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With strong rare-earth permanent magnets we have built highly refractive atom-optical components for
laser-cooled atoms. We have studied the influence of axially symmetric multipole components on a cesium
atomic beam. In analogy to traditional optics the action of a quadrupole ring parallels a conical prism, or
axicon. Hexapole lenses were applied for focusing with a more than 1000-fold increase in atomic flux density
at the focal spot and for imaging with the atomic beam. Two hexapole lenses were combined to form a
telescope, which was operated off axis in order to separate fast thermal and slowed atoms. The experiments can
approximately be described in terms of geometrical optics.@S1050-2947~96!07812-2#

PACS number~s!: 03.75.Be, 42.50.Vk

I. INTRODUCTION

It is the purpose of this work to redraw attention to the
classical method of neutral atom optics relying on the deflec-
tion of paramagnetic atoms by inhomogeneous magnetic
fields. The close analogy between atomic and optical rays in
terms of traditional optics was realized when hexapole lenses
were invented@1#, but can already be traced back to the
famous early atomic beam experiments by Stern@2# in the
1920s and their successor, the Rabi apparatus@3#.

In recent years the field of neutral atom optics has been
revived by the application of light forces. Mechanical action
on atomic beams can be exerted through dissipative radiation
pressure or through conservative dipole forces derived from
near-resonant or intense laser beams@4#. Many components
of classical ray optics such as prisms, beam splitters, mirrors,
and lenses have been demonstrated experimentally with laser
light. Diffraction of matter waves by standing light wave
gratings is very conveniently applied in atomic interferom-
etry @5,6#. However, the usefulness of these laser light com-
ponents for conventional applications is often limited by the
small aperture that can be achieved.

Although electromagnetic lenses with hexapole and quad-
rupole symmetry had been realized in the early 1950s@1#,
applications have remained scarce. Notable exceptions in-
clude atomic clocks and hydrogen masers in which hexapole
lenses serve to increase atomic flux densities as well as to
magnetically polarize a thermal beam@7#.

The main obstacle for magnetic atom optics has been the
low refractive power of magnetic components at conven-
tional laboratory field intensities, which for atoms effusing
from a heated oven have unpractically large focal lengths of
much more than 1 m. Furthermore, the optical quality is
seriously afflicted by the broad velocity distribution in such a
thermal beam through the strong variation of the focal length
f with atomic velocityv ( f}v2). Supersonic beams can re-
duce the velocity spreadDv/v but generate an even higher

average atomic beam velocity resulting in smaller refractive
power.

In recent years laser cooling of a thermal atomic beam has
made efficient reduction of both the atomic velocity~e.g., the
focal length! and the velocity spread possible. Focusing of a
laser-cooled atomic beam by an electromagnetic lens was
first reported by Metcalf, Philips, and Prodan@8#, and an
increase in flux density by a factor of 10 was achieved.

We have used a laser-prepared slow atomic cesium beam
with a narrow velocity distribution for a systematic investi-
gation of the action of axial magnetic quadrupoles and hexa-
poles on the atomic beam propagation. In combination with
components manufactured from strong permanent magnetic
materials the refractive power was increased enough to real-
ize convenient focal lengths of a few cm. While in this work
we report on transmissive magnetic components in analogy
to optical lenses it is possible to also establish a reflective
version of magnetic atom optics@9,10#. The first magnetic
mirror was demonstrated by Hinds and co-workers@11#.

With inhomogeneous magnetic fields it is possible to de-
flect beams of paramagnetic atoms. Such atoms are generally
found in uneven groups of the periodic system of elements,
for instance, the alkali metals. The energy of a magnetic
dipole in a magnetic field with flux densityB is known from
classical electrodynamics,

Vdip52m•B ~1!

and the corresponding force is

Fmag5¹~m•B!5~m–“!B ~2!

for a constant magnetic momentm. Since polarized atomic
beams are most interesting for neutral atom optics—and can
be prepared by optical pumping—the discussion can be re-
stricted to atoms with magnetic momentm either parallel or
antiparallel to the direction of the magnetic flux densityB.
Atoms forced towards stronger~weaker! flux density are
called high-field-seeking~low-field-seeking! atoms. It is tol-
erable to neglect the contribution of the nuclear moment. The
total magnetic moment is thenm5mB for J5 1

2 states, for
instance, in alkali atoms, orm52mB for J5 3

2 atoms, for
instance, Al, Ga, or In. For a field gradient of 1 T/cm fully
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aligned hydrogen atoms experience an acceleration
Fmax/mH553104g, whereas the heavier cesium atoms un-
dergo 400g acceleration.

