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Continuous, dense, highly collimated sodium beam
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We have developed a slow, highly collimated, and bright sodium atom beam suitable for orientation
and alignment studies in cold collisions. A combination of transverse-optical collimation,
longitudinal cooling, rapid decoupling from the longitudinal cooling cycle, and a final
“optical-force extrusion” stage produces an atom density o 1D'%cm 3 within a
beam-divergence solid angle 020 ®sr. Rapid Zeeman-cooler decoupling results in a narrow
laboratory velocity distribution of 5 m/s full width at half maximum and a cold binary intrabeam
collision temperature of 4 mK. €000 American Institute of Physid$§0034-6748)0)02110-9

I. INTRODUCTION proaching atoms. Examples of these kinds of collisions are
photoassociative ionizatidhand harpooning collision. If

In recent years much effort has been devoted to highthe laboratory divergence angle of the atom beam is also
performance atom-beam sources. Because of the dissipativgghly restricted, the molecular collision axis nearly super-
nature of the “radiation pressure” forcepptically cooled poses on théaboratory axis, providing a collision reference
and compressed atom beams can achieve brightness figur@gs accessible to laboratory manipulation.
(flux density per unit solid anglevell beyond the Liouville- In this work, the combination of a simple effusive
theorem limit® Bright beams are useful in improving the source, optical collimation, Zeeman cooling, and a simple
efficiency of the loading of optical traps, for nanolithogra- technique for sharply decoupling the atoms from the cooling
phy, atom interferometry; and, in the case of interest heregycle generates a bright beam. Under typical conditions, we
cold collision studies. obtain a sodium beam with @10'°atomscm? in a solid

A variety of techniques have been developed over theingle of 2< 10 ®sr with a longitudinal laboratory velocity
last decade that use optical forces to generate bright beamst ~350 m/s and velocity spread of 5 m/s. This beam has
Some of these techniques start with a cold or ultracold enbeen used to perform studies of the polarization dependence
semble of atoms and generate a beam by breaking the syrpf the optical suppression of photoassociation ionization col-
metry of the confinemerit.” Other schemes start with a hot |isions in sodium’ and of the polarization dependence of
thermal beam and use optical forces to increase th@hotoassociatioff
brightnes$-* Here, we present a multistage system which
renders a continuous thermal source into a continuous cold
beam suitable for atomic collision studies. After discussing!- BEAM PRODUCTION
the diagnostic techniques used to characterize the beam,

will be compared to several other bright atom beams. each element discussed in some detail below. Figiae 1

While the rate constants of cold and ultracold CO"'S'Onssketches the production of the beam with elements scaled

can be measured in the reaction bulb™ environment of & ividually and the vacuum chamber removed for clarity,
magneto-optic trapMOT),™ the isotropic distribution of

- o . ) while Fig. 1(b) is a scaled diagram of the complete system.
collision axes limits these studies to spatially averaged quan-

tities. However, in the cold collision regime, where only aA. Thermal source

few partial waves participate, is just where alignment and  pp, externally heated oven assembled primarily from off-
orientation effects can be especially pronounced. A highlyne_shelf UHV components generates the thermal beam.
collimated atom beam, therefore, provides an ideal enVironHigh-temperature custom-fitted mantle&Slascol, Terre
ment for studying favorable classes of collision kinematics.Haute, IN heat sodium metal inside a reservoir made from a
In particular, inelastic or reactive processes proceedingandard 4.5-in.-diam CF tee to about 400 °C. The reservoir
through a two-step interaction sequence, the first occurring ghates to a standard six-way CF cross. A thin stainless-steel
long range and the second at short range, results in a vegysk with a centered 1.25-mm-diam hole was welded into the
narrow acceptance angle along thelecularaxis of the ap-  entrance arm of the six-way cross. This aperture acts as a
nozzle for the existing atom flux from the reservoir. A 1.25-
dElectronic mail: degraff@annick2.umd.edu mm-diam skimmer aperture, formed from a similar stainless-
Ppermanent address: Department of Modern Applied Physics, Tsinghusteel disk welded into the arm opposite the nozzle and posi-

University, Beijing 100084, China. . . .
9Also at: Laboratoire des Collisions, Aggats, et Rectivite, IRSAMC, tioned 16 cm downstream, meChamca”y defines and

Universite Paul Sabatier, 118 route de Narbonne, 311062 ToulousePr€collimates .the metf-‘_ll vapor flux. The mounting of the
France. nozzle and skimmer within the same six-way CF cross de-

't we use a multistep process to generate the beam, with
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FIG. 1. (a) Sketch of technique used to produce the cold, bright beam. A

thermal source produces a flux that is optically collimated and longitudinallyFIG. 2. Externally heated source for generation of thermal sodium beam in
cooled. After extraction from the longitudinal cooling cycle with a high cutaway. Nozzle and skimmer are mounted coaxially within a six-way cross.
magnetic-field gradient, the atoms are extruded into a narrow, dense atoBetween the nozzle and skimmer, excess flux is pumped away on three sides
beam with a two-step compression and recollimation stage. The higlby a diffusion pump aided by additional pumping from a coaxial cooling
vacuum chamber has been removed for clafity.Scaled diagram of ex-  coil with cold water running through it. Custom-shaped heating mantles
perimental setup. surround the tee and cross and heat the oven to 400 °C.

