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High-brilliance Zeeman-slowed cesium atomic beam
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We have built a Zeeman-slower apparatus which produces a slow and cold cesium atomic beam. The atomic
beam has a mean velocity in the range 35-120 m/s and a high atomic current of morexthét? 2old
atoms/s. A small longitudinal velocity spread was achieved by optimizing the termination of the slowing
process. The measured value of less than 1 m/s is consistent with a numerical simulation of the slowing
process. With a magnetic lens and a tilted two-dimensional optical molasses stage, the slow atomic beam is
transversely compressed, collimated, and deflected. We achieve a transverse temperature below the Doppler
limit. The brilliance of this beam has been determined to bel@ atoms s*m~2 sr 1. By optical pumping
the slow atomic beam can be polarized in the outermost magnetic subStaém-= +4, of the cesium
ground state. This brilliant beam is an ideal source for experiments in atom optics and atom lithography.

PACS numbse(s): 32.80.Pj, 42.50.Vk

INTRODUCTION from the sourcd g the brightness no longer depends on the
separatiorL, in accordance with Liouville’s theorem. For a
Atomic beams provide an extremely versatile and usefuhegligible source aperturé\ks/Ax,<1), Eq.(1) describes
tool for many precision experiments. However, in many ap-the brightness of a point source.
plications the necessity of a high degree of collimation leads To illustrate the order of magnitude involved, let us con-
to a significant loss of atomic flux. Furthermore, transit timesjder our thermal cesium atomic beam with a flux density of
broadening due to the high mean velocity in the beam limits; 45 101° atoms 51 mm~2 and a collimation ratio of 1:150
t.he. ac_hlevable resolution. Laser cooling has overcome th"jﬁfusing from an oven with a temperatureof 410 K. This
limitations, and severa_l sources qf sIovy and cold atomiGyaam has a brightness &=10?° s> m~2 sr'!, and the
beams have been designed and investigated. For mstanc&e, . o~ 15
from a variant of the magneto-optical trddOT) atoms can Imensionless phase space density is giveribyl0™™.
routinely be extracted at low velocities and with a reasonably
small velocity spreafll]. However, for many applications in
atom optics, such as atom lithography, high flux atomic
beams with moderate velociti€50—100 m/s are desirable, Laser-cooling techniques enable to increase the phase
because collisions with residual gas molecules become irspace density of atomic beams. Transverse laser cooling in-
creasingly important at low velocities with their long travel- creases the brightness and brilliance, whereas longitudinal
ling times. These requirements are met by the Zeeman slowsooling only enhances the brilliance.
ing techniqud 2], which produces a continuous flux of slow  Transverse laser cooling of atomic beams is easily imple-
and cold atoms. In this paper we will show that it allows to mented and frequently us¢@,4]. It reduces the angular di-
produce 2.6 10'° cold atoms ' in a continuous beam with vergence of the beamA@)) without loss of current. The
a brilliance of 7<10?® atoms s* m~2 sr 1. brightness can be further improved by reducing the beam
cross sectionr(Ax, )2. This has been demonstrated using a
two-dimensional magneto-optical trg,6]. Longitudinal la-
. CHARACTERIZATION OF ATOMIC BEAMS ser cooling is more difficult to achieve because for both the
A. Thermal atomic beams Zeeman slowing as well as the chirp slowing technifidiea
longitudinal superposition of the atomic beam and the slow-
¥ng laser beams is necessary. For useful instrumentation a
esseparation of the slowed beam from the slowing axis is re-
quired, increasing the technical complexity of the apparatus.
A convenient device derived from a magneto-optical trap
for the production of a slow beam was demonstrated by Lu
et al.[8]. This variant serves as a continuous source of cold
atoms with high brightness, brilliance, and phase-space den-
| | sities. Figure 1 presents a collection of brightness and bril-
A~ A - S , liance values for different atomic beam sources that can be
T2 (AXpA) [ (AXp+AXg)/L]? 4w (AXp+ AXg)? found in the literature. Applications such as atom lithography
(1) not only require a high flux density, but also high current and
a high ratio ofp;/Ap, to warrant focusing properties. In our
where we used,=1g(Ax,)%/4L2, and expressed the solid opinion, these requirements are best fulfilled by the Zeeman
angle by the collimation ratio. Note that for a given currentslowing technique.

