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Abstract. Fundamentalparticlephysicsexperimentswith ultracold neutrons(UCN) aswell aspotential applica-
tionsrequireasmany ultracoldneutronsasonecanpossiblyget.Thetwo UCN flagshipexperiments,thesearch
for anelectricdipolemoment (EDM) of theneutron andtheprecisemeasurementof theneutron decaylife time,
by faroutperformedthenon-UCN versions of theseexperiments.However, they suffer from too low UCN inten-
sities,bothfor increasingtheirstatisticalaccuracy aswell asfor further investigating theirsystematiclimitations.
Recentdevelopmentsopenedup thepossibilityto build new sourcesfor UCN with orders of magnitude gains in
UCN densityover currently operatedreactorsources.We report on thestatusof theUCN project at PSIwhich
aimsat settingup a facility providing UCN densitiesin excessof 2000cm

� 3 in a largestoragevolumeof about
2m3. As a first experiment at the new facility we intendto searchfor the neutron EDM with a sensitivity of
5 � 10

� 28ecm.

INTRODUCTION

Ultra-ColdNeutrons(UCN) aredefinedasneutronswhich aretotally reflectedfrom certainmaterials at all anglesof
incidence.They werefirst consideredtheoreticallyin 1959 by Zel’dovich [1], or maybeevenearlierby Fermi,and
first experimentallyobserved in 1968/69[2, 3]. Typical UCN kinetic energiesarea few hundredneV, corresponding
to velocitiesbelow about8 m/s.UCN canbestoredin materialtraps(“UCN bottles”),usingthetotal reflectionfrom
materialsurfaces.Dueto theneutron magneticmoment, magneticfieldsof theorderof several Teslaprovidepotential
energiesof thesameorderasUCN kineticenergies.Also thechangein thegravitational potential for height differences
of afew metersis of theorderof thekineticenergy. As aconsequenceUCN canbeconfinedin materialtraps,magnetic
traps,andcombinedgravitational traps.

Storageof UCN is a very important featurefor a varietyof fundamentalexperiments.It allows themeasurement
of the neutronlifetime from a well definedsampleand leadsto ingenious experimentssearching for an electric
dipolemoment(EDM) of theneutron(seee.g.[4]). Although UCN offer greatlyimprovedsensitivity andsystematics
comparedto cold neutronbasedexperiments,onemain limitation of theseexperimentsis the low UCN intensity.
Typically, UCN densitiesof � 10cm

� 3 areobtained. Sourceswith increasedUCN densityof theorder of 1000 cm
� 3

mayleadto muchimprovedmeasurementsof theneutron lifetime andtheneutron EDM.
Traditionally, UCN areproducedat reactors.Theprincipal difficulty of UCN production is thattheirenergy region

is far out in the tail of a thermal Maxwell distribution. Additional lossesin the extraction from the reactorcold
sourceresult in large suppressionfactors(e.g.for a sourceat 300 K anda flux Φ 0

�
cm

� 2s
� 1 � onetypically obtains

ρUCN � 10
� 13Φ0 cm

� 3). Methods to increasethe UCN yield from a cold neutron sourceincludevertical extraction
[3], usinggravity to decelerateneutrons of higher velocitiesinto theUCN regime;andmechanical deceleration[5],
usingcollisionsof fasterneutrons with a moving scatterer. Thefastneutronscanmoreeasilypenetratewindows and
canbetransportedover longerdistanceswith few reflections.Thedistancesfor UCN transport to theexperimentscan
thusbeshortandUCN lossessmall.

Alternative UCN productionschemeshave beenproposedanddemonstrated,suchasconversionof cold neutrons



FIGURE 1. Left: Pre-engineeringdrawing of the PSI UCN source.The proton beamis deliveredthroughthe tube from the
left-back.Thespallationtargetis centeredin theD2O below thecryogenicinsertwhich holdstheSD2 moderator. UCN areguided
(58Ni coatedguide)from theirplaceof productionupwardsinto a Becoatedstoragevessel.Flappervalvesseparatetheproduction
guideandthe storagetrap andareclosedafter theproduction pulse.UCN canbe extractedfrom the storageinto experimentsby
theguidetubesat thebottomof thestoragevessel.Right: A schematicaltopview of theplannedEDM spectrometer. 5 guidetubes
from thestoragevolumefeedUCN throughpolarizersinto theEDM apparatus,filling the4 double high voltagechambersandthe
5 controlchamberswithout electricfield. Themagneticfield neededfor theEDM experimentis providedby a solenoidwhich sits
in anelaboratemagneticshielding.Only the4 layersof thepassive shieldingareshown.

into UCN in superfluidhelium [6, 7] or othersuitablecold convertersas,e.g., solid deuterium [8, 9, 10, 11, 12].
Especiallythesoliddeuteriumbasedpulsedsources havethepotential to producehighUCN intensitieswith densities
of about 103-104 cm

� 3 [13, 14, 15].