] o ) _the tee is removed and small lumps of sodium metal are
fines a stable and rigid atom-beam axis. A separate heatingropped in.

mantle enveloping the cross heats the nozzle and skimmer to
400 °C to prevent clogging. A diffusion punipominal 4 in.
diam with pumping speed 800 }1/semoves the skimmed
sodium vapor from the region between the nozzle and skim-  Optical molasséscollimates the sodium beam by cool-
mer. A coiled solenoidal structure surrounding the atom-dng the transverse velocity of the atoms. A pair of counter-
beam axis and formed from 3/16-in.-diam commercial coppropagating laser beams, orthogonal to the atom beam and
per refrigeration tubing increases the pumping speeduned about one natural linewidth to the red of the atomic
between nozzle and skimmer by acting as a primitive crytesonance, impinges on the atom-beam flux. Atoms prefer-
opump. It is introduced through the top arm of the crossentially absorb from the laser beam toward which they are
Simply running cold tap water in this cooling coil suffices moving because the light frequency is Doppler shifted closer
due to the low vapor pressure of sodium at or slightly belowto the atomic resonance. When an atom absorbs, it slows
ambient temperature- 10~ °Torr at 25 °Q. Figure 2 shows because of the momentum transfer from the photon. Sponta-
a cutaway view of the beam source. The skimmer—nozzl@eous decay from the excited state also produces a momen-
configuration mechanically restricts the atomic beam to dum recoil, but it averages to zero over several absorptions
divergence angle of 8 mrad. The longitudinal velocity com-due to the isotropic distribution of the reemitted photon. The
ponents(along the axis defined by the assemhdy the flux  average total momentum transferred to the atom per absorp-
exiting the nozzle are below 1500 m/s. Therefore, the 16 cntion cycle, therefore, equals the momentum of a single pho-
distance from the nozzle to skimmer, together with the diamton #k, where|k|=2/\. The force resulting from the mo-
eter of the holes, limits the transverse component, whichmentum transfer always opposes the motion of the atoms and
clears the skimmer to less than 10 m/s. The beam source 1o first order is proportional to the atom velocity, creating a
connected to the main chamber by a flexible bellows whichldamping term in the equation of motion. Two pairs of coun-
provides adjustment of the beam pointing. An annularterpropagating laser beams, orthogonal to each other as well
shaped liquid-nitrogen trap with a hole diameter of 7.5 mmas to the atom beam, damp the transverse velocity compo-
separates the collimation region from the longitudinal Zeenents along two axes.
man cooling tube, providing further isolation of the down- In the simplest theory of optical cooling, two-level Dop-
stream stages from background sodium vapor. pler cooling, the temperature limit is reached when the rate
Mounting the sodium source external to the mainof heating due to the random motion from spontaneous emis-
vacuum chamber and surrounding it with the custom-fittedsion equals the cooling rate. This limit is given By
heating mantles provides a major benefit of uniform source=#T"/2kg ,* wherel  is the natural linewidth of the transition
temperature. Wrapping the heating mantles with aluminumand equal to X, where 7 is the excited-state lifetimeFor
foil and several layers of fiberglass tape distributes the heatodium, the Doppler temperature equals 24R, corre-
evenly around the oven and prevents turbulent instabilities isponding to an average velocity, of 41 cm/s kgTp
the beam flux. Another benefit of the external source is the=%mv%). However, additional sub-Doppler damping
ease with which the reservoir is recharged. The top flange omechanisms exist that further cool the ensemble to tempera-

B. Optical collimation
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Probe , _ Cotimation if the two pairs of molasses beams are spatially overlapped in
onafuditel Gooleg a common plane, a significant number of atoms become
trapped in a pattern of small light-field potentials off-axis

Re-collimation <€——} R=55%

I IDMOT <, R=25% from the atom beam. We presume that these potentials_are

due to some stray laser-beam interference pattern. Spatially
U ——— 7 mzeom [ o_ffsettlr)g the pair of molasses laser beams, credtigone-
dimensional(1D) molasses rather thazne two-dimensional

(2D) molasses, prevents interferences, and increases the av-
Coherent 9921 |—— erage density by a factor of 2.

