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Imaging of an atomic beam with electrostatic lenses

Heung-Ryoul Noh,* Kazuko Shimizu, and Fujio Shimizu
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~Received 21 September 1999; published 28 February 2000!

The imaging of a neutral atomic beam by electrostatic force has been demonstrated. An ultracold neon
atomic beam in the 1s3@(2p)53s:1P0# state illuminated a transparent object, passed through a set of three
electrostatic lenses, and formed the image on a microchannel plate detector with the magnification of unity.
Each lens consisted of two parallel cylinders that functioned as a concave lens along one axis and as a convex
lens along the other axis. The atomic polarizability of neon in the 1s3 state has been also determined to be
2.8(60.1)310239 Fm2.

PACS number~s!: 03.75.Be, 32.80.Pj
ic
id
ev
o
s

o

a
e

ic
m
-

ca
e
it
ee
-
he

se
an
x
re

m
ke
t i
cs
te
ng
a
a

ing

n is
we
90°
o

ance
po-
o-
has

equal

sed

r-

m-
s
r

og
A lens is a basic component among various atom opt
elements, such as mirrors, beam splitters, and wavegu
@1#. Various kinds of interactions have been used to achi
lenses for focusing or imaging of neutral atoms and m
ecules. A magnetic field has been used for a long time a
tool to manipulate atomic beams@2#. The imaging of an
atomic beam with a hexapole magnetic lens was dem
strated recently@3#. A thin-film transparent optics@4,5# is a
promising device, because it can produce in principle an
bitrary wave front. It suffers from the loss of flux and th
difficulty of eliminating spurious images. A static electr
field has been used to manipulate molecules with a per
nent dipole moment@6#. For atoms, however, the electro
static field has been generally considered as useless, be
the electric dipole interaction of an atom in a stable stat
negative. Atoms are attracted towards a higher field, and
not possible to make a local maximum of the field in fr
space. Ketterle and Pritchard@7# have proved that the focus
ing by a thin lens is not possible by an electric field. T
electric-dipole interaction was used in optical@8–12# and
microwave@13,14# fields to focus an atomic beam, becau
an electromagnetic wave can produce both maxima
minima in free space. Especially, the optical field is a fle
ible tool, because the direction of the deflection can be
versed by changing the sign of the detuning from the ato
resonance. The optical standing wave was used to ma
periodic atomic pattern of several tens of nanometers. I
however, not easy to make a cylindrically symmetric opti
This paper demonstrates that, in spite of the negative in
action, one can construct a cylindrically symmetric imagi
optics for atoms with a combination of one-dimension
electrostatic optical components. A similar technique h
been known in charged-particle optics@15,16#, and a similar
idea was used to trap atoms two dimensionally@17#. When
the electric field is two dimensional,Ez50, it is not difficult
to prove that the Stark potentialF at a stationary point is
either symmetrically repulsive or is a saddle point hav
equal curvature along two orthogonal principal axes,

F~x,y!52 1
2 aE2'F02 1

2 k~x22y2!, ~1!

*Present address: Center for Near-field Atom-Photon Technol
Seoul National University, Seoul 151-742, Korea.
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wherea is the atomic probability andk is the spring con-
stant.

A lens that produces the potential of Eq.~1! focuses the
atomic beam only in they-z plane but defocuses in thex-z
plane. When a composite lens system is used, the situatio
different. The atom can be focused two dimensionally, if
use two lens system in which the two lenses have a
rotated orientation. The focusing is achieved if the tw
lenses are oriented so that the atom travels a larger dist
from the optical axis when it passes through the convex
tential; therefore, it is deflected by a larger angle. The tw
lens system, however, cannot produce the image that
equal magnification along thex and y axes. At least three
lenses are needed to produce a perfect image that has
magnification.

We used two parallel cylinders that had a radius ofR and
were separated by 2d as a lens@see Fig. 1~a!#. Then, the
spring constant k52aV0

2/(b2 sinh21Ad/2R)2, and F0

52(1/4)kb2, whereb5Ad(d12R) and6V0 is the poten-
tial of each cylinder, respectively. When an atom pas
through the lens, its transverse position (x,y) and velocity
(x8,y8) develop according to the equations

S x
x8 D5Md~v,t !S x0

x08
D and S y

y8 D5Mc~v,t !S y0

y08
D ,

where the transfer matrices are

Md~v,t !5S coshvt sinhvt/v

v sinhvt coshvt D ,

~2!

Mc5~v,t !5S cosvt sinvt/v

2v sinvt cosvt D .

Here, t is the transit time of the atom in the lens, the cha
acteristic frequencyv5Ak/m, and m is the mass of the
atom.