B. Laser-cooled atomic beams

The properties of a thermal atomic beam are completel

used to shape it. We assume an isotropic flux derndity
=lg/m(Axg)? of atoms emanating from a source aperture.
The brightnesgsee the Appendix for a definitiprafter a
second aperture with extensiarfAx,)? placed at a distance
L from the source is given by

1050-2947/99/6(11)/01340%9)/$15.00 61 013405-1 ©1999 The American Physical Society



F. LISON, P. SCHUH, D. HAUBRICH, AND D. MESCHEDE PHYSICAL REVIEW A1 013405

10
_ 10% oLison aT " qs__;_—:
::#’ 10" ©Roaijakkers . I /
E 10&'r1=kmenam u ] rﬁhﬁe'—‘ 0
Ly :
8 020 TLU ?Baldwmn * |
j= 1 i W
m o i |
5 10 . "'y, 0 k'
g 10°
£ 7| " Brightness FIG. 2. Velocity dependence of the acceleration in a decelerated
T 10" ° ] B""'a"re IT“S reference frame. The residual velocity is damped to the equilibrium
s value atvg,.
10" 10" 10" 10° 10°® 107 10°® 10°
A treatments is the transformation of the atomic equation of

motion to a reference frame slowing at the design decelera-

FIG. 1. Phase-space density, brightness, and brilliance for S€\ion as=dvg/dt. This leads to the equation of motion
eral atomic beam sources. Metastable rare-gas sources: Hoogerland

et al.[18], Schifferet al.[24], Rooijakkerset al.[25], and Hooger-

landet al.[26]. Alkali sources: Dieckmanat al.[1], Riis et al.[5], d kT So

Lu et al. [8], and Lison(this work). — == _
dt 2m 145+ (2(A' +kv')IT)?

as (6
II. ZEEMAN SLOWING

In a Zeeman slower a fixed-frequency laser counterpropafor the atomic velocityy’ =v—vg in this reference frame,
gates the atomic beam and decelerates the atoms by reson@iiere A’ = WL aser— Waom— MBo/%. A graphical illustration
radiation pressure. The change in detuning caused by thsf the velocity dependence df/’/dt shows the existence of
Doppler effect during the deceleration process is compeny stable equilibrium at/, associated with damping forces
sated for by an inhomogenous magnetic field superimposegy cooling (Fig. 2). The predicted width of the longitudinal
on the slowing axis. In order to achieve nearly constant develocity distribution during the slowing process is compa-

celeration in a tapered magnetic solenoid extending from raple with the one-dimensionéLD) Doppler limit
=0 to zg, the field strength on axis must obey the relation

B(z)=Bo+B1V1-2/zs. 2 AVpopple= VAT /M=0.12 m/s 7

For a given lengtlzg and deceleratiomag, only atoms with
an initial velocityv smaller than the maximum capture ve- for cesium.
locity In order to extract an atomic beam with finite velocity
from the Zeeman slower, it is necessary to terminate the
vs=(2aszs) ' (3 slowing process by violating the condition of E§). Other-
wise the atoms are brought to a stop or even sent back in the
declining magnetic field. To also maintain the small longitu-
dinal velocity spread of Ed.7) the slowing process must be
terminated abruptly. This is difficult to achieve in a standard
a= AkT So 4) " Zeeman slower, because the curvature of the decreasing
2m 1+50+(2A/r)2’ magnetic field that can be obtained at the end of the solenoid
is limited for technical reasons. Atoms then are initially
where\ =27/k is the wavelength of the transitioh, is the  tuned even more into resonance, and scatter many photons
natural decay rate of the excited state, age 1/1, the nor-  which leads to a heating of the atomic ensemble.
malized intensity. The detuning is given bY= w eer This problem can be overcome, however, by using an
—waom— mB(2)/+kv. To keep the atoms in resonance increasing magnetic field in combination with -polarized
during the slowing process, the change in detuning due to théght [11], or by the method which is conceptually shown in
varying magnetic field must not exceed the changing DopFig. 3 for qualitative understanding and was used also by
pler shift Molenaaret al. [10]: If the magnetic field is shaped as indi-
cated in Fig. &), the atoms are first tuned further out of
resonance, and a steeper gradient of the magnetic field can be
provided when the atom is transiting the resonance condi-
tion, dramatically reducing the number of scattered photons.
A detailed theoretical description of the dynamics of theWe have investigated this termination process in detail, and
slowing process was given in Ref@] and [10], and we compare the experimental results with a numerical simula-
adopt the notation of Ref.10]. The key feature of these tion of the slowing process in Sec. V.

