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The light pressure force from an optical standing wave (SW) can focus an atomic beam to submicrometer
dimensions. To make the best of this technique it is necessary to find a set of optimal experimental parameters.
In this paper we consider theoretically the chromium atoms focusing and demonstrate that the focusing
performance depends not only on the strength of but also on the time atoms take to traverse the force field. The
general conclusions drawn can easily be applied to other atoms. To analyze the problem we numerically
integrate a coupled time-dependent Schrédinger equation over a wide range of experimental parameters. It is
found that an optimal atomic beam speed-laser intensity pair does exist, which could give substantially
improved focusing over the one with the experimental parameters given in the literature. It is also shown that
the widely used classical particle optics approach can lead to erroneous predictions.
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Introduction the depth of the force field, and the last two determine the
length of time the field exerts on atoms.

The development of fabrication techniques of artificially The purpose of this paper is to provide guidelines for the
generated nanostructures holds a great promise for the nexiptimal atom focusing with the aid of quantum mechanical
generation technology. At present, there exits a variety o§imulation of the atomic dynamics in a laser SW. The
techniques for nanostructure fabrication. These techniquesimulation method is described in Section Il. The CPO
include molecular-beam epitaxy and electron-beam an@pproach is also briefly described in that section. In Section
optical lithography. These conventional lithography techniquesdll we consider the deposition of chromium atoms, which
remove atoms from a substrate, thus being “invasive’has been studied extensively based on the CPO approhch.
techniques. In the last decade the focusing of neutral atom&le give a direct comparison between the quantum-
by use of near-resonant light fields has been the subject afiechanical simulations and the ones with the CPO for the
intense research activities. This has been driven to a largexperimental parameters given in the literature. Then we
extent by the possibility of generating focal spots on theshow how the atomic dynamics varies as both the laser
nanometer scale by use of specially configured lasepower and the atomic beam speed are changed. Again, the
intensity profiles. The high-resolution focusing of atomic results of quantum mechanical and CPO simulations are
beams followed by noninvasive deposition of these atomsompared. Finally, in Section IV a summary of our work is
onto a substrate has emerged as a promising nanofabricatigiven.
techniqué;? and this technique has been termed “atom
lithography”? Seideman has developed a similar technique Theory of Atom Focusing
for lithography with molecule$.As a consequence of the
small de Broglie wavelength, atom lithography has the The force on an atom exerted by light has been studied
potential to achieve extremely high resolutfon. extensively in the literaturé.In general, the force felt by an

The analysis of atom lithography has usually been basedtom in a light field has both velocity-dependent and
on classical particle optics (CP&)® However, they can not conservative terms. The velocity-dependent terms, which
adequately handle more subtle nonclassical effects, anarise from Doppler shifts experienced by the atom and from
recently quantum mechanical treatments began to appear onadiabatic effects, have been utilized for laser codfing.
the literature:'® It has been shown that for the case ofMany practical applications, such as the slowing and
chromium atom some 40% of the width of the depositiontrapping of atoms and the collimation of atomic beams to a
profile comes from the wave nature of the atom, and thahigh degree, have made use of these dissipative terms. On
further refinements in choosing experimental parameters arihe other hand, for a wide range of parameters the velocity-
necessary to minimize the spot size of the deposited afomsdependent terms in the light force can be ignored. In this
The deposition profile depends on several parameters thatgime the remaining light force is often referred to as the
may be controlled experimentally. They include the laserdipole force'® and this is the force that can be utilized to
power, the detuning between the applied laser and the atomfocus atoms. The dipole force derives from a conservative
transition frequencies, substrate position in the SW along théoptical) potential. We review below how we approach the
atomic beam direction, and the atomic source beam speedtom focusing, following Ref. [10].