We used three sets of cylinders to obtain circularly sy
metric image~see Fig. 2!. The combined transfer matrice
from the object to the screen@microchannel plate detecto
~MCP!# in thex-z andy-z planes,Mx andM y , respectively,
are

y,
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Mx5M ~ td!Md~v3 ,T3!M ~ tc!Mc~v2 ,T2!M ~ tb!

3Md~v1 ,T1!M ~ ta!,
~3!

M y5M ~ td!Mc~v3 ,T3!M ~ tc!Md~v2 ,T2!M ~ tb!

3Mc~v1 ,T1!M ~ ta!,

FIG. 1. ~a! Scheme of electrostatic atoms lens.~b! The spring
constantskz andky as functions ofz.

FIG. 2. Experimental setup. Times;ta5td580.7 ms, tb5tc

511.2 ms,T15T3523.3 ms,T2534.2 ms.
04160
where the suffices 1, 2, and 3 denote the first, second,
third lenses, respectively, andta , tb , tc , andtd are the tran-
sit time in the gaps between two optical components fr
the object to the screen. The drift matrixM that describe the
motion of atoms between two optical components is given

M ~ t !5S 1 t

0 1D ,

where t is the transit time of the atom. The conditions
produce the inverted perfect image of the 1:1 magnificat
ratio are (Mx)115(M y)11521 and (Mx)125(M y)1250,
which can be satisfied by a proper choice of the character
frequencies and transit times.

The experimental setup is shown in Fig. 2. To generat
cold atomic beam a transfer laser at thel5598 nm was
focused into the magneto-optical trap of Ne atoms in
1s5@(2p)53s:3P2# state. Approximately a half of the atom
were transferred to the 1s3(J50) state and fell vertically,
pulled by gravity. All optical components were aligned ve
tically. The atom passed through the object that was loca
172.5 mm below the trap, moved through the three lens
and hit the microchannel plate detector that was placed 1
mm below the trap. The object was composed of four ho
that were symmetrically placed around the optical ax
whose detailed shape is shown in Fig. 3~a!. The radius of the

FIG. 3. ~a! The object.~b! An image of the object shown in~a!
when no voltages are applied.~c! An image when voltagesV1

5V3565.34 kV andV2565.36 kV are applied to each electrod
~d! An image of the rotated object when no voltages are applied~e!
An image of the rotated object when the same voltages as in~c! are
applied.
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cylinder was 24 mm, and the center of the two cylinder w
separated by 56 mm, producing a minimum gap distance
mm. The length of the three sets of cylinders and their se
rations were determined so that they formed a symme
lens system along the6z directions. Therefore,T15T3 , ta
5td , and tb5tc , which resulted in the image of the un
magnification. The ratiota /tb was chosen to produce th
correct image with the same characteristic frequency,v1
5v25v35v, for all three pairs when the identical voltag
6V was applied. The geometrical values that were use
the experiment are shown in Fig. 2. The fluorescent spot
individual atoms that hit the MCP were detected by a char
coupled-device~CCD! camera and were recorded on a vi
eotape. The data of their positions were retrieved throug
videoprocessor, and the image was reconstructed by a
sonal computer.

When the electric potential is applied on only one of thr
lenses, the lens functions as a one-dimensional focusing
Since the size of the atomic source is finite, the image c
sists of four elongated ellipses around the focusing dista
The dimension that is listed in Fig. 2 gives the magnificat
factor of the one-dimensional images as21.86, 21, and
20.537 for the three lenses, respectively. The electric po
tials on the cylinder at which the distance of the ellips
along the convergent axis become equal to those magni
tions were found to beV154.05 kV, V253.15 kV, andV3
53.95 kV for the first, second, and third lenses, respectiv
We used those voltages to derive the electric polarizability
the neon atom in the 1s3 state a. It was 2.8(60.1)
310239 Fm2. To our knowledge the electric polarizabilit
of Ne has not been measured for the singlet metastable
1s3 . Shimizuet al. @17# gave a crude value of 10239 Fm2,
which was estimated from the phase shift of an interferom
ric measurement. The present value is more than three t
larger and is closer to the value obtained by Pritchard@18#.
The electric potential to produce the correct image on
MCP with all three lenses was calculated by using the ab
values of the focusing potential for the single lens. It w
V54.8 kV. To find the best imaging condition experime
tally the electric potential on each electrode was indep
dently adjusted around this value. The potential to prod
the best image was approximately 10% larger than the
dicted value. As will be shown later, this result was main
due to the edge effect that had been neglected. Figures~a!
to 3~e! show experimentally obtained images. The horizon
and vertical sides of the figure coincide approximately to
x and y axes, respectively. Figure 3~b! is the atomic image
when the electric potentials of all cylinders were zero. T
large vague spots resulted from the projected pattern of
atomic cloud in the MOT through the hole of the obje
Figure 3~c! is the image when the potential wasV15V3
55.34 kV andV255.36 kV. In Figs. 3~d! and 3~e! the object
was rotated approximately 55° and one of the four holes
blocked to verify experimentally that the image was invert
Figure 4 shows the intensity profile of the image in Fig. 3~c!
along thex and y axes. The distance between the image
two holes is approximately 300mm. The image does no
resolve the detailed shape of the hole. The diameter of
image of the hole at the half maximum point was 170mm
04160
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along thex axis and 84mm along they axis. An extended tail
was also observed along thex direction. The tail was mainly
the result of the aberration arising from the higher-ord
terms of Eq.~1!. Since the atom passes the second lens
larger distance from the optical axis in thex-z plane, the
effect of the aberration is larger along thex axis. The rela-
tively poor imaging characteristics can be improved by us
a more sophisticated shape for the electrode. Theoretic
the aberration can be reduced to any value simply by incre
ing the radiusR of the cylindrical electrode while keepin
the distanced constant. In this case the electric potential
the electrode has to be increased approximately proporti
to AR. Assuming that the shape of the atomic source w
Gaussian, we estimated the effect of the missing edges o
holes in the object. The distance between the centers of
holes on the object to produce the observed pattern was
mm. Therefore, the magnification factor in Figs. 3~c! and
3~e! was 0.91.