can be brought to a stop. The decelerathoof an atom with
massm is given by

dB
MEV(Z)Sﬁka. (5)
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around the atomic beam axis and retroreflected with the po-
larization of the light beams chosen to result in a linlin.
configuration[13]. A repumping laser tuned to thE=3
—F'"=4 transition with a power of 40@W is added, which
makes the fraction of atoms in the thermally populaked
=3 ground stat€7/16) accessible to the collimation process.
The cooling laser frequency is tuned about two natural line-
widths below theF=4—F’=5 cooling transition. With a
laser power of 24 mW the resulting velocity capture range

FIG. 3. Cooling of thec™ Zeeman cooler terminates at the Vcap*F‘/1+S/k:4-5‘/1+S m/s is larger than the maximum
dashed vertical line. A constant Doppler shift can be assumed bgransverse velocity of atoms in the atomic beam. However,
yond this point. Solid line: Zeeman tuned atomic frequency. Shadeghe velocity damping time for two-dimensional Doppler
area: Photon scattgring rgte. The heating period is much shorter foooIing[14] is on the order of 1 ms, which means only atoms
the right-hand configuration. with a longitudinal velocity of less than 50 m/s can be cooled
toward their final transverse temperature. Fortunately, polar-
ization gradient cooling mechanism{43,15 which are

A sketch of our experimental setup is shown in Fig. 4.presentin our light field configuration lead to shorter damp-
The experiment uses altogether seven laser di¢8psctra iNg times and hence more efficient cooling.
Diode Labs laser diodes with 50- and 100-mW output The beam diameter of the unslowed bu_t collimated atomic
powel at 852 nm in the extended cavity desifit2]. As a  beam of about 3 mm full width at half maximu@WHM) at
frequency reference we have set up a “master” diode lasetthe end of the slowing region shows that the transverse ve-
This is stabilized to the center of the cesili4—F'=5  locity spread is reduced below the Doppler limit, resulting in
transition measured by polarization spectroscopy in a cesiur@ divergence of only 0.5 mrad. Although the total thermal
vapor cell. The rms linewidth of this master laser with re-beam current is increased by only a factor of 2 to about 2

spect to the center of the atomic transition is determined< 10"" atoms s* the current of the slowed and deflected

from the error signal to be 500 kHz. atomic beam is increased by a factor of 20, as will be shown
The cesium atomic beam effuses from a resistively heateth Sec. IVC. The transverse cooling stage increases the
stainless-steel cylinder through a 2-mm-diameter aperturdrightness of the thermal atomic beamRo=4x 102 s™*
and is collimated by a second apertGdéameter 3 mm383 m~2 sr 1, and the dimensionless phase space density of this
mm downstream. For an oven temperature of 140°C, afeam is given byl=4x 10" 13,
absorption measurement results in a current value of (1 The magnetic field for Zeeman tuning of the resonance
+0.1)x 10 atoms S1, which is about a factor of 4 lower frequency varies approximately according to E2). It is
than theoretically expected. The inevitable expansion of thg@roduced by two coilgbias fieldB, and gradient field,)
thermal atomic beam with a mean longitudinal velocity ofwound on a 38-mm inner diameter vacuum tube which is
302 m/s to a diameter of about 20 mm at the end of the 1.4-rsurrounded by a water cooling section. The bias field@gf
long slowing stage proved to be problematic for the slowing=22 mT reduces unwanted transitions into excited states de-
process. Therefore we installed a transverse optical collimazaying into the uncouple& =3 ground state, which would
tion stage between the oven chamber and slowing region. Aterminate the slowing process. Figure 5 shows the measured
additional aperturg(diameter 2 mm is inserted between magnetic-flux density on the atomic beam axis. Strong per-
oven and collimation zone, which reduces the transverse venanent magnets attached at the end of the slowing stage
locity of atoms as well as the gas loéeig. 4). produce a large magnetic-field gradient which violates the
The molasses light field is provided by an elliptically adiabatic condition given in Eq5), and leads to a well-
shaped laser beam \{2=5 mm and 2v,=45 mm) folded defined termination of the slowing process. The stray field of