g g o v briahtened sodium b Stray magnetic fields in the optical collimation region
FIG. 3. Lasers used to produce the optically brightened sodium beam. : .
single 20 W argon-ion lasgiCoherent 25 W Sabyepumps three single- %USt be less tml G toachieve sub-doppler temperatures.

frequency ring dye laser&€oherent 899-21 and Spectra Physics 380p- T_he _mos_t significant source of stray _magnetic flux i_S the

erating with Rhodamine 6G dye solution. One 899-21 is used for the collifringing field from the tapered solenoid used to longitudi-

mation, 2D MOT, and recollimation stages after gaining sidebands of 1.7na||y cool the beam(described beloy Several sheets of

GHz from an electro-optic modulat¢EOM), while the other serves as the . .~ - . . . . .

probe laser. The 380D longitudinally slows the atom beam. high permeabll,lty magnetic sh|eld|ngMagn_et|c Shield
Corp., Co-Netic AA Alloy placed perpendicular to the
atom-beam axis, between the collimation and longitudinal

tures below the Doppler limit. Sub-Doppler forces arise fromSlowing regions, provide the strongest attenuation of the
optical pumping and light shifts from the near-resonant in-field, reducing the field to about 5 G. A pair of Helmholtz
teractions between light and the atoHigwo primary opti- coils coaxial to the atom beam provides the means of can-
cal arrangements for subdoppler cooling areLlin and ~ celing out (B[<0.1G) the remaining stray field from the
o —o~, referring to the state of polarization of the counter-Solenoid. _ _
propagating beam@erpendicular linear polarizations or op- The residual transverse velocity of the sodium beam af-
posite circular polarizationsWhile the mechanisms for the ter the optical collimation stage is estimated using a time-of-
two schemes differ slightly, they have the same theoreticaflight technique. Images of the atom-beam fluorescence, as
cooling limit, the recoil limit, where the atomic momentum described in more detail in Sec. Il A, measure the full width
equals the momentum of a single resonant photon. The lim@t half maximum(FWHM) diameter of the atom beam at the
iting velocity isvr=7%|k|/m and equals 2.9 cm/s for sodium. location where optical collimation occurs. A sec_ond_ mea-
The linLlin cooling rate exceeds the*—o~ rate, making Surement, taken 2.0 m downstream from the collimation re-
the slowing process more efficient. Because the longituding@ion. allows us to calculate the increase in diameted,08
velocity of the atoms limits the time spent in the optical M. due to the residual transverse velocity. The average lon-
molasses, we selected lifin to minimize the collimation ditudinal velocity of the thermal atom beam, 850 m/s, deter-
time. mines the flight time between the two measurement loca-
The laser beams used for the optical molasses are pré©ns, 2.3 ms. From the data we estimate the average
duced with an argon-ion lasefCoherent 25 W Sabje transverse velocity, to be about 20 cm/s, which corre-
pumped single-frequency ring dye lag€roherent, 899-21 sponds to a temperatuiie, of 55 uK and a transverse ve-
with Rhodamine 6G dye. The laser is detuned about 15 MH#0city distributionAv, of 25 cm/s.
to the red of thé S(F =2)—2P(F =3) atomic transition by
locking the laser to a feature in saturated absorption spe% Zeeman coolin
trum from an auxiliary sodium vapor cell. This laser also ™ 9
provides the light used in the extruder and recollimation = The optically collimated sodium beam, with a thermal
stages discussed below. The distribution of po®&0 mW) longitudinal and sub-Doppler transverse velocity distribu-
from this laser is 30% for collimation, 35% for the extruder, tions, enters the region where cooling along the atom-beam
and 35% for recollimation. As shown in Fig. 3, the laseraxis occurs. A laser beam with* polarization propagates
beam passes through an electro-optic modul&thiat adds coaxially and antiparallel to the atom beam, as shown in Fig.
1.7 GHz sidebands on either side of the carrier frequencyt(a). Atoms absorb photons from the counterpropagating la-
before dividing the power. The sidebands prevent opticaser beam and slow by momentum transfer. As the atoms
pumping to the darkS(F =1) hyperfine state. The power in slow, the absorption probability in the moving atom coordi-
each sideband is about 10% of the total power in the beanmate reference frame decreases as the Doppler shift of the
The collimation beam is expanded to 2.5 cm in diametephotons moves to the red, outside the range of the atomic
and divided into two beams of equal intensify= 50  absorption profile. A specially tailored magnetic field com-
mW/cn?). The beams enter the vacuum chamber througtpensates for the Doppler shift by imposing a Zeeman shift on
orthogonal windows on a six-way cross located 10 cm downthe atomic energy levefe. The axial dependence of the mag-
stream from the skimmer. After passing through the sodiummetic field needed to keep the atoms in resonance as they
beam, each laser exits the chamber, passing through stow has the shapB(z)=B,(1—2z/z,)2 A tapered sole-
quarter-wave plate before retroreflection back through theoid, with the high-field end at the upstream end of the
atom beam, as shown in Fig(al. The double pass through chamber, produces a longitudinal profile of roughly this
the wave plate rotates the polarization of the laser beam 90%hape(inset of Fig. 5. The solenoid also has a bias field
setting up a lin.lin optical molasses. In practice, we find that applied so the Zeeman splitting is always large compared to

