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Highdensitiesofultracoldneutronscanbestoredinexperimentalvolllmesifoneusespulsethermalneutronsollrcewith

alowrepetitionrate,aveIylowtemperatureconveIter,ahighqualitycurvedneutronguide,andashutterattheentrance

windowofthestoragevolume.SomeresultsofaMonteCarlosimulationarepresentedofthenonstationarytransportof

verycold(VCN)andultracoldneutrons(UCN)instraightandcurvedhorizontal,andverticalneutronguideswitla
rectangularcrosssection, inUlepresenceofneutronlossesduetoneutroncaptureanddifnlsescatteringonimperibctly

smoothrenectmgsurfaceoftheguideswall.Thegravitationallleutrondeccelerationandbendingofneutrontrmectories
aretakenmtoaccountrigorouSly.T11enonstationarystorageofUCNinexperimelltalchambersismodelledfbralow

periodicoraperiodicpulselleutronsource.
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MonteCorloneutrontronsportsimulotions

acyclicnature:afterfillingtheexperimentalcamerawith

UCN, theshutterattlleentrancewindowofthecamerais

closedandUCNarekeptinthecamerafbrlongperiodsof

time--severalortensofminutesinsomecases. During

these intervals theUCNnuxfromstationalyneutron

sourceisnotused.Therewasaproposaltotrapacloudof

UCNlefiaitergenerationinthefastmovingconverter,and

totransportthemtotheexperimentalvolumeinaslow

movingvessel.5) Hereinsimplerwayofextractingand
storingUCNat anaperiodicpulseneutronsource is
discussed.6)

§.1.IntrOductiOn

Ultracoldneutrons (UCN)haveproventobeusefill

instmments inseveral important experiments in low

energyelementaIyparticlephysicsI)isearchibrtheneutron
electricdipolemoment, precisemeasurement of the

neutronlifbtime､ theplannedmeasurementofcorrelations

in neutron decay, and possible experiments with

unprecedentedlyhighsensitivitytoenergyandmomentum

changes inUCNscattennganddeviationunder the
influenceofexternalfbrces. FromthemanvdiHerentand

毎

partlyusedmethodsproducingUCN,2)onlytworeached
R''fTicientUCNdensities: extractionofUCNatstationalV

reactor fifomsmall sized liquidhydrogenmoderator

throughverticalneutronguide3)andSteyerl'smrbineat
LL’4)AchieveddensitiesofUCNinexperimentalvolumes

今

arearound lOcm~J. Tb increase theprecisionand

sensitivityofexperiments, theUCNdensityiSofcrucial

importance.

Therewereproposals fbrusingpulsedsources fbr

productionofUCN(someofthemarementionedinthe

review.2)). Duringapulse, thedensityofUCNinthe
moderator-converter isorders-ofLmagnitudehigherthan

themeanone､buttheproblemis: 11owtodeliverthishigh

pulsedensibﾉtotheexperimentalvolume. Pulsereactors

witlllowrepetitionratesandvelyhighpulseneutronfluxes

areespeciallysuitablefbrexperimentswithUCNthathave
l

§.2,PrOpoSedmethod

Fig.lshowstheelementsofapossibleinstallation.UCN

producedinthemoderator-converter(1)duringthepulse

spreadoverthecurvedmirrorneutronguide(2)andare

storedintheexperimentalvolume(3).Thefastshutter(4)
locatedneartheentrancewindowofthisvolumeclosesat

tllepropermomentafierthepulsefillsthevolumewith
UCN: thestoredUCNarelockedinthevolume. Fora

roughestimationweusethesimplestmodel:allUCNare

producedatr=0atpointz=0;theneutronguideisstraight

andideallypelfect(nolossesduetocapture,upscattering

anddi伍1serenectionofUCNduringtransportalongthe

neutronguide)． Themodernhighlypolishedneutron

guides havemore thanO.99probabilityof specular

renection;therefbretheidealizationuseddoesnotseemtoo

crudefbrshortneutronguides. Thequantib/"ofUCN

storedinthevolumeI'isdeterminedbytherate'(r)of

UCNenteringfromtheneutronguidethroughthewindow

andbytherateofUCNlossesinthevolumeduetocapture,

upscattering,andtheleakageofUCNthroughtheentrance

windowbacktotheneutronguide. Thecorresponding

equatiOniS:

