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We discuss the origin of several different spatial distributions of laser cooled sodium atomsin
a magneto-optical trap. According to this analysis, similar structures can also be impressed
on the transverse profile of an effusive atoinic beam. After some extra manipulation with
laser lenses, the beain can be deposited on a cold substrate and the morphology of the
deposit will follow the pattern of the atomic beain. This may have important applications

in the field of lithography.

|. Introduction

Beams of neutral atoinscan be inanipulated through
their interaction with light. Similarly to ordinary op-
tics, where light can be controlled by mirrorsand lenses,
a beam of neutral atoins can be collimated, deflectecl
and focused by special mirrors and lenses made of
beams of light{!]. Light exerts aforce on neutral atoms
and the origin of this force can be of two types: (i) due
to the momentum transferred from tlie photon to the
atom during an absorption-emission cycle (spontaneous
force) or (ii) due to the interaction between tlie spatial
gradient of the light field and the electric dipole mo-
ment induced in the atom by the light (gradient force).
The spontaneous force occurs whenever the photon fre-
quency IS near resonant to the atomic frequency while
the gradient force is important ill the case of tiglitly fo-
cused laser beams and standing waves (SW), where the
intensity oscillates spatially every half wavelength. A
possible application for this atomic- beam optics is in
the field of subinicroii lithography(?. Indeed, light has
already been used as a lens tofocus a collimated neutral
atomic beam to submicron dimensions during deposi-
tion onto a substratel®). In this case, a regular grating
of sodium atoms with a 294 nm period and covering a
0.2 cm? area was produced on asilicon substrate after
the collimated sodium beam passed through aSW. The

gradient force originatcd by the SW was capable of pro-
ducing featureson a 10-nm scale every half wavelength.
Theoretically, a gradient force atomic objective lens is
expected to focus a collimated atomic beam down to
a width of a few angstroms. On the other hand, the
spontaneous force has been used to produce (in a con-
trolled way) different spatial distributionsof cold atoms
in a magneto- optical trap (MOT)4. Structures with
a V-shape, rings, double-rings, rings with central cores,
etc. were achieved through the use of a macroscopic
vortex force, which is due to a combination of the ra-
diation force and a misalignment of the laser beams!®l.
Although these spatial distributions were ohtained in
the MOT, it is straightforward to show that these pat-
terns can also be produced in the transverse profile
of an atomic beaml®. In this case, an effusive, colli-
inated atomic beam of, for example, sodium will cross
a magneto-optical interaction region, emerging with a
specific transverse distribution. If this atomic beam is
deposited on a cold substrate, the morphology of the de-
posit will remain asthat of the beam. Thus, it would be
possible to use this technique for neutral-atom lithog-
raphy purposes and two schemes could be employed in
order to achieve such aim. First, the specific distribu-
tion, which is tipically of the order of | mm, could be
focused on the substrate by means of laser lenses to
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a pum size and second, it could be combined with the
distributiori generated by the SW. This may have im-
portant technological applications in the field of lithog-
raphy. This work presents the main ideasrelated to the
vortex force and some experimental results concerning
to the spatial distributions produced with cold atoms

in the MOT'. as well as its extension to atomic beams.

II. Forces acting on magneto-optically trapped

atoms

The possibility of trapping atoms magneto- opti-
cally was pointed out by Pritchard et all”l and experi-
mentally accomplished one year later by Raah et all®).
The apparatus used ill the MOT technigue consists of a
Zeeman-shift spontaneous-force trap, which traps neu-
tral atoms (sodium in our case) in a vapor cell. In
our expertmental setup, three orthogonal retro-reflected
laser beams of about 15 mW at 589 nm (sodium Dy
line}, 1 cm in diameter and carrying opposite circularly
polarized liglit intercept in a region with a constant
gradient maznetic field B, generated by a spheroidal
quadrupole. The field is produced by a pair of anti-
Helmholtz ccilsand has 20 G/cm in the direction of the
axisof the coils and half of tliat in the orthogonal direc-
tions. Thescurce of atoms for this trap comes from the
low velocity tail of the atomic vapor present a.t the trap
region, whict has a density of about 5.105/cm?® when
the cdl is Bept at about 80°C. In order to minimize
collisions betveen sodium atoms and foreigii atoms or
molecules the background gas pressure is kept below
10~% torr. The laser bearn provided by a single mode
ring dyelaser istuned about 10 MHz to the red of the 3
Si/2 (F =2) — 3Pgy (' = 3) transition. In order to
circumvent unwanted transitions, which may pump the
atom out of tlie 3 S;/5 (F = 2) ground state, sidebands
at 1712 MHz are added to the main frequency as a way
of repumping it to that level. A more complete descrip-
tion of our system has been presented elsewherel4,

