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TTleresultsofexpermentalsmdiesoftheyieldofultracoldneutrons(UCN)iomsoliddeuteri山n,whichwere

perfbnnedonamodelsourcemtheWWR-MreactorattheSt.PetersburglnstimteofNuclearPhysics,arerepolted.
ThetemperaturedependentgamfactormtheUCNyieldfomsoliddeuteriumatl3-14KrelativetotheUCNyield
fomagaseousstateatroomtemperatureisequaltol230anditis550atsolid-deuteriumtemperatureofl8.7K
(triplepoint).
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§､1.Introduction

Thepossibilityofincreasingthedensityofultracold

neutrons(UCN)byusingasasoliddeuteriumsourceat

lowtemperamreswasanalyzed in.') Inthepresent
letterwereporttheresultsofanexperimentalsmdyof

UCNyieldfifomsoliddeuterium,pelfbnnedonamodel

UCNsourceintheWWR-MreactorattheSt.PeterSburg
InsUmteOfNuclearPhvsics.

One of the most complex problems in this
imEstigationistodetenninethetemperamreprofileof

thesolid-deuteriumsource. HoweverBthetemperature

ofthe sourcecouldbeeasilydeterminedwithlow

accuracy-accordingtotheresidualdeuteriumpressurein
thereceiver,sincethesource,whichisconnectedtothe

receiverbyapipeline, isavapor-pressurethennometer

inwhichthesamratedvaporpressureisdetenninedby
thesourcetemperature. Unfiortunately,becauseofthe

largevolumeofthereceiv"therelaxationtimeofthe

processwhichestablishesanequilibriumpressure is

long,whichresults inapronouncedhysteresisofthe
experimental dependenceof theUCNyieldonthe
pressureinthereceiver.

§､2.Experimentalpmcedure
Fig.1showthearrangementof thesourcein the

reactor.

The6-literzircomumchamberofthesource(cylinder

D=150mm､ /=350mmwithellipticbottoms)hasa

doublewall(2×0.5nnn)whereheliumnowsintothe

gap froma l50-Wclyogenic refrigerator at a

temperamreof4.5K． Asthechamber iscooled, the

deuteriumfroma6-m3receivernowsintothechamber,
condenses,andsolidifies.

TbobtaindeuteriumtemperamresbelowlO-12K,a

specialconstructionofthesourcechamberisrequired.

Theproblemisthatasthetemperamredecreases、 the
thennalcontactbetweenthecooledwallofUlechamber

anddeuteriumbreaksdown. Chillingispossibleas

longasthesaturated-vaporpressuredoesnotfallbelow

severalTbrr. Forexample,thesamrated-vaporpressure

isequaltoonlyO.75Tbrratatemperamreofl2Kand5

xlO~2TbrratlOK.Apossibletechnicalsolutionisto
placeanadditionalcooledspiraltubeontheinnerwall

ofthechamber. Oncooling,thetubewillbesqueezed

bythedeuterium,whichshouldsolve theproblemof
thermal contact. Befbremakingthedesignof the

chambermorecomplicated,however,wedecidedat the

firststageoftheinvestigationtouseasimpledesign,and

theninthenextstagetousethesamedesignbutwith

deuteriumcontainingasmallquantityofheliuminorder

toensure lleat transfer, and finally touseamore

sophisticateddesignofthesourceifnecessary. Inthe

presentletterwereporttheresultofthefirststageofthe

studyattemperaturesabovel3K.

§､3.Experimentalresultsandanalyses
TheUCNgainfactorasafilnCtionofthepressurein

thereceiverduringthecoolingandheatingofthesource
isshowninFi9.2.

1 2 3 4

Fig.1. Arrangementofthesolid-deuteriumsourceinthe

reactor. 1-chamberwithsoliddeuterium;2-reactorcore;
3-berylliumreHector;4-vacuumcontainer;5-UCN
guide
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Fig.2． MeasurementoftheUCNyielduponcoolingdown
ofthesourCe(uPPercurve)andthcheatingofthesource
(lowercurve)

AnothelBbutnotsotrivial,unCertaintyintheUCN

yieldthatwasobservedintheexperimentisapparently
associatedwithachangeintheortho-paracomposition
ofdeuteriumunderthe influenceoflowtemperamres

andtheradiationfiFomthereactor. Curveノ inFig.3

wasobtainedinthefirstexperimentoncoolingofthe
source･

Thisexperimentwasperfbnnedatarapidrateandlow
reactorpower (2MW). Thegainfactorreferredto
roomtemperature, namedherethe temperaturegam
factorwas equal toonly450 in this experiment.