Coherent 899-21
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150 tensity at the upstream end of the Zeeman slower inhibits
efficient cooling of the fastest atonfthere will always be a
1 fraction of uncooled atoms in the high-velocity tail of the
‘E thermal distribution that are not captured in the cooling
100} ‘\\ cycle). To increase the intensity of the cooling laser at the
g upstream end, we focus the laser beam with a pair of lenses
g | it in a “near-telescope” configuration which overcomes the
4 - N-2x10tom? loss in cooling-laser photon flux by decreasing the laser
g 5oy beam cross section. The focus of the cooling laser is adjusted
3 \\ with the lenses to get the highest flux of cooled atoms at the
2y exit of the solenoid.
. A
of ‘ R i . D. Magnetic cutoff
0 10 ctance Upstroam from Magnetc Gatofl em) % Cold collision studies require lowelative velocities

_ _ _ _ N (< 5 m/9 between pairs of atoms. To produce an ensemble
FIG. 4. _Coollng laser intensity as a function of _ppsmon upstrefal_m from the, f coaxially moving atoms with small relative speed, the
magnetic cutoff for several ground-state densities. For densities above TR . .
% 10° cm™3, the slowing laser becomes strongly attenuated at the upstreal boratory distribution of velocities must be narrow. Slowing
end of the Zeeman cooler. the atoms to near-zero velocity in the laboratory frame actu-
ally increases the distribution because the magnetic field at
the hyperfine splitting. Many turns of 0.25-in.-diam commer-the end of the tapered solenoid does not exactly match the
cial refrigeration tubing form our solenoid. The total currentfield shape needed for cooling. Rapid removal from the cool-
of 60 A that runs through the solenoid is provided by aing cycle at a well-defined velocity upstream from the end of
high-current power supplySorenson, DCR 80-125THeat  the solenoid produces an atom beam with a narrow longitu-
generated resistively in the solenoid is removed by wateflinal velocity spread. Atoms will exit the cooling cy&fef
flowing through the tubing. the field gradient exceeds
As the atoms enter the upstream end of the Zeeman
cooler, the energy levels of the atoms shift due to the Zee- d_B
man effect. A Spectra Physics 380D ring dye laser, pumped |dz
by a Coherent 25 W Sabre argon-ion laser, provides the light
used for longitudinal cooling. Atoms move freely down the whereuv,,, is the longitudinal atom velocity at the decoupling
cooler until the Doppler-shifted frequency of the laser equalsoint, 7 is the excited-state lifetimeyg is the Zeeman con-
the field-dependent’S(F=2Mg=2)—?P(F=3Mr=3)  stant,mis the sodium atomic mass, ais the saturation
transition energy. The resonant condition for atoms with lonparameter €1/1,) with 1, the resonance transition satura-

1 alkf?
Vo 2TpgM

s
St1 @

crit

gitudinal velocityv, is tion power density. We tailor the magnetic field with an as-
B sembly of magnetic shielding. Multiple layers of a high-
A—k_ v+ Tzo, (1) permeability nickel alloy foil (available from industrial

distributers such as McMaster-Carivrapped into a cylin-

whereB is the local magnetic field anglg is the Zeeman drical tube 10 cm in length and wall thickness of 2 mm, from
constant for the transitioi27- 1.4 MHz/G for this transi- the assembly. The structure, mounted coaxially with the
tion). Once resonant, the atoms continue to decelerate, aratom beam and within the downstream end of the solenoid,
slower atoms enter the cycle as the flux proceeds down thehields the atoms from the Zeeman cooling field, as shown in
cooler?! The cooling laser is typically detuned 200 MHz Fig. 5. The terminal longitudinal velocity is determined by
below the atomic resonance with an intensity of 150the resonant conditiofEq. (1)] at the site of decoupling. For
mWi/cn? at the entrance of the vacuum chamber. the experimental conditions described here, the gradient in-