The first two determine, among other things, the shape and Assume that the atoms move alodg (the longitudinal
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direction) and the single mode SW is applied alongthe  where py is the atomic momentum in the transverse

transverse direction). The dimension is not considered in direction, m is the atomic mags= w - wa is the detuning

this work. The SW may be written in the form between the laser frequency and the atomic transition

N frequencyws, and S, (a =X, y, 2) are spin-1/2 operators for

E(x z1) = 2g£(z) coskxcoswr, (1) the atomic internal states. The atom-laser coupling has been

wherek, w, & and&(2) are, respectively, the wavevector, the expressed in terms of the local Rabi frequency defined by

frequency, the polarization, and the amplitude profile of theQ(x, t) = —[2d-g£(t) coskx]/h, whered is the dipole moment

laser along@z The SW has a fast variation alobg with a  of the atom relevant to the transiti{gil~ |e[

periodicity given by the optical wavelengihe 2 r7/k, while In the CPO approach the atom is assumed to remain
it has a slower variation alon@z given, as usual, by a adiabatically in the lower state (the validity of the adiabaticity
Gaussian functich is demonstrated in Ref. [10] and is under the influence of the

_ 2, 2 optical potential. The potential takes the form when the
£(2) = Eoexp(-Z /Wo) (2) atom-laser system reaches a steady State*

In the aboveé, is the peak amplitude ang is the 1¢?
radius at the beam waist.

If the longitudinal velocity of the atowy is large enough,
the motion of the atom alon@z may be treated classically.
Furthermore, the light force alon®z is negligible as whereyis the decay rate of the atom. Equation (6) should be
compared with that alon@x. Thus,v, is virtually undamped good for times sufficiently longer than the radiative lifetime
by the interaction with the SW and hence the transit timerg = 1/y but much shorter than the damping time of the
may be written asy =L/v,, wherelL is the characteristic atomic velocity, which is on the order of the recoil time
length of interaction of the atom with the laser. The lasette.=2 m/(hk?. (See the discussion in Ref. [13].). The CPO
intensity drops to 1% of the peak value at t@bout the  approach uses the ray-tracing equation to describe the
Gaussian beam center, so we will thke 3w,. From these  atomic dynamics
discussions it follows that(z) may be replaced by the
temporal profile

0 2 g
U(x,t)=h7AIn[Il.+ 29 (6)

0 4an’+y0
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wherex(t) is the individual trajectory of the atom. Figure 1
shows a shape of the optical potential given above. Atoms
are attracted to the bottom of the potential, as we will show

Now consider a beam of atoms, each having a closed twadn the following section using both the CPO and quantum
level structure mechanics.

W(x, 1) = {"’e(x' I)}

Yol 1) A. Experimental Parameters and Atomic Dynamics
In the above equatiogy(x, t) and Ye(x, t) denote the wave- Experimental ParametersThe relevant transition for the
functions of the center of mass corresponding to the lowechromium atom focusing |7ES3 - 7P§ , and the corresponding
state [g > and the upper state } of the atom alon@x. For
optical transitions the relative upper state population of the
atoms in a beam is negligible. Thus we assume that th
atoms are initially in ¢§§> with the center-of-mass wave-
function given by a plane wave to simulate a spatially
uniform beamyy(x, 0) ~ expikox), wherehkg is the initial
transverse momentum of the atom. We consider only th i ]
perfectly collimated beam with no transverse momentum, si / A AR
c P o e
we takeko = 0. e NS M Y 0.‘.'\\\\\\\‘\\\\
For the experimental parameters considered in this pape 2% N ',0.‘“:;\\\\\1\\\\\\
spontaneous emission is not so significant as to alter th ‘\‘\\\‘Y
location of the focal plan¥.Thus, we may treat the atomic
evolution using the regular time-dependent Schrédinge
equation. In the SW field atoms experience the dipole forct
that is proportional to the amplitude gradient of the ftéld.

The equation that governs the dynamics of a two-level atorFigure 1. Shape of the optical potential (not to scale). It t
is given by slowly-varying Gaussian profile along the longitudinal direc
(the “Time” axis), while it has a much faster variation along

transverse direction (the “Position” axis). Atoms are attracted
—hAS, + hQ(x, t)S,(}qJ(x, ), (5)  bottom regions of the potential.
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wavelength is 425.55 nm. Other parameters taken from Re” |
[8] are: decay rate = 5.0 (in22MHz), saturation intensity = |
8.5 mW/cn?, detuning = 200 (in 2IMHz), SW intensity = }ﬂ
1.98x 10° W/m?, polarization = circular¢"), 1/ radius of It
SW =0.195 mm, oven temperature = 1800 K.