Large magnetic flux densities are essential for the con-
struction of highly refractive magnetic components. The cur-
rent densities required to generate such large field inhomo-
geneities from solenoids are large and an ambitious task even
with superconducting coils. Rare-earth magnetic materials
~REM’s!, however, with both large magnetic remanenceBr
and high coercive field strengthHc are particularly useful
and readily available to construct magnetic components with
very strong gradients for neutral atom optics.

II. CONSTRUCTION OF PERMANENT MAGNETIC
COMPONENTS

A. Concepts

The concept of plane magnetic multipoles constructed
from REM’s was pioneered by Halbach@12# for applications
in charged-particle accelerators. The relative susceptibility of
REM’s such as SmCo or Nd-Fe-B is very close to unity and
the magnetization is constant over a wide range of external
magnetic field strengths. Therefore the total magnetic field of
an arrangement consisting of more than one REM piece can
be determined from the superposition principle if the use of
high flux materials is avoided~iron-free structures!, allowing
the application of elegant methods of potential theory, such
as conformal mapping. In practice the field distribution can
be predicted at the 1% level once the geometry of the indi-
vidual REM segments is known@13#.

Transmissive magnetic components useful for atom optics
have cylindrical geometry as shown in Fig. 1. The amplitude
of the magnetizationM is constant,uM u5M05Br /m0, while

the direction ofM varies to obtain the desired multipole
symmetry. The magnetic potentialFM can then be given in
terms of a Fourier sum, and a pure magnetic 2n pole, where
n is called the order of the multipole, is expected if just a
single Fourier component of the magnetization is present:

M r~n!5M0cosnf,
~3!

Mf~n!5M0sin nf,

In this case the potential in the inner bore of a cylindrical
element with magnetization according to Eq.~3! and inner
and outer radiusr1 andr2, respectively, is given in cylindri-
cal coordinates (r,f) by

FM~n!5BrKn~r1 ,r2!r1~r/r1!
ncosnf, ~4!

where the expansion coefficient reads

Kn~r1 ,r2!5@12~r1 /r2!
n#/~n21!. ~5!

The flux density distribution is then calculated from

B5¹FM . ~6!

The most important cases for neutral atom optics are the
quadrupole field for 2n54 and the hexapole field for
2n56. Interestingly the field outside the cylindrical structure
(r.r2) completely vanishes and is very small in real com-
ponents, which is convenient or even essential for most ap-
plications.

In practice the magnetization does not vary continuously
with anglef but is approximated with discrete, homoge-
neously magnetized segments, as indicated in Fig. 1. The
segmentation causes a weakening of the desired multipole
strength and also gives rise to unwanted higher-order multi-
poles. Halbach has introduced a geometry factorGS,n ac-
counting for the piecewise rotation of the magnetization. For
a multipole of ordern constructed fromS homogeneously
magnetized and pie-shaped segments it is

GS,n5
sin~n11!p/S

~n11!p/S
,1. ~7!

Higher multipoles of ordern8 enter for

n85n1nS,

~8!

n51,2, . . .

and are usually insignificant in the center of the aperture of
the magnetic component.

For neutral atom optics the most important quantity in any
multipole component is the variation of the magnitude of the
flux density, which in a perfect multipole only depends on
the distancer from the geometric axis,

uB~r,f!u5Bn~r/r1!
n21, ~9!

whereBn is the strength of the flux density at the outer edge
of the aperture, which is

FIG. 1. Configurations of permanent magnets that form a plane
magnetic quadrupole (2n54) and a magnetic hexapole (2n56)
with flux lines sketched in the inner bore. Shown in the bottom part
are equipotential surfaces for low-field-seeking paramagnetic atoms
in the corresponding magnetic rings of finite length.
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B252Br@12~r1 /r2!
2#GS,2 ,

~10!
B35

3
2 Br@12~r1 /r2!

3#GS,3

for quadrupole and hexapole. In Table I we have collected
essential data for these components showing that with mod-
erate effort about 80% of the perfect multipole strength
(r1 /r2→0,GS,n→1) can be realized.