The increased density of the atom beam due to the colereases to a maximum value of 140 G/cm at the edge of the
limation increases the optical thickness of the sodium beanshielding, well above the critical value of 30 G/cm given by
We developed a crude two-level model that calculates th&q. (2), and atoms decouple from the cooling cycle with a
intensity of the cooling laser as a function of position, takingvelocity v, of 350 m/s. Using the velocity characterization
into account the absorption of photons from the cooling lasetechnique described below, we measure the laboratory frame
by resonant atoms. We used a spatially dependent grountbngitudinal velocity dispersiodv; to be 5 m/s.
state distribution to model the resonant absorbing ground- To vary the terminal velocity of the atoms, several tech-
state population determined by the combination of the varyniques can be used to change the resonant condition given by
ing Doppler and Zeeman shifts. The model indicates thaEqg. (1). Perhaps the most straightforward method is to
when the ground-state density exceeds 12° atoms/crm, change the detuning of the laser. If the laser is tuned closer to
the intensity falls below the saturation intensity,( the atomic resonance, the terminal velocity decreases. The
=6 mWi/cnt) for the cooling transition at the upstream end magnetic-field strength varies with the solenoid current; de-
of the cooling region. Figure 4 shows the intensity of thecreasing the current will also lower the terminal velocity.
cooling laser for several ground-state densities as a functio8hifting the position of the shielding assembly also can be
of distance upstream from the cooling cutoff. Low laser in-used to tune the atomic velocity by changing the decoupling
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FIG. 5. Magnetic field and magnetic-field gradient in the vicinity of mag- . ) i

netic shielding. The magnetic shielding rapidly cuts off the Zeeman cooling”!G- 6. MOT restoring force as a function of position for 40 and 80 G/cm
field, increasing the gradient above the critical limit given by EZ).for for atoms withv, =0. The bar above the force curves shows the approxi-
adiabatic following. Atoms are rapidly decoupled from the cooling cycle atMate diameter of the atom beam when it enters the 2D MOT.

this location, yielding a narrow longitudinal velocity distribution. The inset

shows the field profile over the length of the solenoid.

wire are 5 cm long and 1 cm offset from nearest neighbors.

point_ The terminal atomic Ve|0city can be shifted over aHigh-CUrrent feedthroughs direct the current into and out of
range of several hundred m/s using different combinations o€ vacuum chamber. A high-current sup@orenson, DCR

these techniques. 160-62T) provides the 30-50 A used to focus the atom
beam. Similar to the upstream end of the Zeeman cooler, a
E. Extruder pair of coaxial Helmholz coils cancels the fringing fields

from the solenoid. As shown in Fig. 6, the restoring force

To further increase the brightness of the atom beam, thgyarted on the atoms within the beam radifig 0.1 cm)
flux must be compressed into a smaller volume, without inyn e ages with the field gradient, which is proportional to the

creasing the divergence of the beam at the same time._ ﬁairpin current.

two-step process, utilizing a focusing step followed by opti- e jight used for the 2D MOT originates from the same

cal collimation, reduces the beam diameter from 2 to 0.6 My gharent 899-21 ring dye laser as the optical collimation,

without loss of atom-beam collimation. tuned 15 MHz to the red of the atomic resonance. A tele-

The focusing stage of th§3 extruder is a two-dimensional ;e expands the laser-beam diameter to 2 cm. After pass-
magneto-optic tra2D MOT).* Like optical molasses, 2 2D, through a quarter-wave plate that converts the polariza-

MOT has counterpropagating pairs of laser beams, of frefq, from linear to circular, a beamsplitter divides the light
quencyw, , tuned to the red of atomic resonaneg by an  jn¢, two equal intensity beamé&5 mwicn?). The beams
amountA = w,_ — wy, but also includes a uniform quadrupole gnter the chamber perpendicular to each other, as well as to
magnetic field aligned along the atom-beam axis. The Magne a10m beam, through the center of the clear apertures of
netic field increases radially from the quadrupole axis anqhe hairpin. After exiting the chamber, the beam passes
adds a Zeeman shift _to the atomic levels. _The force exerte&rough a quarter-wave plate before retroreflection. The
on the atoms for a pair of counterpropagating laser beams ig, e pass though the wave plate changes the handedness
F=F.+F_, where of the circular polarization of the laser beam as needed for

wkT S MOT operation.
+=% aB 12 € The 2D MOT focuses the atom beam to a point down-
1+S+ T AIk'ViMBWr) stream from the extruder assembly. The exact focal point