For convenience of calculations we express the lengths i
units of A, and time and frequencies in recoil units and
Wrec = 1htrec, respectively. For Cr atomg.= 7.51x 10° sec
and wec=2 mx 21.2 kHz. The most probable speed of the
atoms emerging from an oven at 1800 K is 926 m/sec, whicl
we regard as the speed of the monoenergetic atomic beal

=
7 iy, \A \
7SN LM () 08
. . . SRR RISIRIIEISIEILTAS e edate’s: ]
For the 1¢ radius of 0.195 mm the interaction lengtt 0.00 SR R RS
i o 7 R R
0.585 mm, so the corresponding transit tigne 6.32x 10 s sn sy 006
.. . . %S S 225 2555
sec = 0.084.. The radiative lifetimerr =4 x 1072 trec, SO = 2 4 &
. . . . . 3
Tr << tr << tec — @ regime in which the optical potential of 2 0.04 N

the form Eq. (6) may be applicable. Giventhe saturation
intensity Is, and the peak SW intensity, the peak Rabi
frequency can be calculated to yi€dd = 2rrx 170.6 MHz.
In recoil unitsy= 236 wec A= 9434 wec, and Qo = 8047 )
ec. Figure 3. Same as with Fig. 2 but calculated with quar

. . . . . . mechanics. Atoms are first focused to a narrow spot and aft

,Pamde Optics S'mUIatlonT,he result c_)f CPO simulation they show an interference pattern, which are absgnt in the «
with the above parameters is shown in Figure 2. For thiyarticle optics.
figure we computed numerically 2000 classical trajectories,
initially uniformly distributed over &< x < 0.50. The grid  are optimal as long as CPO simulation is concerned: when
size alongOx is 2.5x 107°*in units ofA, so digital resolution  either the detuning or the Rabi frequency is changed, focusing
is about 0.1 nm. We find from the figure that the focal planequality degrades.
is located at the center of the Gaussian profile of the Wave Mechanical SimulationEquation (5) is a coupled
potential, where the atomic density profile is almost like a partial differential equation that can be solved by various
function. Actually, the feature width is less than the digitaltechniques, and we choose the algorithm given in Ref. [15].
resolution, the only deviation from perfect focusing beingThe output is the square of the wave functid(, t) |2,
some pedestal at the base of the peak that is due tnd is shown in Figure 3. For direct comparison with the
anharmonicity of the potential. The experimental parameter€PO simulation, all the parameters are kept the same. Due to
the wave nature of atom the atomic dynamics deviates
strongly from the classical result and the density profile at
the center of the Gaussian potential exhibits a diffractive
aberration about 8 nm. In addition, the focal plane is not at
the center of the Gaussian potential but shifted somewhat
downstream. The focal plane may be brought back to the
Gaussian center by increasing the laser power, which also
results in an increase of resolution and contrast of the density
profile 1 Consequently, optimized parameters based on CPO
may not be truly optimal.

B. Effects of Laser Power and Atomic Beam Speed

As we mentioned at the Introduction atom focusing
depends on both the optical potential and the length of time
the atom takes to traverse the potential. In this section we
consider the effects of both the laser power and the atomic
beam speed, keeping all other parameters the same. In
experiments the beam speed may be easily controlled by
changing the temperature of the oven, from which atoms
emerge. The beam speeds considered here range from 1/8 to
050 0.00 8 times the original speed and we numerically optimize the
) , . , , laser power (even for the case having the original speed) so
Figure 2. Evolution of the atomic density as predicted by the o5 give the best focusing profile for each beam speed.
classical particle optics. Rays converge at the center of the . . -
Gaussian profile of the potential, which can be thought to be the The results of quantum mechanical simulations are shown
focal plane of the thick immersive lens, and beyond that the rayd? Figure 4. The curves marked "A” to “G” correspond to the
diverge. The experimental parameters given in Sec. llIA are used.beam speed 1/8 to 8 times the original speed, with the speeds

0.50™ 0.00

0.00
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Figure 5. Detailed analysis of the atomic density profiles

®) 8 various beam speeds. The beam speed is expressed in tern

relative transit timef./0.084rc Peaks with bigger heights ¢

contrasts, and narrower widths (FWHM) are better. Note th

4 best focusing performance is obtained when the speed is d
and that the parameters in Sec. IlIA (labeled Expt. param.
figure) give very poor focusing because of the unoptimized
power-beam speed pair.