While Eqs. ~3!–~7! are valid for infinitely long multi-
poles, the influence of the finite lengthL needs to be consid-
ered for more delicate optical applications, e.g., imaging or
focusing. The fringe fields retain the symmetry properties of
the plane multipole, and Halbach@12# has also given pre-
scriptions for an analytical treatment. Following that pre-
scription we obtained a series expansion for the magnetic
flux density of our finite multipoles. The final expression is
long and complicated, and here we present only a summary
of the main results. The calculated radial potential experi-
enced by a low-field-seeking atom is shown in Fig. 1
whereas Fig. 2 shows a cross section of the calculated and
measured magnetic flux density across the center of a hexa-
pole ring. For the calculation only the first two terms of the
series expansion were retained. Near the center the agree-
ment is very good while at larger radii the truncation of the
series leads to small deviations. A closer look at those devia-

tions shows that they have the same radial dependence as the
first neglected term in the series expansion. In order to
achieve the magnetic flux density of the corresponding infi-
nite multipole in the center of the component the lengthL of
the magnetic component has to be at least twice the inner
radiusr1 @12#. The analytic description of the finite multi-
pole rings is useful in a theoretical investigation of the opti-
cal aberrations, for instance; this will be discussed in a sepa-
rate publication.

B. Manufacturing and controlling

For fabrication of the magnetic components the highly
anisotropic, unmagnetized raw material was bought as sin-
tered blocks with typical dimensions 503503100 mm3.
The direction of the easy axis in each block is misaligned
with respect to the block axes by up to 3° as a result of the
production process. Only the inner 75% of the volume were
used in order to reduce the influence of manufacturing toler-
ances. Wire erosion was used to cut segments of about 1
cm3 each. The segments were then magnetized and as-
sembled in aluminum ring holders. For improved perfor-
mance it is possible to align individual elements in an effort
to tune away undesired multipoles, and also to select seg-
ments for optimum contribution by measuring each indi-
vidual magnetic moment with a fluxmeter.

The dominant multipole contribution of our fully as-
sembled magnetic components was examined by means of a
Hall probe. In Fig. 2 the result of such a measurement is
compared with the calculated values.

The investigation of higher-order multipole components
requires diagnostics of rapidly varying distributions of mag-
netic flux density with spatial resolution at the 100-mm level
or below. The widths of standard Hall probes~2 mm in our
case! are insufficient for this purpose. Instead, the axial sym-
metry suggests rotation of an induction coil inside the mul-
tipole magnet, or the rotation of the multipole magnet around
the coil. Fourier components of the induced voltage are pro-
portional to the strength of the corresponding multipole. In
order to achieve a maximum sensitivity it is necessary to
nearly fill out the complete inner bore of the magnetic mul-
tipole with the coil@14,15#. High accuracy, however, is very
difficult to achieve in practice because of the extreme sensi-

TABLE I. Properties of the three different magnetic components used in the experiments.

Quadrupole Hexapole type I Hexapole type II

Multipole ordern 2 3 3
Material SmCo5 Nd-Fe-B Nd-Fe-B
Permeabilitym r 1.02 1.08 1.08
RemanenceBr ~T! 0.95 1.12 1.12
Number of segmentsS 16 12 12
Geometry factorGS,n 0.94 0.83 0.83
Inner radiusr1 ~mm! 11 7.5 15
Outer radiusr2 ~mm! 25.5 30 30
LengthL ~mm! 38.1 25 20
B(r1) ~T! 0.96 1.3 0.83
]B/]r ~T/cm! 0.87
]2B/]r2 ~T/cm2) 2.3 0.37
@12(r1 /r2)

n#GS,n 0.76 0.82 0.73

FIG. 2. Calculated~solid line! and measured~dashed line! mag-
netic flux density across the center of a hexapole ring type I~cf.
Table I! with L525 mm,r157.5 mm, andr2530 mm.
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tivity to coil misalignment and variations in angular velocity.
A third method to map the magnetic flux density of the

multipole rings employs fluorescence from an atomic beam
and will be described in Sec. IV A.

III. EXPERIMENTAL SETUP

A. Estimate of refractive power

We assume a typical magnetic flux density gradient of
b5dB/dz51 T/cm at the apertureD52r1'1 cm of a
magnetic component of lengthL. With longitudinal atomic
velocity v252Ekin /m and v'5mBbL/(vm) the small de-
flection angle caused by this component isa5v' /v from
which one calculates an effective focal length

f5DEkin /mBbL. ~11!

At thermal kinetic energies equivalent to 410 K Eq.~11!
yields f'600 cm/(L/cm!. Therefore laser cooling is an es-
sential experimental requirement to obtain convenient focal
lengths in the 5–10-cm domain for components with typical
lengths of 2 cm.