The MOT operates with unfocused Gaussian beams
such that tlie Force acting on the atoms is purely spon-
taneous. It is well stablished!® that in the case where

tlie laser bearas are perfectly aligned with respect to
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their retro-reflections, an atom in a MOT undergoes a
damped harinonic motion described by:

mey = ~K#—at, (1)

where m is the atomic mass, 7 is the displacenient from
tlie origin, which is defined to he the position where the
light beamns intersect (at B = 0) and #'is the atomic ve-
locity. The spring constant K isrelated to the position-
dependent atomic frequency due to the Zeeman effect,
while the damping constant is the same which occurs
in optical molasses. They are given, in units of 2kT" (h
is the Planck’s constant. R is the inverse of the radia-
tion wavelength and I'/27 = 10 MHz is the transition

linewidth), as:

K 16022]A] dw )
2o el
Mo (14+44%)
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o 16Q2|A[(k/T)
57; - 3 (3)
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where €, is the Rabi frequency at the center of the
Gaussian beam, A (< 0) is thelaser detuning and dw /dz
is the variation of the transition frequency with posi-
tion due to the inhomogeneous magnetic field. For sim-
plicity we have considered all {frequencies in units of T
and distances in units of the Gaussian beam waist w.
Due to tlie spontaneous emission, the atom undergoes a
ramdon walk in momentum space and as a consequence
it acquires a finite temperature. The steady-state so-
lution of the Fokker-Planck equation for an isotopic
damped harmonic oscillator predicts a spatial distribu-
tion of atoms with a Gaussian shape. This has actually
been found experimentally for low densities of trapped
atoms; at high densities,; acollective effect known as ra-

diation trapping may change the Gaussian distribution.
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Figure 1: (@) Geometry o the laser beams forming a race
track iii the xy planc and aligned il the z~direction. The
displacement d cach beam iS labelled s. ({b) Stable ring
distribution of atoins fornied in the configuration sliown at

(a).

Let us now consider tlie extra forcc that appears
when the trapping laser beams are misaligned by s in
tlie 2y plaue as shown in Fig. la, with the z-direction
beam perfectly aligned. This forcc is referred to as tlie
vortex force. We will consider all heams as ideal Gaus-
sians, such that the Rabi frequency for each one can be
written as R = Qpexp(—r?/2 w?) and we will analyze
tlie force acting on an atom placed along tlie r-axis.
The results obtained in this case can be extended to
anywhere in the plane through a convenient rotation if
the atom is close to the trap center such that tlie trap
amsotropy can be neglected. The presence of the vortex
force produces a rotation around the trap center. For
the geometry considered here, the velocity is mainly in

y-direction and the total forcc acting on the atom is

f=~Kzi—ovy+ F(z)y . (4)
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where
be —a*42xs

1 T Qbe—vi+2os ] 4 Qpg—wi-2ws

be—-x"—hs

F(z) (5)

with 6 = QF exp(—s?)/(1+4A%?), is the vortex force aris-
ing from tlie misalignment of tlie Gaussian laser beams.
An atom in this configuration is accelerated hy the vor-
tex force until its velocity becomes large enough such
that the vortex force is balanced by the damping force.
The energy removed by the damping is replaced by the
work of tlie vortex force and in this situation we may
have an stable circular trajectory. The stability condi-
tion requires that av = F(z) and mv? /2 = Kz, and by

combining these two equations one finds

w %r = F(z) . (6)

The term in the left-hand side, called "the effec-
tive trapping force"! has tlie elfect of pulling the atom
towards the trap center while the vortex force pushes
the atom far from the origin. The solution of Eq. ((i),
with F'(z) given in Eq. (5) gives rise to three possible

structures: ball of atoms, ring and ring with core 2.

