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Imaging of an atomic beam with electrostatic lenses
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The imaging of a neutral atomic beam by electrostatic force has been demonstrated. An ultracold neon
atomic beam in the &[(2p)°3s:1P,] 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 thg state has been also determined to be
2.8(x0.1)x 10" % Fn?.

PACS numbes): 03.75.Be, 32.80.Pj

A lens is a basic component among various atom opticalvhere « is the atomic probability andét is the spring con-
elements, such as mirrors, beam splitters, and waveguidesant.
[1]. Various kinds of interactions have been used to achieve A lens that produces the potential of EG) focuses the
lenses for focusing or imaging of neutral atoms and mol-atomic beam only in thg-z plane but defocuses in thez
ecules. A magnetic field has been used for a long time as plane. When a composite lens system is used, the situation is
tool to manipulate atomic beani®]. The imaging of an different. The atom can be focused two dimensionally, if we
atomic beam with a hexapole magnetic lens was demondse two lens system in which the two lenses have a 90°
strated recently3]. A thin-film transparent opticf4,5] is a  rotated orientation. The focusing is achieved if the two
promising device, because it can produce in principle an arlenses are oriented so that the atom travels a larger distance
bitrary wave front. It suffers from the loss of flux and the from the optical axis when it passes through the convex po-
difficulty of eliminating spurious images. A static electric tential; therefore, it is deflected by a larger angle. The two-
field has been used to manipulate molecules with a permdens system, however, cannot produce the image that has
nent dipole momeni6]. For atoms, however, the electro- equal magnification along the andy axes. At least three
static field has been generally considered as useless, becalseses are needed to produce a perfect image that has equal
the electric dipole interaction of an atom in a stable state isnagnification.
negative. Atoms are attracted towards a higher field, and it is We used two parallel cylinders that had a radiufRkand
not possible to make a local maximum of the field in freewere separated byd2as a lengsee Fig. 1a)]. Then, the
space. Ketterle and Pritchafd] have proved that the focus- spring constant k=2aV3/(b?sinh *\/d/2R)?, and @,
ing by a thin lens is not possible by an electric field. The= —(1/4)kb?, whereb=\/d(d+2R) and =V, is the poten-
electric-dipole interaction was used in optid@-12 and  tjal of each cylinder, respectively. When an atom passed
microwave[13,14 fields to focus an atomic beam, becausethrough the lens, its transverse positiony) and velocity
an electromagnetic wave can produce both maxima angk’ y') develop according to the equations
minima in free space. Especially, the optical field is a flex-
ible tool, because the direction of the deflection can be re-
versed by changing the sign of the detuning from the atomic
resonance. The optical standing wave was used to make a
periodic atomic pattern of several tens of nanometers. It is, .
however, not easy to make a cylindrically symmetric optics Where the transfer matrices are
This paper demonstrates that, in spite of the negative inter-
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action, one can construct a cylindrically symmetric imaging coshwt  sinhot/w

optics for atoms with a combination of one-dimensional Ma(w.t)= o sinhot  coshot

electrostatic optical components. A similar technique has ©
been known in charged-particle optics,16], and a similar cosot Sinwt/

idea was used to trap atoms two dimensionflly]. When M= (o t)=( @ @ w)_

the electric field is two dimensiondt,=0, it is not difficult ¢ ’ —o Sinwt  coswt

to prove that the Stark potentidh at a stationary point is
either symmetrically repulsive or is a saddle point havingHere,t is the transit time of the atom in the lens, the char-

equal curvature along two orthogonal principal axes, acteristic frequencyw=\k/m, and m is the mass of the
atom.
D(x,y)=— 3aE?~Dy— sk(x?2—y?), (1) We used three sets of cylinders to obtain circularly sym-

metric image(see Fig. 2 The combined transfer matrices
from the object to the scregimicrochannel plate detector
*Present address: Center for Near-field Atom-Photon Technology(MCP)] in the x-z andy-z planes M, andM,, respectively,
Seoul National University, Seoul 151-742, Korea. are
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FIG. 1. (a) Scheme of electrostatic atoms leifls) The spring
constantk, andk, as functions otz
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FIG. 3. (a) The object.(b) An image of the object shown ifa)
when no voltages are appliec) An image when voltage¥,

_ =V3=*+5.34 kV andV,= £5.36 kV are applied to each electrode.
M,=M M T;)M M T,)M 3 2
X (t)Mq( @3, Ta)M (te)M (w2, T2 M (L) (d) An image of the rotated object when no voltages are appl@&d.
XMy(wq1,T1)M(t,), An image of the rotated object when the same voltages &3 are
3) applied.
My=M(tg)M (@3, T3)M(tc)Mg(w,, To)M(tp) where the suffices 1, 2, and 3 denote the first, second, and