B. The slow atomic beam

A cesium atomic beam is slowed by the chirp cooling
method @16,17#. The thermal atomic beam (T5410 K,
v rms5300 m/s! from a resistively heated oven with a nozzle
diameter of 1 mm is collimated by an aperture~1 mm diam-
eter! to a ratio of 1/330~Fig. 3!. 852-nm light is derived from
two diode lasers to cycle theF54→5 transition of theD2
line and to recover atoms pumped to the uncycledF53
ground state. Laser frequencies are chirped to maintain reso-
nance with the decelerating atoms. Both beams are circularly
polarized and focused into the vacuum chamber and into the
oven aperture, so that they completely overlap the atomic
beam. Their power densities are sufficient to saturate the
4→5 transition (I sat52.2 mW/cm2) and fulfill the repump-
ing condition (I repump.50 mW/cm2) everywhere along the
atomic beam path. A small longitudinal magnetic flux den-
sity of 5 G generated by a solenoid along the slowing section
preserves the orientation of the magnetic moments. A me-
chanical chopper in the light path with a rise time oft,50
ms determines the 10-Hz cooling cycle. For 7 ms the lasers

are chirped with a rate of typically 50 MHz/ms. The light is
then blocked by the chopper blade for 93 ms while the lasers
are reset to their initial detunings. The cooled atoms can
propagate freely before a new cooling cycle starts. Directly
in front of the collimating aperture of the atomic beam an
electronically driven mechanical shutter with a rise time
t5500 ms allows us to unblock the atomic beam in phase
with the slowing light pulse. As a consequence the arrival of
fast thermal atoms simultaneously with the slowed atoms at
the detection zone is strongly suppressed.

With this atomic beam source it is possible to generate
pulses of slow cesium atoms spatially extending over a
length of about 30 cm. The final longitudinal atomic velocity
v can be chosen between 0 and 200 m/s with a relative
uncertainty of 5 m/s. The longitudinal velocity spread was
determined by Doppler-free spectroscopy to be smaller than
3 m/s. In total we achieve a flux of 107 slow atoms per pulse,
i.e., 108 atoms/s. From fluorescence spectra taken in an in-
homogeneous magnetic field we calculate that more than
93% of these atoms are in theF54, mF54 magnetic sub-
state. Atoms in other magnetic substates can thus be ne-
glected in the following experiments. Approximately
83104 spontaneous absorption-emission processes per atom
during the slowing lead to a transverse heating of the atomic
beam. Due to the high mass transverse diffusion of cesium
atoms out of the slowing laser is not significant@18#. The
transverse beam profile becomes a Gaussian with a full width
at half maximum of typically 8 mm~11 mm! for a final
velocity of 90 m/s~35 m/s!.

C. Recording of atomic beam profiles

At variable distances behind the magnetic components the
atoms traverse a detection zone. Resonant laser light from a
diode laser locked to theF54→5 line of the cesiumD2
transition is weakly focused into the vacuum chamber with a
cylindrical lens, forming a light sheet with a focal line waist
of 110mm and a Rayleigh zone length of 6 mm.

During their passage through the light sheet the atoms
fluoresce, and the spatial distribution of the fluorescence
light that corresponds to the density distribution of the
atomic beam is recorded with an image-intensified slow scan
charge-coupled device~CCD! camera. The image intensifier
can be gated for times as short as 100 ns allowing time-
resolved detection. The 12-bit gray-scale video image is
available on a computer for quantitative analysis. Formerly
only a standard technique in combustion research, this
method was first used in atomic beam monitoring by Es-
slinger, Hemmerich, and Ha¨nsch@19#.

Since 2.5 video images per second can be taken, real-time
alignment of the light sheet and atomic beam with the assis-
tance of standard vacuum manipulators is possible. The CCD
camera was calibrated absolutely and its linearity was tested.
A photon flux of about 25~photons/s!/pixel is sufficient to
overcome the noise level. With our maximum 1:1.4 imaging
ratio for our camera optics we achieve a spatial resolution of
160 mm with the dominant contribution coming from the
image intensifier, which spreads a signal over 535 pixels
~each pixel is 23323 mm2 wide!.

In order not to obstruct the light path of the slowing la-
sers, the CCD camera was mounted slightly off the optical
axis. Therefore all video images exhibit a small parallax.