Subsequentcoolingofthesource(curve2inFig.3)was

perfbrmedataslowrateandwithareactorpowerofl4
MW; thetemperamregainfactorwasequal to790.
Aiierthesourcewaswarm,virtuallyallofthedeuterium

inthereceiverwasintheorthophase(95±5%)and

remainedinthisphasewithoutanyvisiblechangesinthe

composition. ConcentraUon of para phasewaS

measuredbymeansofchromatographymethod. In
subsequentcoolingofthesource, thetemperamregain
factorreachedl230andstaVedatthislevel. Thecul-ve

3 inFig.3 corresponds tothe fburthcooling. The

dependence of theUCNyield on the onho-para
composition of deuterium is themost probable

explanationfbrthisphenomenon.

OneobviousprobleminobtainingahighUCNyield
fromasolid-deuteriumsourceisthatthesourcemustbe

transparenttoUCN. Crackingofsoliddeuteriumasa

resultofthelargetemperaturestresscscouldcausethe

UCNtobe scatteredby nonunifbrmities (cracks).

Whentheenectivepathbetweennonunifbnnitiesisless

thanthepathdeterminedbytheinelasticscatteringand

Fig.3. MeasurementoftheUCNyieldwiththe6rst
chillingsofthesource:curvesI,43(themeasurementsat
thecurve3havebeencarriedoutwithUCN(6m/s)and

withVCN(9.5m/S; 16.5m/s))

capmrecrosssectionsfbrUCN, thegainfactornolonger
increasesasthetemperamredecreases. 'Ibinvestigate
thisquestion,wemeasuredthetemperamrefactorofthe
gainsimultaneouslyfbrUCNwithanaveragevelocityof
6m/sandfbrvelycoldneutronsintwovelocityranges,

sothattheaveragevelocitieswereequalto9.5m/Sand

16.5m/s. Itwasdonebyusingneutronguidesystem,
whichconsistofbrancheswiththediHerentradiusof

culvature. Theneutronguidecurvaturedeterminethe

averagevelociWofextractedneutrons(6m/s,9.5m/s,
16.5m/s). ThiswasarrangedusingUCNstoragetrap

anddeflectingneutronguideswithdiHerentradiusof
cuwature. Sincetherefractionindexdependsstrongly

ontheneutronvelocitXtheenecUvemrbidityofthesolid

deuteriumdue to cracking should bemanifested

primarilyfbrUCN(therefractiveindicesfbr6m/s,9.5

m/s、 and 16.5m/sare, respectivelyB O､68, 0.886, and

0.964). Curve 3 in Fig.3 is represented by
measurementsfbrallneutronvelocitiesindicatedabove.

NoappreciablediHerenceinthetemperamredependence
oftheneutronyieldfbrdiHerentvelociUes isobsewed.

ThiSShowsthattheturbidityofthemediumisnotyet

manifested. Thefreepathatadeuteriumtemperature

ofl3Kis､accordingtothecalculations,4cm､8cm,and

16cmfbrvelocitiesof6m/s,9.5m/s,andl6.5m/s,

respectively. Sincethereisnodependenceinthegain
factor, ilcanbeconcludedthalUledepthoftransparency

ofsoliddeuteriuminanycaseisnot lower tllanthe

indicaにdvalues. Amoredetailedstudyofthisquestion

requireSloweringthetemperatureofthesourceto5-6K.

InadditiontomeasuringtheUCNyieldduringcooling

heatingofthesourcewitharefrigerator (Fig.2),we

measurcdthedependenceoftheUCN)'ieldwiththe
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sourceheatedbyradiationwiththerefrigeratorswitched
oHTheseexperimentsmadeitpossibletodeterlnine
more accurately thegain factor at the triple-point
temperaturefbrsolidandliquiddeuterium,andalsothe
poweroftheradiationload. Figure4showstheUCN
yieldandthepressureinthereCeiverduringheatingata
constant thennal load(radiativeheating). Duringthe

first28-30minutes(ro- /2) thepressure inthereceiver
increaseslinearlvandisdeterminedmainlvbvtheheat

