
Construction of a low velocity metastable Helium atomic beam

G.R.Woestenenk,J.W. Thomsen,M. vanRijnbach,P. vanderStraten,andA. Niehaus
Debye Institute, Department of Atomic- and Interface Physics - Utrecht University

P. O. Box 80.000, 3508 TA Utrecht, The Netherlands
(submitted)

Wehaveconstructedanatomicbeamof metastableheliumatoms
He(23S) with a meanvelocity of 300 m/s (15 K) and a yield of
3 � 1012 atoms/ssr. The metastableatomsareproducedin a DC-
discharge in a cryogenicenvironmentcooledby liquid helium. Us-
ing a hexapolemagneticlens we have increasedfurther the beam
intensity by focusingthe metastableatoms. Initial studiesshow a
factorof 2.5 increasein the beamflux but more is expectedwhen
thehexapoleis constructedfrom permanenthexapolemagnets.The
He(23S) atomsaresubsequentlyloadedinto a magneto-opticaltrap
(MOT).

I. INTRODUCTION

Since the developmentof laser cooling and trapping of
atoms[1], studieswith low temperatureatomshave increased
dramatically. Areasof interestincludeBose-EinsteinConden-
sation[2], high precisionspectroscopy [3], andquantumop-
tics [4]. One of the main tools in theseexperimentsis the
magneto-opticaltrap (MOT). Among the elementsthat are
studiedthemetastableraregasesplayanimportantrole [5–7].

For experimentsusing ultra-cold atomsit is importantto
have an intensesourceof atomswith a low velocity. Typical
capturevelocitiesfor MOT’s lie around60 m/s. In order to
trap atomswith high initial velocities,e.g. metastablesthat
areproducedin a discharge,theatomsneedto bepre-cooled
in aZeemanslower. Thismakestheexperimentmorecompli-
catedandthe loadingof theMOT lessefficient. Thereforeit
is desirableto beableto loadaMOT efficiently from asource
withoutusingany pre-coolingschemes.

This paperdemonstratesthe productionof an intenselow
velocity metastableheliumbeamsuitablefor loadinga MOT
without a Zeemanslower. Furthermore,we have also con-
structeda magnetichexapolelens, that canefficiently focus
theatomicbeam.

II. CONSTRUCTION

The sourceis shown schematicallyin Fig. 1. Metastable
heliumatomsHe(21S)andHe(23S)areproducedin aDC dis-
charge by electronimpact. The sourceis cooledby liquid
helium. The discharge runsbetweena discharge needleand
a nozzleplate. A Pyrex glasstubewith an orifice of 1 mm
insertedin a Teflon holder, is placedin a copperassembly
asshown in Fig. 1. Thegasflows on theoutsideof theglass

tube,alongthecoldcryostatandcoldnozzlebeforeit expands
into the vacuumchamber. Part of the gasis pumpedout by
a mechanicalpumpthroughthe glasstube,as in the liquid-
nitrogen-cooledDC-dischargesourcedescribedby Kawanaka
et al. [8].
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FIG. 1. Schematicdrawing of thesourcecooledby liquid helium.

The glasstubeandnozzleassemblywereplacedinsidea
cryostat,whichwascooledto about10-15K by liquid helium.
Lower temperaturescould be obtainedbut at the expenseof
instabilityof thesourceoutput.This is possiblydueto helium
condensationtakingplacein thesource.Thecryostatis heat
shieldedby a gold platedcylinder. The nozzlewasmadeof
analuminumplateof 1 mmthicknessto reduceheatgradients
(acoppernozzledid notperformaswell asanaluminumone)
andtheexit holediameterusedwas0.5 mm. As a discharge
needleweusedatungstenrodwith adiameterof 2 mm,which
wassharpenedat theendandkept in the middleof theglass
tubebyceramicspacers.Theoptimaldistancefrom thenozzle
plateto thedischargeneedlewasfoundto be7 mm,ensuring
both a high output stability and a high yield of the source.
To minimize heatingeffects the sourceis operatedat a low
dischargepowerof typically 50-100mW (about0.1mA) and
a low dischargepressureof 10

j 2 mBar.
Theheliumdischargeis localizedinsidethesource,i.e. be-

tweenthe discharge needleand the nozzleplate. This is in
contrastto conventionalmetastablesourceswhich operateat
higherpressures(a few mBar) with a dischargeburningout-
side the nozzle, i.e. betweenthe discharge needleand the
skimmer, to reducequenchingof themetastableatoms[9,10].
We observedthatsuchoperationwasonly possibleat higher
sourcepressuresandcurrents,andthereforeathighertemper-
atures.However, we estimatedthequenchingof themetasta-
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blesin our designto be of minor importancedueto our low
sourcek pressureof 10