FIG. 3. The experimental setup, showing the atomic oven, a slit
with a mechanical shutter, the atomic beam, the slowing and re-
pumping lasers, and the detection zone. The magnetic components
are introduced into the atomic-beam path as marked and their action
on the optically prepared atomic-beam is recorded with a CCD
camera by atomic fluorescence detection with a light sheet tech-
nique @19#.
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IV. THE MAGNETIC QUADRUPOLE RING

We have used magnetic quadrupole rings with a length of
38.1 mm and an open bore of 22 mm, consisting of 16 seg-
ments each~Fig. 1 and Table I!. They were made from
SmCo5 with remanenceBr50.95 T and possess a magnetic
flux density gradient of 0.87 T/cm@20#. Theoretically the
next higher multipole for these quadrupoles is, according to
Eq. ~8!, the 36-pole. Due to imperfect segments and geom-
etry, however, small contaminations enter at the hexapole
and octupole level already.

A. Magnetic contour mapping

An atomic beam is a sensitive probe of the field distribu-
tion because resonance frequencies strongly depend on the
local magnetic field strength. A 10-MHz Zeeman shift, i.e.,
more than a typical linewidth for transverse Doppler free
excitation of an atomic beam, is caused by no more than
1-mT modification of the magnetic flux density. In strong
permanent multipoles such variations may occur on a scale
of a few 10mm. Hence a recording of the fluorescence of the
atomic beam near or even inside the magnetic multipoles
gives a contour plot of the corresponding magnetic field.

The video image in Fig. 4 was taken when the detection
zone was placed in a 10-mm gap between two quadrupole
rings situated on the atomic beam axis. The atomic beam was
scanned across the ring aperture and the corresponding video
images were composed into a single picture on the computer.
In the inner region of the quadrupole the radially symmetric
magnetic shift of the spectral lines leads to resonance rings
around the magnetic axis. These rings represent the equipo-
tential lines of the quadrupole magnet. In the outer regions
the magnetic field strength decreases again and there are al-
ready contour lines observable that are not closing. Visual
inspection of the contour plot shows that the deviations from
the ideal quadrupole potential are negligible for about
0.5r1 of the quadrupole rings employed. In the outer region
of the quadrupole higher-order multipole contributions to the
magnetic field can be seen in the video image in Fig. 4 too.

B. Quadrupole prisms

When polarized atoms traverse a short magnetic quadru-
pole ring they experience a deflecting force that is indepen-
dent of the impact radius, and the transverse velocity change
is a function of the transit time only. Therefore the quadru-
pole ring acts analogously to a dispersing prism, or more
precisely a conical prism called axicon in light optics. They
were first described by McLeod who was fascinated by the
extended focal line produced by axicons@21#. He suggested
to use the axicon in particular for alignment procedures, but
the application became obsolete when the laser was invented.
Renewed interest arose when it became clear that axicons
transform coherent plane waves into so-called diffraction-
free Bessel beams@22#.

For an experimental investigation of the atom-optical
properties of an axicon a quadrupole ring was placed 15 cm
behind the end of the laser slowing section. Fluorescence of
the transmitted atoms was monitored by the laser light sheet
at various distances behind the quadrupole ring. For a ther-
mal atomic beam we find a circularly symmetric pattern with
a sharp axial intensity maximum for a large range of dis-
tances from the quadrupole ring, corresponding to the long
focal line of the light-optical axicon. Alternatively, the de-
tection distance was kept fixed and the atomic velocity of an
incident laser-cooled atomic beam was varied. Figure 5~a!
shows one-dimensional profiles across the center of the
transverse atomic density distribution, obtained for different

FIG. 4. Fluorescence distribution of a thermal cesium beam in a
magnetic quadrupole field. The laser frequency of the detection
laser is detuned by2850 MHz with respect to the zero field
F54→5 transition. Different atomic transitions are magnetically
shifted into resonance and each produces a ring of fluorescence
light. Position and shape of the rings correspond to contour lines of
the magnetic field strength. Dark color means high fluorescence
intensity.

FIG. 5. Atomic beam transformation by a magnetic quadrupole
ring: ~a! Measured transverse fluorescence intensity distribution for
different longitudinal atomic velocities. Each of the curves is nor-
malized to the same height in order to allow a comparison of the
beam shape.~b! Maximum atomic density at a fixed distance behind
the magnetic quadrupole ring as a function of longitudinal atomic
velocity, where the peak height atv570 m/s is normalized to unity.
Dots represent experimental values, the solid line is a model calcu-
lation.
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velocities of the incident atomic beam. Each of the profiles is
independently normalized to unity to allow a comparison of
the beam shapes.

For a wide range of velocities the peak height of the trans-
verse beam profiles remains fairly constant@Fig. 5~b!, where
the height atv570 m/s is normalized to unity#. This is the
analog of the extended focal line of the axicon when the fact
is taken into account that faster atoms scatter fewer photons
in the detection zone.