咳

ofsublimation. Linear increasecontinuesuntil an

equilibriumsublimationpressureofl28Tbrratthemple
pointisestablished. Duringthenext25-30minutes(r2
-r3)thesoliddeuteriummeltsandtheliquidevaporates

atthesametimebytheheating. Atthistime, thenow

ofgasintothereceiverslowsdown,sincesomepoweris
expended onmelting. Themelting process is
completedbythetimer3,afierwhichthenowofgasinto

thereceiveragainbecomesconstantandisdetermined

bythelleatofevaporationofdeuterium・ Theheating

poweI;whichisequal to36Wwhenthereactor is

mnmngand6Wwhenthereactor isshutdown, is

determinedfromtherateofinfluxofthegas.

Aplateumispresent inthetimedependenceofthe
UCNyieldbetweenthetimes/, andr2. Thisplateum

correspondstothemple-pointtemperature.

Initiallylattimero,thetemperaturegainfactorisequal

tol230atatemperatureofl3-14K.Atthetime/,the

deuteriumisheatedtol8.7Kandbecauseofsublimation,

thistemperatureremainsconstantuptothetimer2,when

thepressure inthe receiverreaches theequilibrium
sublimationpressure. Thetemperaturegainfactorfbr

soliddeuteriumnearthemplepointisequalto500-550.

Atthetimer3,whenthedeuteriumiscompletelyliquid

anditstemperamreisl9.5-20K,thegainfactorisequal
to l20. Fulther decrease of the.gain factor is

attributabletoheaUngoftheliquid.

Appreciable increase in the yield during the

crystallizationisduetotheimprovedthermalizationof

theneutronnuxinthesoliddeuteriumascomparedto

liquiddeuterium、becauseoftheincrease inthetotal

interaction cross sectiondue toBragg scattering.

ThoughtheBraggscatteringiselasticone, it increase

thetimeofwanderinginthesourceandiniluenceonthe
thennalization・ ThiseHectwasobserveddirectlvinthe

measurementsofthetotalspectrumofneutronsfromthe

source. FigureS shows thetime-ofnight spectrum
befbre condensation ofdeuterium(cul-ve /), aiter

condensation(deuteriumintheliquidphase(curve2),

andanerclystallization(deuteriuminthesolidphase、

curve3). Apparently, themostprobableexplanationof

gainfactoratthesolidificationisrelatedwitlldecreasing

ofupscatteringcrosssectionfbrUCN,whenthephase

transitionishappened.
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Fig.4． TimediagramsofUCNgainfnctoranddeuterium
pressureinthetankattheheatingofthesourceby
radiationffomreactor.
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Fig.5. Time-ofLHightspectraofthesourcefbrdiffrent
phasestatesofdeuterium.

region4-6AForthesolidphaseweobservedinthe
neutronspectrumcharacteristicirregularitiesassociated

"thBraggrenections. Itisinterestingtonotethatthe
structureoftherenectionswasfbundtobediHbrentfbr

thefirstandsecondcoolings,whichcouldbeattributed

tothedependenceontheortho-paracompositionandon

§.4.ConsiderationsonsourceneutronsI)ectrum
TheeHective temperatureof the spectrumof the

neutrons incident on the source is equal to600K.

ThennalizationinthedeuteriumSubStantiallysofiensthe

spectrum, andadifbrenceinthethermalizationeHbct

fbrtheliquidandsolidphaseisobsel-vedintlle
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theCoolingrate. Theneutronspectrumfromasolid-
deuteriumsource(curve3inFig.5)canberepresentcdas

asumoftwospectra: 56%ofthe intensitywilhan
enectivetemperatureofl80Kand44%oftheintensity
witheHectivetemperatureof30K. Thecalculationof
theUCNvieldwiththeindicatedshapeofthespectrum
wasfbundtobevel-vclosetothecalculationwithan

eHective temperature of_ 100K. Neutrons witll
wavelengthgreaterthan3AcanbecomeUCNthrougha
one-phononprocess. Anincrease inthefractionof
long-wavelengthneutrons therefbre increase theUCN
yielduponcrystallizationofthedeuterium. Asonecan
see, thesolid-deuteriumsource ismoree伍cient fbr

productionofcoldandvelycoldneutrons.
AnotherreasonfbrUCNgainfactorincreasingatthe
crVstalizationcanbe related that upscattenngcross

sectionfbrsolid､ateissmallerthanfbrliquid. Itcan

increase thedepthofUCNyield. BotheHects -

improvementthennalizationandsupressionupscattering
cross section - gave together factor 4-4.5 in the
increasingofUCNintensityat theclystalizationof
deuterium.