In addition to the larger operating voltages, as mention
above, the magnification factor of less than unit is a
mainly the result of the edge effect of the two-cylinder len
The three-dimensional electric potential is given to the th
order of the power series onx andy @15# by

V~x,y,z!5U~z!x1S W~z!2
U~z!9

6
D x323W~z!xy2,

whereU~z! is the magnitude of the electric field on the o
tical axis, andW~z! is a function that varies with the geom
etry of the electrode. This gives thez-dependent spring con
stant for thex andy axes,

kx~z!52aU~6W2U9!22a~U8!2,
~4!

ky~z!56aUW,

which have different magnitudes near the edge. The shap
the kx(z) andky(z) changes depending on the shape of
electrode. The approximate functional shapes in the pre
electrode geometry are shown in Fig. 1~b!, which were cal-
culated by assuming thatd was much smaller thanR and the
length of the cylinder. The spring constantkx along the di-
vergent axis shoots up to the edge, while theky along the
convergent axis decreases smoothly to zero. The edge e

FIG. 4. Intensity profiles of the image@Fig. 3~c!# for thex andy
axes.
1-3
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is, therefore, relatively small among the convergent axis,
increases the divergent angle along the divergent axis.
may approximate this effect on the transfer matrixMd by
replacingv in Eq. ~2! by gv with g.1. This results in the
higher operating voltages of the triplet lenses. Theg of three
lenses that are calculated from the dimensions shown in
2 areg151.22,g251.14, andg351.17 for the first, second
and third lenses, respectively. Those values can be obta
experimentally by measuring the separation of the ellip
along the divergent axis in the one-dimensional image a
function of the applied voltage. They wereg151.30, g2
51.27, andg351.25. Theg values are influenced also b
the environment of the electrode. In this calculation t
ground potential is assumed to be at an infinite distan
When the ground is brought near the electrode, theg values
increase. This can elucidate the larger experimentalg values
because there exist complicated grounded metals nea
electrodes in the real experiment. The difference of the ch
acteristic frequency along the two axes changes the mag
cation factor of the three lens system. The latter experime
value of g gives theoretically the magnification factor o
0.95, which agrees qualitatively with the experiment.
make the quantitative comparison with experiment a m
accurate model of the electrode configuration, the misali
ment of the lens system, as well as the higher-order term
s
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the interaction potential have to be taken into considerat
A detailed discussion of the imaging characteristics of
three two-cylinder lens system will be given in a separ
paper.

In conclusion we have demonstrated two-dimensional
aging of a neutral atomic beam by a static electric field. T
atomic image of a simple object with a 1:1 magnificati
ratio was obtained using a system that was composed
three electrostatic concave-convex lenses. Different mag
cations can be obtained by changing the focal distance
each lens. A relatively large astigmatism and small inter
tion energy are the obstacles to obtaining a large aper
lens with high quality. However, the electric lens can be us
for atoms with zero angular momentum. In addition, sin
the electric field can be controlled very accurately this le
system provides a new technique for the precise contro
atomic motion. The electric polarizability of the 1s3 neon
atom was determined as a by-product of this research.
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for Scientific Research~11216202! from the Ministry of
Education, Science, Sports and Culture. This work was
tiated by M. Morinaga, who suggested the imaging with tw
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in the experiment.
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