[
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Figure 4. Comparison of the atomic density profilg/x, t)|* for 50

various atomic beam speeds with optimized laser power: f&) at
Al4. (b) att = t;, the focal plane. All other parameters are the same 07
as in the previous figures. Curves “A” to “G” correspond to beam
speeds 1/8 to 8 times the original speed. Curve “H” is the Gaussiz
profile of the potential. Note that in (a) the relative time is given by

t/ty, and the focal planes are located at the Gaussian center of tl
potential.

between the neighboring curves differing by a factor of 2. In 4
Figure 4(a) the curve “H” denotes the Gaussian profile of the )

optical potential (not to scale) and the rest of the curves sho 250
the atomic densities at= 0.25 as a function of the relative
time t/ty. Figure 4(b) shows the atomic densities about
x=0.25\ att =1, the time corresponding to the focal plane
for each beam speed. We find from the figure that with 100 L

200
150 +

optimal laser powers the focal planes coincide with the 50 |
Gaussian center of the potential. In general, the use of slow: 0 o
beams does not lead to improved focusing at all. Faste 4 <
beams tend to perform better, especially the beam that h: &
twice the current experimental speed (curve “E”) is shown tc Q

give a superior focusing performance. To be more quantitativ _ ©

we performed a detailed peak analysis for these laser powe A ?

atomic beam speed pairs, and the result is shown in Figure 0.2 0.25 030 ¥

It shows that as the beam speed gets slower the width ge Position in &

broader and, _overa”’ the best foc_:us_lng 1S aCh'eveq when tl‘Figure 6. Same as with Fig. 4 but calculated with the CPO appi
beam speed is doubled. The optimized peak Rabi frequentrhe focal planes deviate from the Gaussian center of the po
for this double-speed beam is 1800@uec. Note the poor and slower beams tend to be better as opposed to q
focusing with the current experimental parameters that armechanical predictions.
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unoptimized (or CPO optimized). deposition rate, which may be important in mass production.
Figure 6 shows the results of CPO simulations with theThese parameters are readily available with the current

same parameters as the quantum mechanical ones. We fitechnology.

that the laser powers optimized for quantum mechanical

simulations are not optimal for CPO: the focal planes deviate Acknowledgments This work was supported by the
from the Gaussian center of the potential and slower beam2001 institutional research fund of Sunmoon University.

tend to perform better as opposed to quantum mechanical
results. Therefore, CPO-based analysis of the atom lithography
may lead to erroneous predictions.
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Conclusions

In this paper we analyzed focusing of an atomic beam in a,
laser standing wave. By integrating both a classical ray-
tracing equation and a coupled Schrédinger equation, we
compared classical and quantum mechanical behavior of a

Cr atomic beam in a focusing laser. We found that current®

experimental parameters are optimal in the context of particleg

optics, but they are not optimal when the wave nature of 7,

atom is considered. Since the atom focusing depends on both

the force field to which atoms are subject and the length of8-
9. Anderson, W. Ret al Phys. Rev. A999 59, 2476.

time atoms experience the field, we took the variation of th
atomic beam speed into consideration and optimized thg;

on the classical particle optics approach, which doe not

incorporate the wave nature of atom, is at variance with what3:

guantum mechanics predicts and, therefore, is not dependable.
It is found that by doubling the atomic beam speed along,

with an optimized laser power, much smaller spot size abouts,
3.8nm can be obtained, if all the classical source ofi6.

imperfections are removed. Faster beam speed coupled with
higher contrast means higher throughput-that is, higher
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