j 2 mBar. Operatingat minimumpower
andpressureyields a total flux of a few times1012 atoms/s
sr. This outputis two ordersof magnitudelower thanthatof
conventionalsources,but the meanvelocity of the atomsis
decreasedfrom 2000m/s to 300m/s,asis shown in Sec.III.
As expected,highersourcevoltagesincreasetheoutputyield
further. Thiseffect is illustratedin Fig. 2.
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FIG. 2. Outputyield of sourceasa functionof dischargevoltage.

Thecontribution from UV photonshasbeensubtracted.

III. RESULTS

In thesourceHe(23S) atoms,He(21S) atoms,andUV pho-
tonsareproduced.Theatomsandthephotonsweredetected
with a channeltrondetector, located60.3cm away from the
sourceexit. The total numberof UV photonsin the beam
was deducedfrom time of flight (TOF) measurementsdis-
cussedbelow andsubtractedfrom the signalmeasuredwith
thechanneltrondetector. Thefractionof He(21S) atomspro-
ducedin the sourcewasmeasuredby deflectingall He(23S)
atomsout of the beamwith a diode laserresonantwith the
He(23S1

l 23P2) transition. The beamflux wasmeasured
with andwithout deflection,which enabledus to determine
the numberof singlet atoms. The fraction of singlet atoms
wasfound to be5–8%of the total beamflux which is rather
low comparedto previoussourcedesigns[10].
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FIG. 3. Part (a) shows a typical time of flight spectrumobtained
usingamechanicalchopper. A channeltrondetectorlocated60.3cm
away from the choppermonitoredthe beamparticlesandphotons.
Part (b) displaysthecorrespondingvelocity distribution.

The velocity distribution was measuredby a TOF tech-
nique. Fig. 3 shows a typical TOF spectrumtogetherwith
the correspondingvelocity distribution. The TOF spectrum
wasobtainedby useof a mechanicalchopperinsertedin the
beam.Thesharpphotonpeakatthebeginningof thespectrum
providedaconvenienttimezeroaswell asanindicationof the
time resolutionin this measurement,which wasestimatedto
be betterthan2 m s. Furthermore,we usedthe photonpeak
to determinethephotonflux, which is approximately25%of
the total sourceoutput. The meanvelocity of the spectrum
shown in Fig. 3 is 300m/s,which correspondsto a tempera-
ture of 15 K. In Fig. 4 the meanmetastableatomvelocity is
plottedagainstdischargepower. As the discharge power in-
creasesthemeanvelocity increasesslightly, dueto heatingof
thedischarge.At typicalsettingsof thesourcewefind amean
velocityof lessthan300m/s,comparedto 1000m/sfor a liq-
uid nitrogencooledsource[8], or 2000m/sfor aconventional
source[9,10].
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FIG. 4. Meanvelocity of He* beamas a function of discharge
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IV. LOADING THE MOT

Our source of slow He(23S) atoms is used to load a
magneto-opticaltrap(MOT). A schematicpictureof thesetup
is shown in Fig. 5. Usually a He(23S) MOT is loadedfrom
a high-pressuredischargesourcecooledwith liquid nitrogen
[6,11–13]. Here the atomsneedto be slowed in a Zeeman
slower from 1000 m/s to typically 60 m/s, before they can
be capturedin the MOT. Using a Zeemanslower makesthe
experimentmorecomplex sincespecialcarehasto be taken
to avoid reductionof densityof thebeam[14]. In a Zeeman
magnetthebeamis sloweddown in thelongitudinaldirection
andas it is slowed down, the transversepart of the velocity
becomesmoreandmoredominant.Thebeamwill ultimately
fan out and the flux in the centerof the beamwill strongly
decrease.This effect limits the numberof atomsthat canbe
capturedin theMOT. It canbecompensatedfor by insertinga
transversecoolingsectionin front of and/orat theendof the
slowing unit [11]. At the entranceof the slower the velocity
of theatomsin thebeamis highandconsequentlytheinterac-
tion time of cooling light with theatomsis short. This limits
the momentumthat canbe transferredto the atoms.A com-
plication that ariseswhenusinga Zeemanslower is extrac-
tion of slow atomsfrom theendof theslower. Theextraction
canbe mademoreefficient by placingadditionalcoils at the
exit of the magnet,or by usingan increasingmagneticfield
[15]. Thesemodificationsalsopreventfurtherdecelerationof
thebeamandbroadeningof thevelocity distribution afterthe
atomshave left theslower.
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FIG. 5. Schematicpictureof theslowing andtrappingsetup.