For small deflection anglesa,10 ° one can describe the
action of the magnetic quadrupole on an atom in a ‘‘thin
quadrupole’’ model, i.e., by an instantaneous transfer of
transverse momentum in the center of the quadrupole~at
z50). We model the cold atomic beam by a point source at
z0 ~Fig. 6! with a Gaussian distribution of transverse velocity
components

j ~v'!v'dv'dw51/~2ps2!exp~2v'
2 /2s2!v'dv'dw

~12!

and a fixed longitudinal velocityv. For our Cs beam,
s'0.85 m/s.

Each atom is deflected towards the axis by an angle

a5
mBbL

mv2
5
138

v2 Sm2

s2 D , ~13!

independently of its incident angle and point of impact onto
the aperture of the quadrupole ring. An atom starting atz0
with angle Q (Q5v' /v) crosses the detection zone
(z5zD) at radiusrD ~Fig. 6!. Two cases have to be consid-
ered. ForQ.azD /(zD2z0) atoms from a ring with radius
rA52z0Q in the aperture are compressed into a ring of
radiusrD5Q(zD2z0)2az in the detection zone~trajectory
1 in Fig. 6!. With v'5v(azD1rD)/(zD2z0) the angular
distribution of the source can be transformed into a density
distribution at the detection zone:

j 1~rD!rDdrDdw5
a2

p

azD1rD
rD

3exp@2a2~azD1rD!2#rDdrDdw,

~14!

wherea25@v/s(zD2z0)#
2/2.

Similarly, for Q,azD /(zD2z0) atoms from a ring with
radiusrA52z0Q in the aperture are transformed into a ring
of radiusrD52Q(zD2z0)1az , giving a second contribu-
tion to the flux density~trajectory 2 in Fig. 6!:

j 2~rD!rDdrDdw5
a2

p

azD2rD
rD

exp@2a2~azD2rD!2#

3rDdrDdw. ~15!

The total flux density can then be written as

j ~rD!rDdrDdw5@ j 1~rD!1 j 2~rD!max~0,azD2rD!#

3rDdrDdw. ~16!

This density distribution is numerically integrated over an
area corresponding to the size of a camera pixel. Then the
flux on 535 simulated ‘‘camera pixels’’ is averaged and
used to derive a transverse density profile of the atomic beam
transmitted through the magnetic quadrupole ring.

The solid line in Fig. 5~b! gives the calculated atomic flux
on the axis for different longitudinal velocities. The calcu-
lated values were divided byv to account for the character-
istics of the detecton process in the light sheet where the total
fluorescence intensity for an atom is inversely proportional
to its velocity. In the experiment,zD54 cm was fixed, and
only z0 remains as a fit parameter. Forz05213 cm the best
fit between theory and experiment was achieved, which is in
agreement with our experimental situation.

Although the variation of the peak intensities is well re-
produced by our simple model the individual calculated pro-
files are too narrow~Fig. 7!. In order to fully reproduce the
transverse beam profiles one would have to model the exact
characteristics of a chirp-slowed atomic beam. This is very
difficult because in reality at the end of the slowing cycle
cold atoms are spread out over about 30 cm in space along
the beam axis. Furthermore, the angular divergences of the
atomic distribution depends on the position along this spatial
pulse of atoms. Finally, for larger final velocities the slowing
stops earlier, and the cold atoms start farther away from the
quadrupole ring. However, no deeper insight into the behav-
ior of a magnetic quadrupole ring as an atom-optical compo-
nent can be gained from such a ‘‘full-blown’’ treatment of
the beam source characteristics.

FIG. 6. The two types of atomic trajectories through a thin mag-
netic quadrupole ring placed atz50 that connect a pointz0 on the
axis with a second point at (rD ,zD). Trajectory 2 crosses the opti-
cal axis before reaching point (rD ,zD) whereas trajectory 1 does
not.

FIG. 7. Comparison of calculated~solid line! and measured
~dots! transverse intensity distribution behind the magnetic quadru-
pole ring for a longitudinal atomic velocity of 120 m/s.
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It should be noted that for a narrow atomic beam incident
at a large radius the magnetic axicon approaches the limit of
a plane prism, which, from light optics, is known to deflect
beams and also to be dispersive.