XMc(w1,T1)M(t,),

598 nm laser

Trap

Object Y

172.5

180.5 ta

X
-V

]
'y
]

-
T
s
@w

mcp (o)

FIG. 2. Experimental setup.
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third lenses, respectively, ang, t,, t., andty are the tran-
sit time in the gaps between two optical components from
the object to the screen. The drift matik that describe the
motion of atoms between two optical components is given by

1t
M(t)=<0 1),

wheret is the transit time of the atom. The conditions to
produce the inverted perfect image of the 1:1 magnification
ratio are M,)11=(My)13=—1 and My)12=(M,)1,=0,
which can be satisfied by a proper choice of the characteristic
frequencies and transit times.

The experimental setup is shown in Fig. 2. To generate a
cold atomic beam a transfer laser at the598 nm was
focused into the magneto-optical trap of Ne atoms in the
1ss[ (2p)°3s:3P,] state. Approximately a half of the atoms
were transferred to thes}(J=0) state and fell vertically,
pulled by gravity. All optical components were aligned ver-
tically. The atom passed through the object that was located
172.5 mm below the trap, moved through the three lenses,
and hit the microchannel plate detector that was placed 1003
mm below the trap. The object was composed of four holes

Times,=t,=80.7 ms,t,=t,  that were symmetrically placed around the optical axis,
=11.2 ms,T;=T3=23.3 ms,T,=34.2 ms.

whose detailed shape is shown in Figa)3The radius of the
041601-2
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cylinder was 24 mm, and the center of the two cylinder was 20
separated by 56 mm, producing a minimum gap distance of 8
mm. The length of the three sets of cylinders and their sepa-
rations were determined so that they formed a symmetric
lens system along the: z directions. Thereforel =T, t,
=t4, andt,=t., which resulted in the image of the unit
magnification. The ratid,/t, was chosen to produce the
correct image with the same characteristic frequency,

= w,= w3= w, for all three pairs when the identical voltage B
+V was applied. The geometrical values that were used in o e e
the experiment are shown in Fig. 2. The fluorescent spots of 7100808 0402 00 02 04 06 08 10
individual atoms that hit the MCP were detected by a charge- Position (mm)
coupled-devicg CCD) camera and were recorded on a vid-
eotape. The data of their positions were retrieved through
videoprocessor, and the image was reconstructed by a per-

sonal computer. along thex axis and 84um along they axis. An extended tail

When the electric potential is applied on only one of threg, 55 3150 observed along thalirection. The tail was mainly
lenses, the lens functions as a one-dimensional focusing leng,e result of the aberration arising from the higher-order

S_ince the size of the atomic source is finite, the. image CONterms of Eq.(1). Since the atom passes the second lens at a
sists of four elongated ellipses around the focusing d|stancef

he di ion that is listed in Fi . h fioati arger distance from the optical axis in tixez plane, the
The dimension that is listed in Fig. 2 gives the magnificationgget of the aberration is larger along theaxis. The rela-
factor of the one-dimensional images a4.86, —1, and

. : tively poor imaging characteristics can be improved by using
f0'537 for the t_hree Ienses_, respectl\_/ely. The eleciric POte; more sophisticated shape for the electrode. Theoretically
tials on the cylinder at which the distance of the ellipsesy,q gherration can be reduced to any value simply by increas-
along the convergent axis become equal to those magnificgsy the radiusR of the cylindrical electrode while keeping
tions were found to b&/,=4.05 kV,V,=3.15 kV, andVs ¢ gistanced constant. In this case the electric potential of
=3.95 kV for the first, second, and third lenses, respectivelyyq glectrode has to be increased approximately proportional
We used those voltages to derive the electric polarizability 0{0 JR. Assuming that the shape of the atomic source was
the [‘590” atom in the s state a. It was 2'8@_ 0'1,). Gaussian, we estimated the effect of the missing edges of the
X 10 % Fnf. To our knowledge the electric polarizability pje in the object. The distance between the centers of the
of Ne has not been measured for the singlet metastable sta{g) o5 on the object to produce the observed pattern was 330

. 5
1s;. Shimizuet al.[17] gave a crude value of 16° Fnt, um. Therefore, the magnification factor in FigsicBand
which was estimated from the phase shift of an |nterferomet3(e) was 0.91.

ric measurement. The present value is more than three times
larger and is closer to the value obtained by PritcHd®].  51ove  the magnification factor of less than unit is also