depends on the field gradient and on the longitudinal velocity
Two sets of counterpropagating laser beams generate a cgf the beam. A broadened velocity distribution widens the
lindrical, damped restoring force that drives the atomsfocal region of the beam as the fastest atoms focus to a point
towards the field zero along the beam axis. Figure 6 showmore distant than the slower ones due to the shortened inter-
the force as a function of radial position for atoms with  action time, analogous to chromatic aberration in geometric
=0, a saturation paramet& of 10, and laser detuning optics. The narrow velocity distribution produced by the
= —15MHz for field gradients of 40 and 80 G/cm. To cal- rapid cutoff of the longitudinal Zeeman magnetic field re-
culate the force, we convert the detuning into angular fresults in a small focal lengti~1 mm). For a beam withy,
quency A'=A-27) for consistency in units. =350 m/s and a hairpin current of 45 A, the focal point is
A hairpin assembly generates the extruder magnetiabout 6 cm downstream from the 2D-MOT laser beams, as
field. Four sections of wires, with alternating directions of seen in Fig. 7.
current, formed from a single piece of 8 AWG solid copper  To prevent atom-beam divergence beyond the focal
wire, produce the quadrupole field. The aluminum structurgoint, an optical recollimation stage introduced at the focus
used to support and mount the wire inside the vacuum chandamps out the transverse velocity. TheLliim optical molas-
ber is not shown in Fig. 1 for clarity. The straight sections ofses stage, using light produced by the same laser as the pri-
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FIG. 7. Focal length of the 2D MOT as a function of current flowing
through hairpin assembly for atoms with=350 m/s. The second axis FIG. 8. Fluorescence profiles captured with a CCD camera for uncollimated,
also shows the field a gradient for a given current. collimated, and extruded atom beams.

mary optical collimation and the 2D MOT, is 2 cm in length peams ysed for the diagnostics. To contrast the performance

and positioned at the focus of the atom beam. The samgs the system to others, we introduce the definition of bright-
Helmholz coils used to cancel the fringe fields in the focus-ness brilliance, and phase-space density.

ing stage also cancel the magnetic field at the collimation _ _
stage to|B|<1 G, allowing sub-Doppler cooling mecha- A- Beam size and density
nisms in the molasses to reduce the transverse temperature to \ye measure the spatial profile of the atom beam with a

T, ~55uK, below the Doppler limit Tp=240uK). The  |aser-induced fluorescence technique. Perpendicularly cross-
extruder acts essentailly as an atom-beam telescope, reduciﬁ@1 the atom beam, a weak~+1 mWi/cn?), thin ribbon of
the beam radiuar from 1 mm at the end of the Zeeman light excites atoms from the NS(F=2) to the N&P(F
cooler to 0.3 mm at the extruder exit, based On measure= 3) |evel by tuning the laser to the transition. A CCD cam-
ments of thg beam fluorescence collected with a chargesrg system(Spectrasouce, Teleri) 2aptures the decaying
coupled-device (CCD) camera. The beam currend  flyorescence as well as the background light. By tuning the
(atoms s?) entering the extruder equals the exiting current,probe laser off-resonance, we also record the background
indicating that essentially all atoms are forced into the narfight which, after subtracting from the on-resonance image,
rowed beam. provides a clear atom-beam profile. Figure 8 shows the fluo-
rescence profiles for the uncollimated, collimated, and ex-
F. Performance truded cases of the longitudinally slowed atom beam. We
We measure the performance of the beam at a poinfl€asure th_e diameter of the beam, defined as the FWHM,
located 2.2 m downstream from the nozzle at the point wher©om these images. _
our cold collisions are detected. Adding optical collimation ~ BY measuring the absorption of a weak, resonant probe
to the longitudinally cooled beam increases the density fronf@Ser with circular polarization, we determine the ground-
2% 10" to 7X 10 cm 3 The extruder further increases the State densityn. As the probe Iaser.wnh initial intensithy
density to 1x 101°cm 3, a 500-fold density gain. The beam- Passes through the atom beam with average densépd
divergence solid anglé)=m(Av, /v,)? decreases from 1 diameterd, the final intensit " is given by
X104 to 2x10 ®sr as the thermal beam is collimated,

cooled, and extruded. Table | summarizes the beam perfor- | =lo®xd —naoad], 4)
mance. _ L
where the absorption cross section is given by
I1l. DIAGNOSTICS %, T [ogtdo2 do
Here, we describe the techniques used to measure the 7a=g-} QL o 2 ©)
beam size, density, and longitudinal velocity distribution. A ¢ O T (0 —wg) 2+ 5

third ring dye laser(Coherent, 899-21provides the laser

whereg, andg, are the degeneracy factors for the excited

TABLE |. Summary of beam characterstics. . .
y and ground state\ is the resonant wavelength, aido, is

n Density (atoms/cr) (1+05)x10%°  the spectral linewidth of the laser. The circular polarization
Y| Longitudinal velocity(m/s) 3505 of the laser drives the stretched-state transition soghand

Ay Longitudinal velocity spreadm/s) 5x1 ge equal unity. Assuming a spectral linewidth of 1 MHz