V. HEXAPOLE LENSES

In a magnetic hexapole ring the force on a paramagnetic
low-field-seeking atom in a Zeeman substate with maximum
mF value is linearly increasing with radial coordinater,
which leads to harmonic binding to the magnetic axis:

F52dmB~]2uBu/]r2!r, ~17!

with d51 for an alkali atom. This was first realized by Paul
and Friedburg and was used to focus and polarize thermal
atomic beams@1#. We have taken the focal length of such
magnetic lenses from the meter to the more convenient cen-
timeter domain by using strong permanent magnets for field
generation and low velocity atomic beams with small veloc-
ity spread for reduced chromaticity.

During the experiments described here we have used two
different hexapole magnets~called type I and II!. Both were
made from 12 Nd-Fe-B segments with a magnetic rema-
nenceBr51.12 T ~Figs. 1 and 2 and Table I!.

In a systematic investigation we have varied the magnetic
focal length as a function of atomic beam velocity. From Eq.
~17! one derives a ‘‘thin lens’’ approximation for the focal
length:

f5
mv2/2

mB~]2B/]r2!L
. ~18!

For the determination of the focal length we have monitored
the atomic beam profile at a preset distance from the type I
hexapole lens. The final beam velocity was then tuned until
minimum spatial extension of the beam, i.e., the circle of
least confusion, was reached. Results are given in Fig. 8~a!
showing good agreement with the thin lens approximation
over a wide range of focal lengths and even close to the
magnetic component.

We have also studied the width of the focal spot as a
function of atomic velocity, i.e., as a function of focal length
f @Fig. 8~b!#. With decreasing focal length the spot size de-
creases. This is to be expected from geometrical optics for
the imaging of a flat object. It reaches a minimum of 325
mm diameter atf52.65 cm, corresponding tov536 m/s.
The resolution of our detection scheme during these experi-
ments was 210mm ~290 mm for f.11.75 cm! because of
geometrical restrictions in our setup and is indicated in Fig.
8~b!.

For the 11-mm cross-section incident beam the observed
spot size means a more than 1000-fold increase in flux den-
sity. The brightness of a laser-cooled atomic beam,

brightness5
atomic flux

~unit area!3~divergence!3~velocity interval!
,

~19!

may be further enhanced by transverse cooling at the focal
spot. A detailed investigation of the limitations of the focal
spot size has not yet been carried out. It is the subject of

further research exploring the influence of geometric and
chromatic aberrations. The diffraction limit, which is of or-
derlatomf /D'1 nm, may remain elusive, but a submicrome-
ter focusing device would already make an interesting stylus
for writing lateral structures, especially when combined with
a high atomic flux.

A. Imaging

To demonstrate the imaging capabilities of our magnetic
hexapole ring a setup analogous to a light-optical slide pro-
jector has been constructed~Fig. 9!. A slab of PMMA ~poly-
methylmethacrylate! with a pattern of holes placed into the
atomic beam path served as the slide. The resulting spatial
atomic distribution was then imaged by a magnetic lens. Im-
aging distancesg598 mm andb5120 mm were kept fixed
while the focal length was varied by tuning the final atomic
velocity. For an atomic velocityv5110 m/s a focus is pro-
duced in the detection zone. With lower and lower atomic
velocity an inverted real image evolves. Atv570 m/s a
sharp image with a magnification of 1.4 is obtained. Reduc-
ing the atomic velocity further blurs the image again~Fig.
10!. A second imaging distanceb580 mm leads to a demag-
nified ~0.8! image@23#.

FIG. 8. Experimental results of the atomic beam focusing ex-
periments with a magnetic hexapole lens of type I~cf. Table I!: ~a!
Focus position behind the hexapole lens as a function of atomic
velocity v. The data points~dots! are compared with a calculation
of focus position based on the thin lens approximation~solid line!.
The dotted horizontal line indicates the axial extension of the mag-
netic lens.~b! Experimental data showing the focus diameter~full
width at half maximum! as a function of focus position. The small-
est spot size of 325mm was obtained with a beam of 11 mm
diameter for a velocityv536 m/s. The dotted horizontal lines in-
dicate the spatial resolution of the detection system.
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An essential criterion for the application of any imaging
system is its resolving power. The ultimate diffraction limit
of order 1 nm for a typical magnetic atom optical lens is
increased by multiple deficiencies. The magnetic compo-
nents lack complete rotational symmetry around thez axis.
Therefore there are more than the usual five third-order ab-
errations~Gauß-Seidel aberrations! @24# well known from
light optics. Of these aberrations the spherical aberration is
most important for focusing experiments but the lens shows
an excellently harmonic potential~Fig. 2!, so that this is
currently a minor problem.