THE PSI UCN SOURCE

The basicconcept of the PSI UCN sourceis that of a pulsedproduction of UCN from solid deuterium. Figure1
(left) shows a pre-engineering drawing of thePSIUCN source.Neutronsof 2MeV average energy areproducedona
leadspallationtarget in a macro-pulse(up to 4s length)of thefull PSIproton beam(590MeV, 2mA). Therecanbe
morebeampulses,but thetotal average protonbeamcurrent is limited to 10µA dueto theshieldingof thearea.The
spallationneutrons aresloweddown andreflectedin a large heavy watermoderatortank.A block of solid deuterium
(SD2) is placedin thecenterof theD2O andservesasacoldmoderator for theproductionof ahighcoldneutron flux.
UCN areproducedin theSD2 by down scatteringof coldneutronsandareextractedfrom thetop layer(several cm)of
theSD2 into a largestoragevolume(2m3). TheUCN producingSD2 layerwill beoperatedbelow 8K temperature,if
possiblearound 6K. Thelower thetemperature themorethereverseprocessof UCN upscattering canbesuppressed.
Carehasto be taken to insurea good quality of the SD2 moderatorwith respectto low 1H contamination andlow
para-D2 fraction.Theimportanceof thesequalityaspectshasbeeninvestigatedrecently[13, 16, 17]. TheUCN from a
proton pulseareextractedupwardsby meansof a 58Ni coatedguideinto a Be coatedstoragevolume.Theproduction
region will aftertheextraction beseparatedfrom thestorageregionby closingBe coatedflappervalves.UCN canbe
extractedinto experimentsthrough a number of guide tubes,5 of which areforseento feedthefirst plannedphysics
experiment,thesearchfor anEDM of theneutron.



TABLE 1. SD2 parametersof thePSIUCN source.

SD2 volume�
liters �

SD2 top surface
area

�
cm2 �

SD2 heat load�
W µA 	 1 �

SD2 energy deposit�
J g 	 1 mAs 	 1 �

27 2000 0.5 0.1

TABLE 2. Neutronicsof the PSI UCN source.The cold flux Φcold
is given at the locationof the UCN producing SD2 layers.The density
andnumberof UCN is given for 8mC (2mA 
 4s) andconservatively
assuminga SD2 temperatureof 8K.

Φcold�
cm 	 2 mAs 	 1 �

stored UCN
density

�
cm 	 3 � storage volume�

liters � number of
stored UCN

1 � 3 
 1013 2400 2000 4 � 8 
 109

Therearetwo majorconcernsfor therealizationof aSD2 basedUCN source:(i) will it producesufficientUCN, (ii)
will it bepossibleto keeptheSD2 cold.

Over the lastyeardetailedcalculations have beenperformedon theneutronicspropertiesof thePSIUCN source.
Various codeshave beenapplied, theMORSEcodepackage, which wasbenchmarkedwith reactordatafrom PNPI
Gatchina,theMCNPX code,andthePSIversionof theHETCpackage,whichwasbenchmarkedonthePSIspallation
sourceSINQ. All calculationspresentlyagreereasonably on the obtained cold fluxes and even betteron thermal
fluxesandheatloads.As anexample,Fig. 2 givesresultsof calculationsapplying theHETC package. It canbeseen
from Figure2 (right) that the heatload in the top SD2 layer is enhanceddueto the load of the Zr container which
enclosesthedeuterium. Eventhough calculations suggestthattheenergy deposition in theseSD2layerswill not lead
to temperaturesabove8K for a4slongprotonpulse,thefinal optimumpulselengthwill befound experimentally. The
wholedesignis flexible enough to allow for differentpulsemodes.Theprotonbeamis brought ontotheUCN target
by kicking a fastmagnet (typical time: around 1ms).The full proton beamcanbehandled by the target for several
secondsaswell asany schemewith shorterpulses.Theflapper valves,whichseparatetheUCN guideandstorage,are
openedandclosedfor eachpulsein order to allow theUCN to enterandto remainin thestoragevolume.Thetiming
of theflappervalveswill finally limit theusefulpulsefrequency.

Tables1 and2 list someof theimportantparametersof theUCN source.

THE EDM EXPERIMENT ��
��
Currentlythe interestin the searchfor electricdipole momentsis increasingagain.With a two order of magnitude
improvement in sensitivity for theneutron EDM experiments,it will bepossibleto testa largepartof thesupersym-
metricparameterspaceto beinvestigatedwith thenext collider generation.While thestandard modelprediction for
the neutron EDM is about10

� 31ecm, thereis a goodpossibility to find it above 10
� 27 ecm in presentlyfavoured

models. Thepresentbestpublishedlimits on theneutron EDM arearounddn � 10
� 25 ecm[18, 19] for whichthelim-

itationsdominantly comefrom too low statistics.Therefore,therearetwo avenuesfor improvements:Thefirst oneis
to increasetheUCN density, andthesecondoneis to increasethevolumeof theEDM apparatus.OurproposedEDM
experimentwill takeadvantageof bothapproaches.As previouslydescribed,therewill beanaverageUCN densityof
2400cm

� 3 availablein thestoragevolume.This translatesinto a density of 1600cm
� 3 in our EDM experiment(see