VA VA

IIl. EXPERIMENTAL REALIZATION
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—— AV, =\ aV,Vs, (8

where v ,=#Ak/m=3.5 mm/s is the recoil velocity for ce-

}. . sium, and the factosr=3/10 accounts for the dipole pattern

® characteristic in the transverse direction. In our case the

T maximum velocity difference between initial and final veloc-

] ity is vg=230 m/s, corresponding to a transverse velocity

spread ofAv, =0.35 m/s. Associated with this effect is an

S T T . increase of the beam diameter at the end of the slowing stage

00 02 04 06 08 10 12 14 16 due to random walk. Although the effect of transverse heat-
position [m] ing is less pronounced for the heavy cesium atoms because

of the ~m~%* dependence akv, (Vs~Vierma), the result-

ing beam properties are unacceptable for our experiments in

atom optics, and a reduction of the beam diameter combined

with a transverse collimation is necessary. In addition, to

the Zeeman slowing magnet is nulled in the transverse coleliminate the flux of unslowed atoms the slow atomic beam

limation stage to less than 1QOT. has to be deflected out of the axis of the cooling laser beam.

The slowing laser is a 100-mW laser diode frequency sta- A magneto-optical deflection stage, as described by
bilized to the master laser by a standard phase-locking tectscholzet al.[17] for Ne*, is one possibility to account for
nique [16]. This allows us to control the detuning of the all requirements. However, the high mass of cesium together
slowing laser with respect to the undisturbeées4—F’'=5  with the resonance wavelength of 852 nm leads to significant
transition over a large frequency range with radio-frequencyexperimental problems. The position damping time of ce-
precision, while preserving the small linewidth determinedsium in a 2D MOT is on the order of a few ms, which would
by the master laser. A polarization-preserving single-mode&equire impracticable interaction lengths on the order of 10
fiber guides the slowing laser beam to the experiment, wherem for such a device. Therefore, we have employed a
up to 32 mW of laser power are available. The laser beam ischeme which separates the positional from the velocity
circulary polarized, expanded, and collimated with a tele-damping process. Hoogerlaret al. [18] applied a similar
scope and superimposed onto the atomic beam axis. At thecheme for the transverse collimation and compression of a
end of the slowing stage the laser beam diametez®{lis6  supersonic N& beam using a 2D MOT as a lens for the
about 2.6 cm. atomic beam.

Though almost all atoms leave the collimation stage inthe We use a magnetic hexapole lens made from permanent
F=4 ground state, various atomic transitions decaying intanagnetd19] to focus the slow atomic beam into a 2D opti-
the F=3 ground state become resonant with the slowingcal molasses tilted by 3 ° with respect to the slowing axis
laser in the increasing magnetic field at the beginning of théFig. 6). The magnetic lens with an inner diameter of 15 mm
slowing stage. This leak is closed by a repumping laser suis assembled from 12 homogenously magnetized pie-shaped
perimposed onto the slowing laser before both are coupletldFeB segmentsBg=1.2 T). For cesium atoms in thé
into the optical fiber. The repumping laser is stabilized onto=4,mg=4 ground state withu=ug, the focal length is
an absorption spectrum in a cesium cell, and the availablgiven by f=Bv? with 8=2.1x10"° /m. The lens is lo-
output power of about 35@W is sufficient to repump al- cated 200 mm past the end of the slowing stage and its dis-
most all of the atoms back to tHe=4 ground state. tance to the beginning of the molasses region is 75 mm. The