IIT. Observation Of differdit spatial distributions
of atoinsin a MOT

When the laser beams are well aligned and cross-
iiig at the point B = 0, we always observe a spherical
cloud of atoms with a diameter of less than to 1 mm at
tlie trap center, for all detunings where tlie trap works.
When the small misalignment shown in Fig. la isin-
troduced to the beams contained in the zy plane, dif-
ferent spatial structures are observed. At a high field
gradient and/or small misalignment (s~ 0.2w) we ob-
tain a slightly distorted cloud of atoms close to the
origin. However, as the misalignment increases, differ-
ent structures are obtained depending on the detuning,
laser intensity and field gradient. For large detunings
(JA] ~ 2T), moderate ficld gradients and laser intensi-
ties, we found that for beam displacements between 0.5
w and 2 w, the atoms are distributed in a ring-shaped
structure, as the orie shown in Fig. Ib. Decreasing

the detuning and increasing tlie laser power produces
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Figure 2: (a) Double ring distribution occuring due to tlic
spatial dependence o K and «. (b) Computer simulated
trajectory fcr this configuration.

aring with a central core of atom. All these struc-
tures are predicted by Eq. (6), where K and o were
assumed to be independent of r. However, when the
ring radius increases, tlic trap anisotropy and the spa-
tial dependence of K and o becomes important. In this
case. we observe the double ring pattern shown in Fig.
2a. A computer simulated trajectory with the follow-
ing parameters: Qg = 13T, A = —25I", s = 2.6w and
dw/dz = 11'/em (Fig.2b) using the exact expressions
for K and ¢ from Egs. (2) and (3) and including the
spatial depeadence of the Rabi frequency supports well
this experir ental result.

A few otlier Interesting spatial distributions, not de-
scribed by Eq. (6), can also be obtained. In the anti-
vorlex configuration the two laser beams parallel to the
z-axis are exchanged such that the previous race-track
configuration is destroyed. We then have a double-well
potential which gives rise to the distribution shown
in Fig.3a, made of two almost spherical clouds. This
structure is fully described in ref. [9]. Another way
of achieving different spatial distributions of atoms is
through the change of the transverse profile of tlic trap-

ping lager beams. The V-like structure shown in Fig. 3b
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Figure 3: Distributions obtained with special experimental
conditions. See text for details.

isobtained whenever a thin wire blocks the central part
of one of the laser beams. One could also use one or
two of tlic trapping laser beams with a TEM;, trans-
verse mode to achieve other types of spatial configura-
tions. Finally, just by playing with the misalignment,
one can obtain a great variety of structures such as the

one shown in Fig. 3c.
V. Spatial distributions in atomic beams

The spatial distributions presented in the previous
scctioii could also be obtained in atomic beams. For
this purpose the spheroidal inagnetic quadrupole has
to be replaced by a two-dimensional quadrupole whose
B = 0 axiscoincides with the atomic beam. Besides, in-
stead of using six TEM, Gaussian laser beams, one has
to use four elliptic beams impinging perpendicularly to
the atomic beam, which runs inside a pyrex tube. This
two-dimensional configuration of laser beams and mag-
netic field will produce a transverse cooling, which gives
rise to an atomic collimation and the desired trans-

verse spatial distribution*®!, This distribution could
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be deposited on a cold substrate, either by reducing its
size with a.laser lens or combining it with the distribu-
tion generated by a S.W. The pattern obtained in this
way may be of technological importance in the field of
neutral-atom lithography. Experiments on tliis subject
are being prepared in our laboratory.

Finally, we would like to address tlie problem of a
possible chromatic aberration associated with the finite
atomic energy spread. Since tlie longitudinal velocity
of tlie atomic heam follows a Maxwell-Boltzmann dis-
tribution, each velocity class will take a different time
to transverse tlie interaction region. As soon as tlie
atom gets into the interaction region, there is a tran-
sient motion, with a time cliaracterized by the inverse
of the damping constant a, until it finally follows a
helix-like path (in the case of aring-shaped transverse
distribution). In order to avoid chromatic aberration,
the interaction region has to be long enough such that
the fastest atoms have enough time to go to tlie steady
state motion. In sodium, this condition can be easily

fulfilled for an interaction length of a felv centimeter.

V. Conclusions

11 conclusion, we have observed a great number of
spatial distributions of cold atoinsin a MOT. We dis-
cussed tlie possible extension of tliis technique to an
effusive atomic beam, which would acquire a specific
transverse distribution after crossing a magneto-optical
interaction region. After some extra manipulation with
laser lenses, the beam could be deposited on a cold sub-
strate and the morphology of tlie thin filin would be the
same Of that iinpressed in the beam. This may have im-

portant technological applications in lithography.
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