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Antisynunemcimagmalyspmdependentscatにmgamplitudesrelatedtoatomiceilbctssuchasspin-orbitcoupling,or
nucleareffectssuchasparityviolatmgweakibrcesorneutrolIEDM,generateparticularspinrotationsinperiectcrystals.
TheseefYectsareusuallytoosmalltobedetectedbynonnalneutronpolarimetly.AnewperiectcIystaltechmqueusin8
ZeemansplittmgasapolariserandtermedDual-Polarised-Beampolarimeter(DPB)withenhancedsensitivity,hasbeen
builtandtested.nlesellsitivityofDPBtodetectsmallspmrotationsisabouttwoordersofmagnitudesbetterthan
classicalpolarisationtecmiquesandit isonlysensitivetoantisymmemceIIEcts・AnextragainarisesfromaSpecinc
enhancementefYbctclosetotheBragg-edgedirections・WehaveusedthisDPBtecmiquemconnectionwithadouble
CIystalset-uPtoshowthatindeedefYEctiveelectriciieldsuptolO9V/cmareaccessibleinsuitablecrystalsbymeasurmg
thespin-orbitefYectarisingiromthisiield.nleconditionsfbrEDMsearcharediscussed
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1. Introduction

EDMsearchisthemostsensitivetesIVetdevisedIo
〃

detect thebreakdownoftimereversal invariance・ Inan

earlySearchfbrneutronEDM,Shull')hasusedthestrong
Coulombfieldinatoms. IftheneutronhadanEDM,he

argued, tllelatterwouldinにractwiththeatomicCoulomb

fieldviaanextraimaginaryscatteringamplitude. Bya
clever choice of the cIystal used, hewas able to

considerablyrefinethepossibleupper limit fbrneutron
EDMintheframeworkofapolarisedneutronscattering
expenment.Hisresult,anupperlimitofd≦+(2.4士3.9)

1O~22cm,wasinfactbetterthanthereSultpubliShedin
parallel and obiainedby theRamsey free-neutron

resonance-beamtechnique.2)Morerecentlyonlytllelatler
techmquewaspursuedtoyieldapresent-dayupperlimilof
d≦-(0.3i0.5) 10~25cm,obtainedwithsIoredultra-cold
neutrons(UCN). Theelectricfieldsusedintheresonance

beamexperimentsarelimitedtoalittlemorethanlO4
Wcm.

Ithasbeendemonstratedexperimentall)A) thatcenain
convenientclystalsexhibitCoulombfieldsmuChlligher
thanthis. AtypiCalexampleisquartzwithameasured
usablefieldof2.108V/cm;certainmoreexoliccrvstalssuch
asBismuthgerlnanate(BGO)yieldelectricfieldsupio
several109V/cm.Thiselectricfieldisaweiglltedaverage
valueinaclosetoperfectcrystal.

TbeHicientlyusethisveryhighfieldasimplepolarised

neutronscatteringexperimenttodetecttheextraimaginary
scatteringlengtharisingfromapossibleEDMiSnot

Su伍cient・ IntheBomapproximation, thecoherentspin
scatteringamplitudesarisingfromtheelectromagnetic
(SchwingerOrSpin-Orbit,S-O)interaction:

■

/S-o=-2/"(k×た!)("c)-'e[Z一旦(9)]9-2
(1,1)

wherejisthespinmamx,9=|k-k'|, /Jtheneutron
magneticmoment,and{Z-"(9)l thescreenedatomic
chargefactor. /S_oiSantisymmetricwithrespect tothe
exchangeofkandk',theneutronmomentabefbreandafier

scaltenng,andvamshesinlllefbrward(noenecl inthe

opUcalpoにlltial !)andbaCkwarddireCtiOnS. Similarlylhe
Coulombfield-EDMinteractioncanbewrittenas:

/bDM=〃さ(kー〃)2",h-2e[Z-E(9)]9-2
（1．2）

wheredistheneulronEDM(cm).Thisinteractionisalso

antisymmetricwithrespecttotheexchangeofkandk',
vanishesintllefblwarddirection,andbecomesmaximum

inbackscattenng. Bom八_oandJEDMaresosmall (about
lO~4orlessofthenuclearscatteringlengtllsbfbrtypical
atoms)thattheirdirectdeにCtioninthepresenceofnormal
nuClear SCaiにring is normally impossible. CIose to
resonanceS, thOugh,/S_oCanbedireCllymeasurable41As
pointedoutbyForte5), imaginalyscatteringlengthssuchas
/S.oandJEDMgiverise, inperfiectorclosetoperfiectnon-
centrosymmetncalclystalstructures,toopticaleHEcIs(spin
rotations).WllentheBragggeometIyisconsidered, itcan

be shown that these spin rotations show strong
amplification eHects fbr celTain, slightly orBragg
directions.WeshallfilrtherdevelopthiStheoreticalpoint
inthesectiononspindependentdynamicaltheoIy. Forthe
momentoneshouldretainthatopticalspinrotationeHects

arefarmoresensitiveto/S_oorJEDMthandirectpolarised
beamexperimenIs.