Fig. 1) andcanbecomparedto a number of about6cm
� 3 in thecurrently operatedEDM experimentat ILL[19]. The

experimentalvolumeof ourproposedexperimentwill be220l ascomparedto 20l.
Thestatisticaluncertaintyof anEDM experimentis ∆dn ∝ ��� NEP2 τ � � 1, with theEDM dn, thesamplestatisticN,

theelectricfield strengthE, theneutronpolarizationP, andtheobservation time τ.
In order to assessthe sensitivity of our proposedEDM experiment we considerimprovements over the currently

running experiment[19], which shows sensitivities on the order of ∆dn � 5 � 10
� 26 ecm. We denote the factorsof

improvement for our experimentby (i) F � N, (ii) FE, (iii) FP2, and(iv) Fτ, respectively. (i) We have chamberswithout
electricalfield for systematicchecks.Both chambertypesyield aboutthesamestatisticsandit is plannedto subtract
their resultsin theanalysis.We therefore do not gain the full statisticalfactorcoming from the densityandvolume



FIGURE 2. Calculationalresultsobtainedwith thePSIversionof HETC.Left: Totalneutronflux contourssuperimposedontoan
outlineof theUCN source.Contoursfor 9 flux levelsareshown, 10,8, 6, 4, 2, 1, 0.8,0.4and0.2 
 1013/cm2/secfor 1mA proton
current.Right: Power distribution alongthe vertical axis of the UCN source.At the top of the figure areshown the materials:T
targetlead;V void; Al Aluminium; H.W. heavy water;Zr Zircaloy; S.D.solid Deuterium.Thesquares andtrianglescorrespondto
differentaveraging(thepower depositionis obtainedfrom volumeaveragedtrack lengthestimates),theconnecting linesareonly
guiding theeye. Thetwo otherlinesaretheresultsoneobtainsfor a simplesphericalmodelwith a uniform moderatoraroundthe
spallationtargetzone;thesolid line is for SD2 andthedashedline for D2O.

increase,but 1/ � 2 of it. F� N � 38. (ii) The electric field in the ILL experiment[19] is limited to 8kV cm
� 1 due

to the Hg comagnetometer. The former PNPI experiment[18] was operated at 15kV cm
� 1. Our experiment will

run with 15kV cm
� 1 and, therefore, FE � 1 � 9. (iii) Our experiment will have lessdepolarizationof the neutrons

in wall collisions,becauseno compromise for the wall coatinghasto be madefor an additional comagnetometer.
We estimateFP2 � 1 � 3. (iv) Due to lesspolarization loss,a slightly longer storagetime will be possible,yielding
a moderate improvement of Fτ � 1 � 1. Overall, we obtainF � N FE FP2 Fτ � 100which correspondsto a sensitivity of
∆dn � 5 � 10

� 28ecm.
At this level of sensitivity thereis a number of systematiceffects which might influencethe experiment.It is of

courseabsolutelynecessaryto provide a stablemagnetic environmentanda resonancestabilization,which will be
basedon16Csmagnetometerssittingnext to themeasurement chambers.Mostcrucialarethesystematiceffectswith
apotentialto mimicanEDM effect, thusgivingafalsepositiveresult.Theschemeproposedfor ourexperimenthasthe
capabilityto checkon all thesesystematiceffects.A schemewith double chambers,in which theelectricfield in one
half is oppositeto theother, greatlyreduces theinfluenceof spatiallyhomogeneousmagneticfield fluctuations.A set
of 4 double chambersallows magnetic field fluctuations with gradientsto behandled, themostnastyof which might
be causedby leakagecurrents. Any leakagecurrent in onechamber will be seenwith decreasing signalamplitude
in theneighbouring chambers.Thechamberswithout electricfield, sandwiching themeasurement chambers,provide
a closeadditional magnetometersystem.An in-situ magnetometeris alsogivenby theneutrons in themeasurement
chamber themselves,whereonecanaddthesignalsfrom thedifferentialchambersin order to cancelthehighvoltage
inducedeffects.DetailedMonteCarlostudiesof a variety of systematiceffects andtheir possibletreatmentareunder
way. Themagnetic field homogeneityandstability themselvesaresubjectsof demonstrationexperimentswhich are
presentlysetup.



CONCLUSION AND OUTLOOK

TheUCN sourceproject at PSIandthepreparationsfor theEDM experimentaremakinggoodprogress.Theproton
beamline to theUCN sourcehasbeenput into placeduring thelastshutdown in early2001. Mostof theshielding for
thesourceandtheexperimentalareais already in place.Themodificationsto themainproton beamline, which are
neededin orderto put in thefastkickermagnet,will takeplaceduringthenext shutdown in early2002. It will thenbe
possibleto insertthekicker magnet in a regular two dayservicebreak in summer2002. Presentlythe investigations
concentrateon the following important points: (i) magnetic field control andresonance stabilizationfor the EDM,
(ii) proton beamkicking, (iii) spallationtarget development,(iv) SD2 propertiesandpreparation,(v) technology of
largeUCN storagevolumes.We expect to haveresolvedall majorphysicsandtechnology issueswithin a year’s time.
Assumingfull funding at this point makesit feasibleto have theUCN sourcerunning by 2004. TheEDM experiment
couldbeinstalledshortlythereafter.
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