呵伽='(r)-"/rj｡"－， rrer , （2．1）

where f7｡ss=4I/7(S/J<1'>) isthe loss timeofUCNinthe

volume,Sistlleinnersulflceareaofthevolume,"isthe
meanlosscoeficientofUCNattherenectioninsidethe

volume,<v>isthemeanvelocityofstoredUCN,and

Fig. 1.Theprincipal schemeofUCNstorageatanaperiodic
O

pulseneutronsource.
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T7ei=4I/7(s<v>) isthemeantimeofrelurnofUCNbackto

theneutronguidethroughtheentrancewindowofareas.

Inpractical situations the second tenn is small in

comparisonwiththe thirdoneand isomitted inthis
estimation.

Tbcalculate"),supposethatUCNareproducedinthe

velocityinterval[O,v61,wherel'bistheboundalyvelocityof

storedUCNandhave isotropicangulardistribulion.
DiHerential distributionofneutrons on thevelocitv

componentvzalongtheneutronguidefbrmonochromatic

neutronswithvelocityvis: ﾉ7(vz)d''z=d''z/'', (0<vz<v).

ForneutronswithanormalizedMaxwelliantailvelocity

dismbution"v)=31'2/v63, the longitudinal component
velocitydistnbutionis:

n

0．6
=100

0.4 5

20.2

I
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Fig.2. Thetimedependenceof611ingofstoragevolumewith

UCNatdifYErentvaluesoftheparameterﾉ7=ヴ【0, (X=$/to).

calculations9)intheDebyeapproximationofthegainfactor
ofcooleddeuteriumshowedthatatatemperature4Kina

neutronfieldwithatemperature40KitwasaShighas

2.5.104． Theresultsofearlycalculations8)havegivena
valuefbrthegainfactorseveral times lowerandnotas

shamanincreasewhendecreasingthe temperatureof

converter. ThedensitypofUCNintheconvertercanbe

estimatedfromequation:

dp/"=QJcIv(r)-p/rUcN, （2．5）

where UcN(r) is therateofUCNgeneration in the
converter,andnﾉcⅣisthelifetimeofUCNintheconverter.

Atastationa,yregime'0)

β=･Uci'rUcw=@,(w6/v"#)4G(Yz,IM)/y' (26)
=K･@,,

綱剛作誹惚州州
＝-ユ('-v:/'f)dv' ,fbr''"<yb;
2yb

ゆ＝0， fbrlノ>1z>yb . (2z b ． （2．2)

Hereax)=lifx≧1,and"Oifx<1.SubStitutingr=L/1'z,

whereListhelengthoftheneutronguidebetweenthe

sourceandtheentrancewindowofthestoragevolume､we
obtainthearrivaltimedismbution:

'('0,')c"=3r｡('-'://2)/(2'2)", fb¥ />i｡;

'=0,fbr/<ro '
（2．3）

wherero=L/v6 iSthedelaytime,whichisequal tothe
momentofamvalofthefastestneutronS inthesro"d

spectrum. Solutionofequation(2.1)witll")from(23)
1s：

"(x)=3/2e-翼′"I蕊e:"('-1/52)/52", ibrx>';
"(X)=0, fbrO<X<1, (2.4)

wllereAistheMaxwellianthermalneutronnuxwith

velocity '',内=2.2.105cm/s,G(71,,7W) is thegain factol;
characterizing the e伍ciencyofUCNproduction in
converters in nonequilibriumconditions, when the

temperatureoftheconverter7M≠7},,thetemperatureofthe

neutronspectrum. Ifthepulsewidthrp≦、ﾉcA/，
角､錘～K･"ftﾉcA/,wherepulsefluenceﾉﾏ=' ･ ip. In
deuteriumatvelylowtemperature, ftﾉCN～0.1ssothatata
fluence

F､=10'4n/cm2,v6=6m/s,G=104, andppmax～lO6n/Cm3.
Evenif(becauseimperfectionoftlleneutronguide)only
onetenthoftheUCNgeneratedintheconverterwith

volume lfreachtheexperimentalvolume, itwouldbe

possibleatapulsereactorwithamoderatepulsenuenceto
store～108UCN,whichistwotothreeordersofmagnitude
higherthanthatachievednow.