The longitudinal slowing process introduces transvers&D molasses is formed by four mirrors glued to an aluminum
heating resulting in a transverse velocity spread of the bearftame in such a way as to recirculate a single incoming beam
of [20] [see Fig. @0)]. The light polarization is chosen to result

magnetic field strength [mT]

FIG. 5. Magnetic-flux density on the axis of the Zeeman slow-
ing stage. Open dots without, full dots with termination field.

(@ (b)

laser beam
3 o

-

magnetic
lens

FIG. 6. Setup of the compres-
sion and deflection stagda) A
magnetic hexapole lens focuses
the slow atomic beam into the
tilted optical collimation module.
(b) Side view of the collimation
module.

atomic beam
v

atomic beam -
laser beam
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FIG. 7. A Stern-Gerlach setup with optical detection is used to determine the atomic distribution among the nine magnetic sublevels of

the cesiumF =4 ground state(a) Distribution without optical pumping resulting from the optical molasses light field in the collimation
module.(b) Atomic distribution with optical pumping. Solid line: slow atoms polarized intfye= + 4 state. Dotted line: atoms polarized
in themg=—4 state.

inalin. L lin. configuration. A small portion of the incoming therefore the quantization axis is perpendicular to the atomic
laser beam(5 mm) escapes the mirrors and is not back-beam axis. Two weak laser beams with a separation of 2
reflected. It provides enough light force pressure to deflecinm, circularly polarized and resonant with the=4—F'
atoms with a longitudinal velocity of less than 65 m/s by 3 °. =5 transition, are sent along the symmetry axis of the mag-
We have mounted the aluminum frame to an optical mirrometic field and optically pump the atoms into the=4,mg
holder which has been motorized. By this means the axis o4 state. This setup with two separated interaction zones
the collimation module and thus the direction of the outcom-was adopted from Ref21], and leads to a higher degree of
ing beam can be adjusted during the experiment. polarization. To reduce the effect of laser light pressure on
More than 98% of the atoms in the deflected beam are ithe atomic beam the laser beams are retroreflected.

the F=4 ground state; however, the distribution among the The distribution of atoms among the ground state sublev-
nine mg states is governed by the light field in the deflectionels is detected using the Stern-Gerlach eff€ag. 7). A few
zone. For atom optical experiments with magnetic compo<entimeters after the polarization setup a homogenously
nents a beam entirely prepared in the<{4m=4) state is magnetized block of NdFeB with magnetic remaneiBze
desirable, because the effective magnetic moment of this1.2 T and a length of 2 cm mounted on a stage can be
state is independent of the magnetic fiejd={ ug). There- translated perpendicular to the atomic beam. Atoms in dif-
fore the population has to be transferred to the=4 state  ferent magnetic substates are deflected by different angles,
by optical pumping. This is done in a polarizing sectionand the resulting spatial distribution is monitored via optical
about 40 cm downstream from the deflection zone, which isxcitation and detection of the fluorescence with a charge-
shielded from earth and stray magnetic fields with a cylin-

drical u-metal shielding. The atomic beam enters and leaves 5
the shielded region through two diametrical openings with = 4l
10-mm diameter. Two coils in a Helmholtz configuration E
provide a small and homogenous magnetic field ofull0 = 3l
inside the shielding. The direction of the magnetic field and g
22}
slowed distibutions e L 8
g1}
0 " 1 n 1 n |.| I.. I. 2 ? , 1 n 1 L 1 n
30 40 50 60 70 80 90 100 110 120 130
velocity [m/s]