él’l ;ﬁ%ﬁﬁ;gég'ocw spredds ?;5?&110,6 from the 899-21 ring dye laser serving as the probe, the
Ar Beam radiugcm) 0,03+ 0.01 absorbtion cross section isx8l0" *cn?. Using Eq. (5),

from the measurements of the initial and final intensities
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a) velocity spaceg(v). We extract the velocity distribution
f(v") from the linewidthg(v), which are of the same mag-

nitude, by fitting a Voigt profile

|(v)=|of f(v")g(v—v’)dv’ )

to the spectra. We assume a 1D Gaussian distribution of
velocities forf(v'). The probe laser intensity and the center

B velocity of the fluorescence are known, leaving the longitu-

-~

E dinal velocity spreadiv; and a normalization constant as the
8 only remaining parameters to fit. A typical fit, with a labo-
g ratory velocity widthAv, equal to 5 m/s, is shown in Fig.
E T A %0).
o 200 400 600 800 1000 The collision temperatur@,, for a pair of atoms de-
Velocity (m/s) pends on the relative velocity, between them:
¢ z: kKTeon= %:U'<Ur>2- 8
01 An autocorrelation of the laboratory distributiori$y ;) and

f(v,), for two atoms

0 3 6 9
Relative Velocity (m/s)

P(vo:f:f:fwl)f(vz)a(vr—|v1—v2|>dv1v2 ©

Voigt Fit of Fluorescence ~

400 extracts the relative velocity distributioR(v,) of pairs of
Velocity (m/s) atoms in the beam. The inset of FigicPshowsP(v,) for
two atoms in the atom beam. We calculate the average rela-

FIG. 9. Technique for calculating velocity distributioe) Experimental &ye velocity from the relative velocity distribution

layout for laser-induced fluorescence measurement showing probe las
crossing atom beam with angté. A photomultiplier collects the fluores- o
cence.(b) Typical fluorescence profile as a function of velocity). Voigt fit <Ur> = f P,(v,)v,dv,. (10
of fluorescence that extracts laboratory frame velocity distribution that is 0

used to determine the relative velocity distributionse) for a pair of at-

oms. For the data shown in Fig. 9, the mean relative velogity)

is 2.4 m/s and the collision temperaturg,, is 4 mK.

lo,1" as well as the atom-beam diametkmwe calculate the
average atom-beam densityto be (1+0.5)x 10*°cm™2 for
an oven temperature Of 400 °C' C Beam brlghtneSS and br|”|ance

Optically brightened beams have been characterized in
different ways, making the comparison of performance dif-

B. Velocity characterization ficult. A recent work by Lisoret al!* defines brightness
To measure the longitudinal velocity of the atom beam, a )
weak probe beamlKlg,), introduced at an angle with R=4 (13)

respect to the atom beaffrig. Ya)], scans near the rest
frame atomic resonance. The Doppler-shifted, angle-tunewhere® is the average atomic flux add is the solid angle

resonant absorption condition is given by subtended by the beam, and brilliance
A=—cose ©) B=R-—_ (12
B A ' AU”

whereA is the detuning from resonance at which atoms withto characterize the performance of different beams. The av-
velocity v, absorb. A photomultiplier tube collects the light erage atom fluxb (atoms §*m™?) is the product of the den-
emitted as the atoms decay from the excited state whesity n and the longitudinal velocity,. The average beam
populated by Doppler-resonant absorption. The laser simukurrent (atoms §1) equals the product of the fluk and the
taneously scans across several known lines of a moleculatom-beam cross-sectiamAr? and is a common measure of
iodine cell to provide a reference for the frequency of thethe number of atoms within a beam. The brilliariBanea-
laser. We convert the frequency scale of the spectra to aures the velocity dispersion within the beam as well as the
velocity scale by the relation given by E() to determine  divergence. Because cold collision studies require low longi-
the center velocity of the distribution as seen in Fig)9lt  tudinal velocity dispersion, the brilliance is an important
is important to note that the scan shown in Figh)dncludes  measure of the beam quality.

the velocity distribution in the laboratory framiuv’) as The performance of the atom beams is also related to the
well as the power-broadened natural linewidth projected intd_iouville phase-space density
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0 } o o low relative velocity along the beam direction, the larger
~ 1o b 4 o) transverse temperature corresponds to a transverse velocity
JZ 10%¢ i spread greater than the longitudinal spread. To study colli-
o 107 Lison TNQ"esse,, sional orientation and alignment effects a beam must have
g :2: | ] oogeriana . narrow Iabora.tory dlvergence. The dl\{ergence of this beam
5 o e T— does not provide an axis to which collisional effects can be
g s . e referenced.
£ 100 Nellessen, Werner, and Ertrfiedeveloped a scheme to
@ 107 - transversely compress a monoenergetic sodium beam. Atoms

10 i I showed from a thermal source via chirp cooling are deflected

000012 100611 100610 10008 10008 10087  1.008:6 from the hot background with near-resonant radiation. The