VirtuallyfbrsuccessfillstorageofUCNintllismethodit

isneseccalytohaveケ≦/s/,wherersr iStheegeCtivestorage
time,whichisabout lsinourexample.
Thereareseveral imponantadvantagesoftheproposed
method: l)Lowmeanpowerofthereaclor: ifintervals

betweenpulsesareaboutSmin, themeanneutronfluxiS

only～3．1011n/cm2/s, correspondingtothe lowpower
stationarystatereactor. Itmeanslowradiationlleatingof

thecooledmoderatorandconverler, that isilnportantat
velylowtemperatureandlowthermalconductivity.2)Wry
lowor zeroneutronbackgroundduring storageand

wherex=r/1O, 77=r/ro. Similarexpressionmaybe
obtainedfbrtheCasewhenUCNenteringtheneutronguide
havenonzerolowerboundaryenergy.Fig.2showsthetime

dependenceoffillingtheexperimentalvolumewithUCN

whentheyaregeneratedintheconverterhavingboundaly
velocityfbrUCNvc｡nv=4.4m･s.' (soliddeuterium), and
boundalyvelocityofstoragevolumevb=6m.s~1. The
normalizedMaxwelliantailvelocitVdistributioninthis

″

casellasthefbnn"v)=3v2/(v63-1'c｡",3),andthereflection
ofUCNat thesurfaceconverter-vacuumis takeninto

account. ItisseenfromFig.2thathalfofUCNreachingthe

exitwindowoftheneutronguidemaybetrappedinasmall

storagevolume, (1'6=6m/s,Z,=6m,/0=1s, ly=52,s=40cm2,
T=5S, 77-1).

Thebest typeofneutronsourceibrrealizationofthis

methodispulsethermalpoolTRIGArcactors.Therewere

manyreactorsofthistypecon､ructed;someofthemhave

theextremecapabilityofproducingpulscsofllighpower7)
wilhnuencesuplol-5.10'5n/cInaperpulsewitllawidthof
several lnilliseconds. Thebcslmoderators-convertersibr

UCNproductionarecooledllydrogenmoderators(H2,CH4)

anddeuterium--liquidandsolidmoderalors.3'4'8)Recent
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measurements.3)Possibilityofusingshortneutronguides

(severalmeters)duetothelowmeanpowerofthereactor.
Itwill permit toavoid large lossesofUCNduring

spreadingalongtheneutronguide.

侭§.3.MonteCarloSimulationofUCNNonstationary
Transpo1寸andStorage

InthepreceedingsectiontheUCNnonstationalystorage
wasconsideredthroughidealstraightneutronguide. The

transmittanceofrealneutronguidesisdetenninedbythe

renectingpropertiesoftheguidesulface:theprobabilityof

neutronloss(neutroncapmreandinelasUcscattenng)and

ofnon-specularrenectionperneutronencounterwiththe

renectingwalls. Non-specularreflection、 inthecaseof

UCNtransportintheneutronguides,causes(besidesthe

mentionedlosses)atimedelayintheneutronamvalatthe

endcrosssectionoftheguidetube,whichisessentialfbr

theproposedmethodofUCNstorage.

Inourpublications''~'3) thereSultsarepresentedof
detailed rigorousMonteCarlo simulations onUCN

nonstationaly transport and storage through realistic

straightandcurvedhorizontal(Fig.3)andvertical(Fig.4)

neutronguides. Inthisreponwepresentonlyseveral

examplesofourcalculations.
Inoursimulationsweusedresultsofref.14andl5fbr

diHerential probabilities of diHilse scattenng from

microroughsurfaces,whenLzぴ≦l,whichisinterestingfbr

thereflectionofUCNfromhighqualitymirrorsurfaces、

takingasanexamplethefbllowingvaluesofasurface

rouglmessparameters: ぴ三25AT三500A,themean
squareamplitudeandthecorrelationlength,respectively.

The lastvaluecharacterizes themeansquareslopeof

rouglmess:q=2.αZ

Inallcalculationsneutronguideswereassumedtohavea

rectangularcrosssection(6×8cm).