_ FIG. 9. The longitudinal velocity distribution is measured by a
0 100 200 300 400 500 time-of-flight (TOF) technique. The values fakv; (open CE:Ieys

velocity [mys] are given as a function of the mean longitudinal velocityin
comparison with the results of our numerical simulati@mosed
FIG. 8. Velocity distributions of the atomic flux density as mea- circles. The solid line includes experimental broadening mecha-
sured by Doppler-sensitive fluorescence excitation. Cooling towarahisms which have been quadratically added to the numerical results.
different longitudinal velocities is achieved by changing the detun-insert: Typical velocity distribution as calculated from a TOF sig-
ing of the slowing laser from 270 MH@ront) to 50 MHz (back. nal.
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b ™ T ] To enhance the velocity resolution we use a time-of-flight
ssh 3z 1 (TOF) technique on the deflected atomic befgif]. A laser
'é‘ ) beam resonant with thE=4—F'=4 transition is periodi-
8 301 ] cally turned on and off by a fast shutt@isetime <10 us).
45 = . This laser efficiently {2 fluorescence cyclepumps all the
E 40} = - s atoms into thé==3 ground state. These atoms are no longer
sl - - Tres ] resonant with a probe laser tuned to the 4—F'=5 tran-
sition which crosses the atomic beam under 90° in the de-
ol . . o .
4 50 6 70 8 9 100 110 120 tection region which is at a distance b&=1.34 m down-
velocity [m/s] stream from the “chopping” laser. A photomultiplier

monitors the atomic fluorescence in the detection region. The
velocity resolution of this TOF-measurement is given by
AVH=—(VZ/L)At, where At=30 us is dominated by the

) time constant of the photomultiplier tube. For a longitudinal
coupled-device camera about 60 cm after the magnet. FGfg|ocity of 100 m/s the velocity resolution v~0.2 m/s,

atomic velocities less than 75 m/s the distribution can bgynareas for 40 m/si vy is reduced to 3.6 mm/s approach-
spatially resolved completely. FiguréaJy shows a CCD im- ing the recoil velocity 1Uor cesium. ’

age of the split atomic beam together with a 1D cross section We have measuredl, for different longitudinal veloci-

W.h'Ch (_:Iearly shows nine distinct p_eaks. W.'th a 1t ies, the result is shown in Fig. 9. The minimum width of
wide S“t.’ we can se!ect any OT the nine atomic peams. Eac&vuzo.SS m/s is achieved fov;=90 m/s, where also the

of the_rr_] is fully polarized in a_smgh&nF state._Turnlng on the r}ighest atomic current is producédompare Fig. 12 For
polarizing Iasoer beam polarizes the a’E)m|c beam such th%omparison, the results of our simulati¢®ec. ) plus ex-
lmorg thlgn 9760 othhe ?‘to'”l“s are 'n.m_h4 state[the E’Ol'd h perimental broadening mechanisms, which have been qua-
ine in Fig. 7b)]. By simply reversing the current throug dratically added to the simulated data points, are plotted to-
‘Q’ether with the measured data and show good agreement.
The main broadening mechanisms, which are not included
in our simulation, are the linewidth of the slowing laser
(0.5 m/9 and longitudinal heating within the transverse cool-
ing and deflection stag®.14 m/s forv|=90 m/s. The radial
variation of the magnetic flux density over the atomic beam
A. Longitudinal velocity distribution diameter in the region where the slowing process stops has
been measured with a Hall probe to be smaller thapI0
which results in an estimated broadening of the velocity dis-
tribution by 0.12 m/s.

FIG. 10. Diamete(FWHM) of the slow atomic beam at a dis-
tance of 1.5 m behind the collimation and deflection stage.

tively, the atoms are pumped into tlme-=—4 state[the
dotted line in Fig. T)].