To improve theloadcharacteristicsof our He* MOT com-
paredto previousexperiments[16], wedecidedto useacryo-
genic helium sourceinsteadof a sourcecooledwith liquid
nitrogen. Since the meanvelocity is only 300 m/s instead
of 1000m/s,we coulddecreasethe lengthof theexperiment
considerablyandhenceincreasetheloadingratedramatically.
The coils that generatethe MOT magneticfield in our setup
arelargein diameter( q 400mm). Theselargecoilsarepartic-
ularly favorablefor loadingaMOT from thecryogenicsource,
sinceno additionalZeemanslower is needed.Theatomsare
slowed down by a counterpropagatinglaserbeam,and the
Zeemanshift thatis neededto compensatetheDopplershift is
producedby theradialmagneticfield of theMOT. Thebeam
still fansout, but the effect is smaller than for a liquid ni-

trogencooledbeamfor two reasons.First, dueto the lower
initial velocity of the atomsthe beamdoesnot spreadout as
much during the deceleration.Second,sincethe atomsare
sloweddown in theMOT chamberthebeamspreadsoutmost
in theregionwherethetrappinglaserbeamsarepresent.This
reducesthe lossesconsiderably. Fig. 6 shows a simulation
of the slowing in the radial MOT magneticfield by a single
counter-propagatinglaser. As a referencewe have alsoplot-
ted the measuredand calculatedradial magneticfield. The
detuningandintensityof theslowing laserthatareusedin the
simulationareidenticalto thevaluesthatareusedin theactual
experiment,whicharegivenbelow.

For aslowing laserdetuned40MHz below theHe(23S1
l

23P2) transition asymptotewith a saturationparameterof
s0 r 400 we areableto slow down all atomswith a veloc-
ity thatis lessthan325m/s,i.e. mostof velocity distribution.
Experimentsshow thatit is indeedpossibleto trapmostof the
atomsfrom theslow metastableheliumbeam.We easilytrap
about106 atomsin the MOT, wherein the previous experi-
mentonly 105 atomsweretrappedby loadingtheMOT from
a liquid nitrogencooledZeemanslowedbeam[16]. Thevol-
ume is 1 mm3 leadingto an averagedensityof a few times
109 cm

j 3 and the temperatureis 1 mK. The total number
of trappedatomsis measuredwith micro-channelplatesand
the spatialsizeof the MOT is measuredby a CCD camera.
With this numberanddensityof atomswe have enteredthe
regime whereintra-MOT collisionsaremoreimportantthan
collisionswith backgroundatoms. This canclearly be seen
in Fig. 7 wherea typical decaycurve of the MOT is shown.
Sincethedecayis not a singleexponentialin time, the main
ion productionresultsfrom intra-MOT collisions[17].
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FIG. 6. Simulationof the decelerationof the slow He* beamin
the radial magneticfield of the MOT. For referencewe have also
addedtheradialmagneticfield componentonthegraph.Thedotsare
measuredmagneticfield values.Thebeamof He* atomsentersthe
MOT chamberat the negative radial distanceside. The simulation
is shown for variousinitial velocitiesof the atoms. It canbe seen
thatatomswith a velocity smallerthan325m/scanbesloweddown
enoughto betrappedin theMOT.
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V. HEXAPOLE MAGNETIC LENS

Theslow metastableheliumsourceoffersthepossibilityof
manipulatingthe beamprofile with magneticfields. At low
atomicvelocitiesmoderatemagneticfield gradientsaresuf-
ficient to reducethe initial beamdivergenceandto projecta
largerpartof theflux into thecaptureregionof theMOT. This
canresultin a significantincreasein thenumberof captured
atoms.Thebestway to accomplishthis is to usea magnetic
hexapolelensto focustheHe* atoms.In Fig. 5 thepositionof
the magneticlensis shown andin Fig. 8 a schematicpicture
of thehexapolelenscanbeseen.We havechosena hexapole
configurationwhich producesa field gradientthat increases
linearly with the distancefrom the centerof the hexapole.
Metastableatomswith a large divergencethusexperiencea
larger force thanatomswith a small divergenceandin prin-
ciple all atomswill be focusedto the samepoint. This is in
contrastto a quadrupoleconfigurationwherethe gradientis
constantasa functionof distance.Thehexapolethusresem-
blesa lensfor mono-velocityatoms.However, in ourcasethe
atomsin thebeamhaveavelocityspreadandvelocityaberra-
tion canbeimportant.
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FIG. 7. Decaycurve of theMOT. Theloadingof theMOT is shut
off at t = 1.0 s. The two dashedlines representthecontributionsto
thedecayrateof intra-MOT collisions(steepslope)andof collisions
with backgroundatoms(weakslope).

