deposi-
tion. Furthermore, polychromatic fields have been shown to
allow for an optimization that successfully reduces the line-
width due to the transverse beam velocity distribution.
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