IV. BEAM PROPERTIES

A measurement of the longitudinal velocity distribution
by Doppler-sensitive laser excitation is limited by the
saturation-broadened natural linewidily of the excited
state and the angle between atomic beam and laser beam to )
Av=T"/k-cosy=T/k=4.5 m/s. Nevertheless, for illustrat- B. Transverse beam properties
ing purposes Fig. 8 shows typical velocity distributions of The slow atomic beam is analyzed at a distance of 1.5 m
the slowed atomic beam obtained with this method. Dependseyond the collimation and deflection stage, where it
ing on the detuning of the slowing laser with respect to thetraverses a sheet of resonant laser light and the fluorescence
undisturbed==4—F'=5 transition, the final atomic veloc- is monitored with a CCD camera. In Fig. 10 we show the
ity distribution is narrowed and shifted toward central veloci-beam diameter in the detection region as a function of the

ties between 35 and 120 m/s. longitudinal velocity. The variation is well understood as a
— 10 T T . T T
z'
5.0.8 %‘H g T ¢ & O & o o e
£ S
8 06 g Eo.l 3 4
Q [
g 04 §§
Q n S
& 02 E"’ T*eoeeve, "
g ,
0‘0 - I’” R 1 - I - 0.01 1 1 L 1 1
5 0 5 30 40 50 6 70 8 90
position [mm] longitudinal velocity [m/s]

FIG. 11. Measurement of the transverse velocity spread of the atomic @a@CD fluorescence profilopen circleg fitted with the
sum(solid line) of two Gaussian profile&dashed lines (b) Transverse velocity spread deduced from the two Gaussian profile components
as a function of the longitudinal velocity. The horizontal line corresponds to the Doppler velocity limit for cesium atoms.
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oot ity distribution is mainly determined by the shape of the
L magnetic field at the end of the slowing stage. Figure 13
. I . ] furthermore shows a comparison of three simulated velocity
. distributions: (b) during the slowing process a=1.20 m,
(c) after the atoms have left the slower without an additional
. steep gradient at the end, afd) with permanent magnets
applied at the end. The distribution without the permanent
g S 3 magnets becomes significantly broadened, as expected,
30 40 50 6 70 80 9 100 110 120 whereas with permanent magnets applied the heating is dras-
velocity [m/s] tically reduced, leading to a much smaller broadening effect
(see Sec. )l There is a slight asymmetry in the longitudinal
FIG. 12. Slow atomic beam current as a function of the longi-velocity distribution, which is also present in the TOF mea-
tudinal velocity. surementgsee the inset of Fig.)9Molenaaret al. pointed
out that the transverse beam profile of the slowing laser leads
combination of focusing properties of the magnetic hexapoleo additional broadening of the longitudinal velocity distri-
lens (at vj=60 m/s the focal length of the hexapole lens bution[10]. We could confirm their findings by changing the
coincides exactly with the distance between the lens and thehape of the slowing light field in the simulation to a plane
beginning of the collimation zoneand a reduced transverse wave. The resulting longitudinal velocity distribution in this
spreading toward higher longitudinal velocities. case is Gaussian, and its width is reduced by roughly 30%
To analyze the transverse velocity spread of the slovalthough the variation of the laser intensity across the atomic
atomic beam, a movable narrow slid=€ 750 um) is inserted  beam at the end of the slowing stage in the experiment is less
onto the atomic beam axis at a distance of 0.5 m behind ththan 5%.
collimation stage. The atomic beam profiles in the detection There are two reasons that explain the increase in the
region can be described as a sum of two different Gaussiavelocity width which occurs at about 100 m/s. First, there is
profiles[Fig. 11(a)]. The width of one component is consis- an increase in the number of atoms in the thermal atomic
tent with the Doppler limit for cesium, while the smaller one beam with a velocity lower than the final velocity. Second,
has to be associated with atoms transversely cooled to suthe shape of the magnetic field was optimized for velocities
Doppler temperaturgd=ig. 11(b)]. below 100 m/s.