The ele_cr:nc” pr(])tentllal to producel thle cgrkr)ect |_magﬁ Onbth%ainly the result of the edge effect of the two-cylinder lens.
MCP with all three lenses was calculated by using the abovgy, 1hree-dimensional electric potential is given to the third
values of the focusing potential for the single lens. It was

V=4.8 kV. To find the best imaging condition experimen- order of the power series onandy [15] by
tally the electric potential on each electrode was indepen- U(z)”
dently adjusted around this value. The potential to produce V(x,y,z)=U(z)x+
the best image was approximately 10% larger than the pre-

dicted value. As will be shown later, this result was mainly

due to the edge effect that had been neglected. Figuess 3 Fical axis, andW(z) is a function that varies with the geom-

to 3(e) show experimentally obtained images. The horizonta S :
and vertical sides of the figure coincide approximately to theetry of the electrode. This gives tizedependent spring con-

x andy axes, respectively. Figurg(ld is the atomic image stant for thex andy axes,

Intensity (arb. unit)
2

FIG. 4. Intensity profiles of the imad€&ig. 3(c)] for thex andy

In addition to the larger operating voltages, as mentioned

W(z)—

)x3—3W(z)xy2,

whereU(2) is the magnitude of the electric field on the op-

when the electric potentials of all cylinders were zero. The K (2)=— aU(BW—U")2—a(U")2,
large vague spots resulted from the projected pattern of the )
atomic cloud in the MOT through the hole of the object. ky(2)=6aUW,

Figure 3c) is the image when the potential wag =V,

=5.34 kV andV,=5.36 kV. In Figs. 3d) and 3e) the object  which have different magnitudes near the edge. The shape of
was rotated approximately 55° and one of the four holes wathe k,(z) andk,(z) changes depending on the shape of the
blocked to verify experimentally that the image was invertedelectrode. The approximate functional shapes in the present
Figure 4 shows the intensity profile of the image in Fi(c)3 electrode geometry are shown in Figb). which were cal-
along thex andy axes. The distance between the image ofculated by assuming thdtwas much smaller thaR and the

two holes is approximately 30@m. The image does not length of the cylinder. The spring constagt along the di-
resolve the detailed shape of the hole. The diameter of theergent axis shoots up to the edge, while Kjealong the
image of the hole at the half maximum point was 1@®  convergent axis decreases smoothly to zero. The edge effect
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is, therefore, relatively small among the convergent axis, buthe interaction potential have to be taken into consideration.
increases the divergent angle along the divergent axis. WA detailed discussion of the imaging characteristics of the
may approximate this effect on the transfer mafby by  three two-cylinder lens system will be given in a separate
replacingw in Eqg. (2) by yw with y>1. This results in the paper.

higher operating voltages of the triplet lenses. Hhaf three In conclusion we have demonstrated two-dimensional im-
lenses that are calculated from the dimensions shown in Figging of a neutral atomic beam by a static electric field. The
2 arey,=1.22,y,=1.14, andy;=1.17 for the first, second, atomic image of a simple object with a 1:1 magnification
and third lenses, respectively. Those values can be obtainedtio was obtained using a system that was composed of
experimentally by measuring the separation of the ellipsethree electrostatic concave-convex lenses. Different magnifi-
along the divergent axis in the one-dimensional image as aations can be obtained by changing the focal distance of
function of the applied voltage. They werg =1.30, v,  each lens. A relatively large astigmatism and small interac-
=1.27, andy3=1.25. They values are influenced also by tion energy are the obstacles to obtaining a large aperture
the environment of the electrode. In this calculation thelens with high quality. However, the electric lens can be used
ground potential is assumed to be at an infinite distancefor atoms with zero angular momentum. In addition, since
When the ground is brought near the electrode,tivalues  the electric field can be controlled very accurately this lens
increase. This can elucidate the larger experimeptalues  system provides a new technique for the precise control of
because there exist complicated grounded metals near tldomic motion. The electric polarizability of thesd neon
electrodes in the real experiment. The difference of the chamtom was determined as a by-product of this research.
acteristic frequency along the two axes changes the magnifi-

cation factor of the three lens system. The latter experimental This work has been partly supported by the Grants in Aid
value of y gives theoretically the magnification factor of for Scientific Researci11216202 from the Ministry of
0.95, which agrees qualitatively with the experiment. ToEducation, Science, Sports and Culture. This work was ini-
make the quantitative comparison with experiment a mordiated by M. Morinaga, who suggested the imaging with two
accurate model of the electrode configuration, the misalignelectrostatic lenses. We are also grateful to Y. Kurita for help
ment of the lens system, as well as the higher-order terms dfh the experiment.
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