A slow, pulsed atom beam enters a region with a 2D MOT,

FIG. 10. Comparison of several atom bea@sapted from Ref. 4Results ~ which transversely cools and compresses the flux. The 2D
are from Riiset al. (Ref. 3 Nellessen, Werner, and ErtméRef. 8, MOT reduces the beam diameter from 3 mm tO,LAﬁ. The

Hoogerlandet al. (Ref. 11, Lisonet al. (Ref. 14, and DeGraffenrei@t al. . . 3
(a) (this work), and DeGraffenreiet al. (b) (this work without the extruder densny of the Compressed beam is on the order &40,

stage. The chirp-cooling method limits the longitudinal velocity
spread to the Doppler absorption width-10 m/s for so-
N dium), and they report a transverse velocity near the Doppler
A= W (13 limit of 40 cm/s. The velocity distributions and density are of

the same order as this experiment, but the flux is pulsed due
the number of atomBl per phase-space volumAxXAp)3. It to the chirp-cooling technique. Theeakvalue of the bright-
can be shown that for a cooled atom beam with cylindricalness is 5 10°'m2sisr! and the briliance is 1
symmetry, the dimensionless phase-space de[;f51:§y/\h:3 X 1023m_23_1sr_1, however, the pulsed nature of the beam
equals reduces the time-averaged values by the 10% duty cycle. The
short existence of the bright beam reduces the signal to noise

3
A= 3n—h2 (14)  In experiments with low count rates, such as far-detuned
m°Av{ Ay (A>500 MHz) photoassociative ionization.
wherem is the atomic mass. A multistage collimation and brightening technique de-

11 . .
The brightness and brilliance of the collimated and ex-veloped by Hoogerlandt al.™" increases the density of meta-

truded cold atom beam are, respectively=(2)x 10?* and stable neon beams. The system consists of the optical colli-
(1+0.5)x10”Pm2s tsr ! with a dimensionless phase- Mation of a thermal beam, followed by optical compression

space densitjk of (2.6+1)x 10, and secondary optical collimation stage_s._ Because metastable_z
noble gas beam sources are not as efficient as thermal alkali
sources, the authors sacrifice mechanical divergence of the
thermal beam to increase beam current. The maximum trans-
Figure 10 shows the brilliance and brightness of severalerse component of atomic velocities exiting the source ex-
cool atom beams as a function of the phase-space densitgeeds the Doppler capture range for a standing-wave molas-
Here, we discuss the performance of several of these othees. A curved wave-front technique increases the transverse
sources: a sodium atomic funried slowed and compressed velocity capture range, increasing the number of atoms
sodium beanf,a brightening scheme for metastable nébn, within the collimated beam. The collimated beam then
and a system that uses permanent magnets to both decouplasses through a 2D MOT that focuses toward the center of
atoms from a collimated, longitudinal cooled beam and tathe trap. Residual transverse velocity gained in the compres-
focus the atoms to a smaller beam diaméteh recently  sion stage is eliminated with a second collimation stage. Be-
developed system that produces a pulsed flux of lithium ateause the longitudinal distribution of atoms is broad, the
oms developed by Fukuyanet al.” from a magneto-optic chromatic aberration limits the density as the atoms are fo-
trap is also presented. cused to different points. The brightness and brilliance are
Riis et al2 developed an “atomic funnel” source, essen- 1x 10?*and 6x 10?°*m~2s 'sr . The large longitudinal ve-
tially a 2D MOT, with an adjustable optical molasses alonglocity spread(100 m/3g of the beam makes it unsuitable for
the third axis. By using beams with slightly different detun- cold collision studies. However, recent proposasid a lon-
ings from resonance in the molasses beams, the atoms leagiudinal slowing stage between the initial collimation and
the funnel along this axis with a velocity, that is the zero the compression stage that improves the prospects for cold
of the damping force set up by the molasses. A frequencyollision study in metastable beams.
chirp-cooled beaff loads the funnel with a 10% loading Lison et al}* recently demonstrated a very bright cesium
efficiency. The funnel generates a beam with densitgf = beam. An effusive cesium beam is optically collimated and
10 cm ™2 at velocityv,=2.7 m/s. The authors report a lon- longitudinally cooled. A set of permanent magnets produce a
gitudinal temperature of 18@K and a transverse tempera- large magnetic-field gradient that decouples the atoms from
ture of 300ukK, from which the brightnesR and brillianceB  the cooling cycle, producing a narrow longitudinal velocity
are calculated to be 810" and 2<10**m 2s 'sr'! re- distribution. The atom beam then passes through a magnetic
spectively. While the longitudinal temperature indicates alens formed with a hexapole arrangement of permanent mag-

IV. COMPARISON TO OTHER SOURCES
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