—_

o'-
=3
T

atomic current [atoms/s]
*

C. Beam current
SUMMARY

An interesting number when doing atom lithography is

the total atomic current available. We have made absorption The Zeeman slowing technique is capable of producing
measurements on the slowed atomic beam which are prélow and intense atomic beams. By carefully optimizing the
sented in Fig. 12. The maximum values for brightness andermination of the slowing process we have achieved a slow
brilliance are achieved with a longitudinal velocity of cesium atomic beam with a narrow longitudinal velocity
v|=80 m/s: R=6.3x10?' atomss' m? sr and B=7  spread and a corresponding high brilliance. A numerical
X 107% atoms s* m? sr. Note that without the optical trans- simulation of the slowing process was performed, and the
verse collimation stage in the oven chamber the number dfesults are in good agreement with the experimental data.
slow atoms in the deflected beam is reduced by a factor ofhis beam will be used for our experiments in atom optics
about 20. Due to the large transverse velocity spread of thand atom lithography.
thermal atomic beam without optical collimation, only a
small portion of the atoms is efficiently slowed and de-
flected. ACKNOWLEDGMENTS
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atomic current by one order of magnitude.

V. SIMULATION OF THE SLOWING PROCESS APPENDIX

For a better understanding of the slowing process we have Several physical quantities have been introduced to pro-
performed a numerical simulation taking into account thevide a figure of merit for atomic beams. Generally, these
longitudinal and transverse laser beam profile, the axiafjuantities have been constructed in analogy to photometry
variation of the magnetic field as calculated from the known[22], but seemingly no completely consistent set of defini-
dimensions of the windings, and the randomness of absorgions for atomic beams can be found in the literature. For
tion and spontaneous emission. Figuréal3hows the tra- instance, the designations “brightness” and “brilliance” are
jectory of an atom starting with a velocity of 270 m/s. sometimes used without distinction. These quantities are re-

These simulations clearly show that the outcoming velociated to the Liouville phase-space density
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FIG. 13. Simulation of the slowing procesa) Velocity (dotted ling and acceleratiosolid line) of an atom starting at; =270 m/s. The
variation of the deceleration betweer 0.6 and 1.3 m is due to imperfections of the magnetic field caused by the segmented coils. The
shaded area shows the magnetic flux density. Longitudinal velocity distributmriduring the slowing process at=1.2 m.(c) Outcoming
velocity distribution without the steep gradient at the end of the Zeeman slayérelocity distribution with permanent magnets applied.

N I
A=———, (A1) R=—"—F— (A3)
(AxAp)3 m(AX,)?AQ
which is the number of particled per phase-space volume. gnd thebrilliance
Usually, in the context of atomic beams, axial and transverse o
motion of the atoms are not coupled. It is therefore natural to o]
separate longitudinall|] from transverse () contributions = A_pH (A4)
to A. For circularly shaped atomic beams this leads to
1 N which is also calledspectral brightnes$23]. Note that for

(A2)  thermal atomic beams brightness and brilliance have similar
values becausp/Ap =1. Thephase-space density then

In the transverse direction the atoms occupy the phaséliVen by
space volumer(Ax, Ap,)2. This quantity is, within a factor
of 7, equal to the emittance which is used to describe A=B——
phase-space properties of particle accelerator bd@8s m3v|‘|‘
The longitudinal contributionlN/(AxjApy) in Eq. (A2) is . L —
proportional to the longitudinal coherence lengt,,  Whichisindependent of the average longitudinal veloejty
—h/Ap: and is easilv expressed H:{VA ) by introduc- as expected frpm its deflnltlgn. The quar'lt'um limit occurs in
. P> y exp 12P) DY accordance with the uncertainty relationifis of order 1h*
ing the average longitudinal beam velocity and the par- | .0ar makingh the natural physical unit and=Ah? a
ticle currentl =Nv; /Ax; . . dimensionless quantity.

For calculating brightness and brilliance values from ex- |5 our laboratory we are interested in the influence of
penmen_tal data transverse anq longitudinal c.oorqllnates argomic beam properties on imaging performaftg]. Two
often mixed again via the solid angle(), which in the  guantities of central interest are the point spread function and
paraxial approximation is expressed &8 =7 (Ap, /p”)z. the chromatic aberrations, which are determined by beam
Hence, and for the sake of clarity, let us give explicit defi-divergence and chromaticity. The brilliance as defined by
nitions for thebrightnessor radiance Eq. (A4) is a good measure of these properties.

A= .
m(Ax, Ap,)? AXAp)

ks

: (A5)
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