The final analysis of the experimental results is
illustratedinFi9.6,wheretheexperimentaltemperature

dependence (cuwe /) and the results ofpreviollg
injestigation fbr a l-liter liquid-deuteriumsource2)
(curve2)andfbraO15-litersolid-deuterium3)(cuwe3),
areshownwiththecomputationresultsfbrabsolutely

pure deutenumand fbr eHective neutron nux
temperamresof40, 100, 300and500K. ThecurveJ
wascomputedfbraneHectivetemperatureoflOOKand
absorbtioncross sections indeuteriumtaking inIo

accountthehydrogenimpurity(0.2vol.%)andnitrogen
句

impuriq'(4.6×10~Jvol.%).
TheUCNyield is increasedbydecreasing the

temperatureofUlesourceandbydecreasingtheeHective
temperatureoftheneutronnuxasaresultofincreasing
thevolumeofthesource. Itshouldbementionedthat

calculatedgain factors arenonnalizedat the room
temperamre(7b2=300K)ofthesourceandtheroom
temperamre of the neutron nux (7h = 300K).
Experimentalnormalization(culve3)wasdoneat the
roomtemperamreofthesource,butatthetemperatureof
reactor neutron flux600K・ Therefbrediscrepancy

betweenculve3andcurveJatthesourcetemperature

（13÷19)Kisnotdramatic, itarisedbecauseofperfect

thennalizationofneutronnuxisnothappenedinsidethe
reactormoderator.
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Fig.6. AnalysisoftheUCNgainfictorfbrdeuterium
sourccswithdifftrentvolumes.

ultracoldneutrons inhigh-fluxreactorswithaheavy-
waterreflector,sincetheheavywaterprovideseHective

shieldingfromfastneutronsandY-raysandgivesalow
levelofheatloadwhilepreservingahighfluxofthennal
neutrons (the PIKreactor under construction in
Gatchina, Russiaand the lLLreactor inGrenoble,

France,newprqjectofheavywaterreactoratGarching,
Gennany). Theotherpossibility is touseasolid-
deuteriumsourcebasedonneutronspallationsources,
wheretheratiooftheheat loadandtheneutronfluxis

appreciablybetter thanfbrreactors. Forexample, a
solid-deuteriumUCNsourcebasedonal-MWspallation

sourceisbeingdesignedatLosAlamos(USA).Thistype
ofsourcecouldbeproposedfbrspallationneutronsource

attheJapanHadronPrqject(KEK),alsofbrEuropean

SpallationSource(ESS).
Thereisabiginteresttodevelopprqjectofthespecial
sourceofcoldneutrons(CN)verycoldneutrons(VCN)
andultracoldneutrons (UCN) inaccordancewith

schemeshownontheFig.7,wherethespallationneutron

targetissurroundedbythevolumewithsoliddeuterium
inthebathwith liquidheliumtoprovidemaximal
thennalizationofneutronnux.

At last, thesoliddeuteriumneutronsourcecanbe

successfUllyusedatreactorswithmoderatepower. For
example, theplacement of soliddeuteriumneutron
sourceinthethermalcolumnofthereactorKUR(Japan)

or thereactorWWR-M(Russia) couldsignificantly

increaseexperimentalfncilities.
Itshouldbcmentionedthalsoliddeuにriumsourcecan

givealmost thesamegainflctorfbrvelycoldneutrons
(30-50m/s) lllerefbre itcanbeusedintheschemeof

UCNextractionbymeansofturbine

§､5.Concludingremarks
Thenextstageoftheinvestigationspresupposcsthat
thetemperatureofthesourceisloweredto6-7Kfbrthe
pumoseofstudyingtheposSibilityofincreasingtheUCN
vield・ Itshouldbcnotedthat thethermalconductivitV
ゴ

ofsolidorthodeuteriumisanorderofmagnitudehigller

at6-7K. Thisshouldimprovethepropertiesofthe

sourcewithrespecttothethermal load.

Theexperimental resultS canbeused todevelop

designsfbrasolid-deuleriumsourceofcoldand
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