Longitudinal velocity spread leads to chromatic aberra-
tions while transverse velocity spread increases the focal spot
size. Both velocity spreads can be reduced by further optical
cooling @25,26#.

In addition, errors linked to the atomic beam preparation
occur that have no analogy in other branches of particle op-
tics. Imperfect polarization of the atomic beam leads to dif-
ferent deflection angles depending on the Zeeman sublevel
the atoms are in but can be overcome by a more sophisti-
cated optical beam preparation@27#. Furthermore an asym-
metric imaging error due to the mass of the atoms moving in
the Earth’s gravitational field has to be accounted for. There-
fore imaging should be as compact as possible.

B. An atom optical telescope

Preparation of a slow atomic beam requires an axial coun-
terpropagating slowing laser beam. For actual applications it

is desirable to separate the axis of the newly prepared and the
remaining thermal beam. For this purpose we have as-
sembled a telescope as a classic application of lenses, which
is operated off axis in order to displace the slowed atoms. A
demonstration of such a telescope is still an ambitious task
since beam divergence and dispersion rapidly increase at the
low atomic velocities required. We have used two identical
magnetic lenses of type II separated by a distanceL5171
mm. The laser and the atomic beam path have been adjusted
parallel to the magnetic axis but with a displacement of
r in55 mm@Fig. 11~a!#. Due to the magnetic lenses the atoms
experience a velocity-dependent deflection towards the opti-
cal axis which begins to be noticeable for velocities less than
v5100 m/s.

When the atomic velocity is further reduced the cooled
atoms are deflected from the path of the thermal atoms@Fig.
11~b!#. Near v535 m/s the center of the second lens is
crossed and for even smallerv the direction of the beam of
cold atoms is reoriented towards the magnetic axis. In Fig.
12 we observe a corresponding flattening of the displacement
r in1r out of the slow beam with respect to the thermal beam
when the velocity approaches the predicted telescope veloc-
ity v527 m/s. For this velocity the focal length of each lens
corresponds toL/2, and the telescopic case is reached. The
spatial separation of the two centers amounts to 10 mm and
is limited by the inner diameter of our magnetic lenses. Fig-
ure 12 also shows a comparison with a simple calculation
based on theABCD-matrix formalism, which shows good
agreement for velocitiesv.35 m/s.

VI. CONCLUSIONS

Formerly the chromaticity and the relatively weak forces
of magnetic components on fast atoms have made their use

FIG. 9. Experimental setup for the imaging experiment~left-
hand side! shown in analogy to the projection of an optical slide
~right-hand side!.

FIG. 10. Atomic fluorescence intensity distribution for a fixed
imaging distance ofb5120 mm as a function of atomic velocity
v ~dark color means high atomic density!. These images were taken
with the setup shown in Fig. 9.

FIG. 11. ~a! Schematic drawing of an atom optical telescope.
The telescope is built from two identical magnetic hexapole lenses
of type II ~cf. Table I!. A line profile of the intensity in one of the
video images@~b!, v527 m/s# is added at the right-hand side.~b!
Spatial distribution of atomic fluorescence after the atoms have
passed through the atom optical telescope as a function of atomic
velocity v. The detection time window is slightly shifted in these
experiments so that the thermal atomic beam is visible in the video
frame for positional reference~dark color means high atomic den-
sity!.
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cumbersome for many atom-optical applications. Readily
available optical cooling techniques and steeper magnetic
gradients of permanent magnets now offer new possibilities
to control neutral atom motion. With a chirp-slowed cesium
atomic beam and two-dimensional recording of atomic beam

profiles we have demonstrated the following: magnetic quad-
rupole rings acting as conical prisms or axicons for atom
optics; magnetic hexapole lenses with focal lengths in the cm
region and minimum spot size of less than 325mm corre-
sponding to a more than 1000-fold increase of atomic flux
density; magnetic magnification and demagnification of a
nontrivial object illuminated with velocity-narrowed slow
atomic beams; a magnetic telescope, which is useful to sepa-
rate fast thermal and slowed atoms by exploiting velocity
dispersion.

In order to explore the ultimate limits of our magnetic
atom-optical components a better defined beam source than a
chirp-slowed atomic beam is necessary. Such a source might
be provided by a Zeeman slower@18# or atoms dropped from
a magneto-optical trap@11#.
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positionsB of the light sheet detection after the atoms passed the
telescope~circles,B5130 mm; triangles,B5200 mm!. For v527
m/s the situation of a confocal telescope is reached.
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