UCNIossesduetocaptureandinelasticscatteringwere
describedbytheequation:

o b C

Fig.3.Con6gurationsofthehorizontalneutronguidesusedin

theMonteCarlosimulations;a: straight,b:兀/2-bent,c:S
shaped.
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Fig.4. VerticalneutronguidesconfigurationsusedinMonte
Carlosimulations. (st.ch.: storagechamber).
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Fig.5. Integralarrivaltimedistributionsfbranidealhorizontal

neutronguides(Fig.3)withalengthof6mwithout losses:
1)monochromaticncutronswithvelocity6m/salongthe
tubeaxisofastraightneutronguide;

2) thesamefbr90･-bentneutronguide,Jb=0;
3)Maxwelliantailspectrum,withcosineangular
distributionattheentranceofastraightneutronguide;
4)thesamefbrSshapedneutronguide,Ib=0.

nIE1

(3.1)

Hereeistheincidentangletothesu"cenonnal,

77=Im6/Re6,Im6=(oB+α")/24,andotandα"arethe

capmreandtheinelasticcrosssections, respectively. In
calculationswe took 77 = 5．10-4. This value iS

approximatelytwiceaslargeasthetheoretical 77fbrmckel
orstainlesssteel.

SomeresultsofcalculationsareshowninFigs.5-8.

Inthismethod,thereisaninterestingadditionalpossibility
todeliberatelychoosethespectrumofUCNstoredinthe

chamberbyvaryingthemomentofclosingtheshutter. It

canbeperfbnnedduetothefilct thatUCNwithgreater
velocityarriveat thechamberearlier, andalsoleaveit

earlier. This is illustratedinFig.6wherethespectral

resultsoftheMonteCarlosimulationofUCNstorageare
shownfbrdiHerentmomentsofcIosingtheshutter. Fig.7
showsthetransmissionthrough''realistic"curvedvertical

guidesofdinerentcurvatures. Forcomparison(cuIvel)

thetransmissionthrougll ahonzonlal guidewith lhe
configuration!'b'1 inFig.3isshown.HigherUCNlossesfbr

configuration'!e''guide(culve4)areduetoalonger
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Fig.6. 'I･hestoredUCNspectmafterclosingtheshutterat
difRrentmoments(sec)afiertheneutronpulse:guidelengtll

is6m, storagevolumeZOZanddifYUserenectionITomguide

surficewitllparameters:O=25A, 7=250A,andl7=5･104.
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guidewitharadiusofcurvature7m.

Calculations'2)sllowedthatfbrvertical arrangmentof
velyhighqualibﾉcurvedneutronguides,UCNstoragehas
bettercharacteristicsthanfbrthehorizontaloneinviewof

lowerspreadingoftheneutronbunchoverneutronguide.

It isnecessalyinsomeexperimentswithUCNtohave

significantUCNdensityinsmallvolume. Inref.13we

present theresultsoftheMonteCarlosimulationfbr
nonstationaryUCNtransportwhentheendpartofthe

guideisequippedwithareflectorandmaybeusedfbrUCN
storage.Fig8showsoneexampleofthesesimulations.In

thiscase30-50%ofUCNreachingtheendsectionmaybe

trappedinsmallvolumes(l-22).
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Fig.7.Thearrivalvelocitydependenceofneutrontransmission

through"realistiC"guides inFig.4(Capturecoefncient"

=5.104,surfacer｡ughnessparametersO=30A,7=250A): 1)
horizontalguidewithcon6guration'!b'', thetransmissioniS
normalizedtotheideal straighthorizontalguide;2)vertical
con6guration'!b'';3)thesamefbrcon6guration''c'';4) the
samefbrconfiguration!'e". AIIcurvasarenormalizedto

transmissionthroughideal straightverticalguideofFi9.4a.
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Fig.8.UCNlineardensitydistributionsattheendofa2m-long

horizontalsectionofneutronguidefbrcon6gurationFi9.4b,

atdifftrenttimemomentsrafterthesourcepulsefbranideal
neutronguidewithadilYilserenectorattheend; 1 : f=1.2s;2:
r=1.4s;3: r=1.6s;4: r=2.1s;5: r=2.9s.
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