The hexapoleis constructedfrom a tubeof copperwith a
lengthof 40 mm, an inner diameterof din= 2.6 mm andan
outerdiameterof dout= 5 mm. Thehexapolestructureis ob-
tainedby cutting6 slotsin thecoppertubealongits sidewith
a sparkcutter suchthat six wire segmentsare created(see
Fig. 8). At eachendof the tube2 neighboringsegmentsre-
mainconnectedto eachothersuchthat thecurrentis allowed
to flow alternatelyin oppositedirections.Thetubeassembly
is connectedto two wiressupplyingthecurrent.Thedistance
betweeneachwire segmentof thehexapoleis aboutonemil-
limeter. A ceramictubewith aninnerdiameterof 1.6mm in-
sidethehexapolelensensuresthatthesegmentsremainfixed
at theirpositions,avoidingunwantedcontactbetweentheseg-
ments.Our hexapolestructurecantake a continuouscurrent

of about15-20A, without cooling,anda maximumof 80 A
for a shortperiodof time. At high currentsthe surroundings
of the lens warm up, leading to an increasein pressureby
outgassingandacorrespondingquenchingof themetastables.
Sinceourhexapoleis mostefficientathighercurrentsweplan
to usepermanentmagnetsin thefuture.

We have modeledthe atom trajectoriesand kinematics
throughthe lens. We assumethat the magneticfield is gen-
eratedby six infinite point wiresput at a distancea from the
centerof the hexapole. To testthis assumptionwe have car-
ried out numericalsimulationsof the actualfield and com-
paredit to our analyticalresults,which will bediscussedbe-
low, and found that the distancea is just the averageof the
innerradiusain r din

w
2 andtheouterradiusaout r dout

w
2, or

a ryx ain z aout{ w 2. For six pointwiresweobtainin cylindrical
coordinates(r |~} ) for themagneticfield:

B x r |~} {�r m 0

4�
12Ir2

a3

1

1 z r
a

12 �
2 r

a
6

cosx 6} {
| (1)

whereI is the currentsentthrougheachwires. This expres-
sionis exactfor all points x r |~} { in theplane.For smallr � a
weobtain

B x r |~} {�r m 0

4�
12Ir2

a3
| (2)

which we find to be valid for r � a
w
2. Note that the field

dependsquadraticallyon the radiusr and thus that the gra-
dient is linearly proportional to the radius. Thereforethe
hexapolefield providestheright field for anatomiclens.For
a quadrupoleconfigurationwe obtainanr

w
a2 dependenceof

thefield, whichdoesnotyield theright dependencefor a lens.
The interactionbetweenthe atom and the magneticfield is
givenby theZeemanshift:

V r m bgsm j B | (3)

where m b is theBohr magneton,gs is thespingyromagnetic
ratio, andm j is the projectionof the total electronicangular
momentumalong the r direction. The force on the atom is
givenby:

F x r {�r � gradV r � m B gsm j

�
B�
r
r ��� r | (4)

with thespringconstant
�

givenby

� r m B gsm j
m 0

4�
24I

a3 � (5)

We assumethem j distribution to berandom,sincetheatoms
move too fastthroughthelensfor adiabaticfollowing to take
place.Thusalongther directiononethird of themetastables
will bein eachof thestatesm j r 0 |~� 1. Atomsin them j rz 1 statewill be deflectedtowardsthe axis of the hexapole,
atomsin them j r 0 statewill not experienceany influence,
while atomsin them j r � 1 statewill bedeflectedawayfrom
theaxis.
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FIG. 8. Schematicdiagramof thehexapolelens.Theinnerdiam-
eterof the tubeis din=2.6 mm, the outerdiameterdout= 5 mm and
the length � = 40 mm. Note, that dueto the specialarrangementof
theslotsthedirectionof thecurrentalternatesbetweentwo adjacent
segments.

In thehexapolethe atomswill undergo an oscillatorymo-
tion. If theinteractiontime � r�� w�� 0 is smallcomparedto the
oscillationperiodT r 2� w�� , where

� r�� � w m is theoscil-
lationfrequency, aparallelbeamof atomswill befocusedata
distancef from thelensgivenby

f r m
�

0
2

� � (6)

and f thusrepresentsthe focal lengthof our lens. Herewe
have assumedthat � w T � 1, i.e. we have madethethin lens
approximation,whichis notstrictly valid in ourcase,butwith-
outthisapproximationweobtainequivalentresults.Note,that
thefocal lengthof thelensis proportionalto thesquareof the
velocity and thus shows strongvelocity aberrations.In our
case,we can generatea gradientof d2B

w
dr2= 6000 G/cm2

with a currentof 20 A andfor atomswith a velocity of 300
m/sweobtaina focal lengthof 12 cm.

In thepresentsetupwe arenot interestedin thefocal prop-
ertiesof thelens,sincethespreadin thevelocityof theatoms
is too high. Insteadwe areinterestedto usethehexapolelens
to boostthe flux of atomswhich canbe loadedin the MOT.
Solving the equationof motion for a given velocity anden-
trancecoordinatein thehexapoleenablesusto determinethe
impact position in the detectorplanelocatedapproximately
1.6m awayfrom thehexapole.In thecalculationweassumed
theinitial beamprofile to beGaussianandthevelocity distri-
bution,depictedin Fig. 3, to beof theform

f x � {�r C
� 3 exp

� � � �
0� �

2 | (7)

whereC is a normalizationconstant,
�

0=300m/sis themean
velocity and

� �
= 50 m/sdescribesthewidth of thedistribu-

tion. Thebeamprofile P x r { in thedetectorplaneis obtained
from

P x r {�r
�

0
A x � | r { f x � { d � | (8)

where A x � | r { is the beamprofile transformedfirst by the
hexapoleandthenby propagationto thedetectorplane.

Wehavecalculatedthebeamprofile for anumberof values
of the currentthroughthe hexapole,varying from I r 20 A
to I r 100 A, andalsomeasuredthe beamprofile for vari-
ousvaluesof I . Themaximumcalculatedflux enhancement
is a factorof 12. The detectorcan only be scannedin one
directionandmight not beat theoptimalpositionperpendic-
ular to thescanningdirection,sincea smallmisalignmentof
thehexapolelenscanhavea largeeffectat thedistancewhere
thedetectoris placed.Thereforewehaveplottedtheenhance-
mentof the flux at a fixed positionof the detectorandused
thecalculationthatfits themeasurementsthebest.Themea-
surementsandthecalculationsareplottedin Fig. 9, wherethe
backgroundof UV photonsandHe(21S)atomshasbeensub-
tractedfrom the measuredsignal. It canbe seenthat if the
currentscaleof thecalculationsis multipliedby a factorof 2,
theagreementbetweenthemeasurementsandthecalculations
is rathergood.
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FIG. 9. Comparisonof themeasuredflux enhancementdueto the

hexapolelensasa functionof thecurrentI comparedto the calcu-
latedflux enhancement.Thedotsarethemeasuredvalues,thesolid
line is the calculationand the dashedline is the calculationwhere
thecurrentscalehasbeenmultipliedby 2 to obtainbetteragreement
with themeasurements.

A few assumptionshavebeenmadein thecalculationsthat
might explain this discrepancy in the currentscale. First of
all, we have assumedthat the He* sourceis a point source,
while in reality the diameterof the nozzle is too large and
the sourceis too closeto the lens to be regardedasa point
source.Furthermore,theatomsmight spiral throughthelens
dueto themagneticfield, sincethevelocity of theatomshas
botha radial anda longitudinalcomponentasa resultof the
finite extendof thesource.Finally, we have not beenableto
measurethemagneticfield in thehexapole,to checkwhether
ourcalculationsarecorrect.

We can concludethat we can indeedenhancethe beam
flux with the hexapolemagnet,althoughnot in the way we
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expected. To improve the flux even morethe hexapolelens
should� be positionedfartheraway from the source,so that a
lenswith a larger focal lengthshouldbe optimal andhence
lower currentscould be used. Another possibility is to use
permanentmagnetsto createthe magnetichexapolefield in
orderto obtainhigherfield gradients.
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