TbmeasuretheaboveantisymmetricspinrolalioneHecIs
emcienUywehavedevelopedandbuiltaparticularneutron
polarimeterbasedonaZeeman-splittedneutronbeam
(旦ualEolarisedgeam,DPB)whichiscapabletodetect
spinrotationswithasensitivityal least lOOtimesbetter

thanstandardneutronpolansationにchniques.3)TheDPB
polarimeter isbyitsconceptsensitivetoantisynunetnc
spinrotationsomy. Thedetailsofthisdevicewilibe

describedinsection3. Itwasusedtomeasurespin
rotationsansingfrom/S_o,thespinorbitenect,whichis

nothingelsethantheneutronspincouplingtotheatomic
Coulombfield,indimbrenttypesofperfectclystals.These

IneasurementshaveConfirmedthalthellighelectriCfield

valuesquotedaboveareindeedavailablealldgiveriseto
177
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2．SpinDependentDynamiCalTheory:Antisymmetric

SpinROtatiOnS

Opticalenectsinperfectcrystalsarisefromthepresence
ofspindependentimaginaIyscatteringlengthssuchas/S.

oor/EDMdescnbedin theintroduction With the

convenUonsoffigurelrelations(1.1)and(1.2)canbe

writtenaS(8iSthescattenngangleand4=2ﾉ『/ﾙ, the
neutronwavelength) :

/S_｡ ＝-j似("c)-'e[Z－E(9)]cot8oi

一一j×1.5×lo-'6[Z－E(9)]coteoj lcml
and

/EDM=〃一Lm"e[Z-E(9)Mcsc8o1
2万

＝_/×10-204[Z_E(9)]csc802 [cml
(valuecorrespondingtothepresentlimtofd).

the spin rotation enhancements predicted by spin

dependentdynamicaltheoIy.3)
Theenectofclystal imperfectioncanbetakeninto
accountbya simpleconvolutionof theoIywith the
measuredBraggprofilesyieldingatheory-to-expenment

agreementwithoutanyadjuStableparameter. Coulomb
fieldsoflO9Wcmhavingbeenshowntobeavailablein
cIystals,wecannowdiscussthepotentialofanEDM
searchbasedonthishighelectricfieldandtheDual

PolarisedBeamPolarimeter. The figure ofment

conunonlyusedtocharacterisctheprecisionobtainablefbr

aneutronEDMsearchisthequantity6):

(E･r･､/r)-1
whereEistheelectricfieldtowhichtheneutronisexposed

[inV/cml,rthetimeofintemcUon(seconds),andⅣ山e

numberofevents. rdependsessentiallyontheenergyof

theneutronsused,fbrUCNitcanreachlargervaluesthan

fbrclystaltechniquesasdescnbedhere, thewavelengthof
theneutronshastobeoftheorderof2dwheredisthe

cIystallamcespacing.Hence,oneislimtedbytheBragg
cut-oHofthechosencI-vstalmaterial. Avervfavourable

crystalfbrthispurposeisBi,2GeO40ibrwhichZdisofthe
o

orderof5A. ralsodependsonthecrystalsizewhichwith

someclystalgrowingeHortcouldsaiielybeincreasedto、

sayl lOcm,yieldingrvaluesofseveral lO~4seconds. The
availableneutronnuxhoweverisconsiderablylargerfbr
coldneutronsthanfbrUCN.

ConsequentlycIystaltechniquesarefavourablefbrEand

"butthejl,<2dBraggconditionseverelylimtsthe
interactiontimes.AsuggestionbyFedorov7)touseLaue
geometIydoes indeedallowlarger fsbuthasother
drawbacks(seeparagraph4).Tablelgivesthevaluesof

(E.r.")-1 fbrdiHerentexperimentalsituationsWe
considerthistobethestamngpointfbrthedesignofaDPB
dedicatedtOthesearchfbrneutronEDMwithasensitivitV

expectedtoreachbeyondexistingtechniques.

TheseequaUonsshowthatifwetakeaninitialpolansation

alongx3,asfbrexampleinFigurel,therewillbenospin

rotationduetothespinorbitcoupling.Therotationq

indicatedinthisfigurewouldbedueto/EDMonly.

TheraUobetweenthetwoscatteringamplimdescanbe
writtenaS:

７

９

１
“Ｃ

え虻Ｍ
Ｏ

Ｄた
た

●

whichevidencestheadvantagesoftheBragggeometIy.

Indeedclosetobackscatにring(β→河/2, impossiblein
Lauegeometry) theaboveraUo increases, allowinga
fimherseparationofbotheHects.

Innon.centro-synunetrical crystals theFriedel pair

structurefactorsFandFareingeneralunequal.The

Table1. EDMdetectionbyUCNandcrystaltechniques

UCNstorage

presentsituation
crvstaldifTraction

ご

suitablecrvst21s
〆

clystaldifTraction

Quartzvalues

~2.108

(quartzdependingon

renectionused)

109

possiblylO'0(limit)
E(V/cm)

uSableeleCtriCfield
10-16.103

~3.10･470
6.10-5r(sec)storageUme

(10cmcIystal,(v=5-6m/sec) coldneutrons)

3.105～1．106 1.2.104ET

1O4"(neutrons/sec) ~500(S21/ILL) (ILL)40－50

(E･『.〃)-1
V'cm/sec-'/2

Figureofmeritfbr
hmd2mentallimitof

~2.10-8

EDM<l.1xlO~25e.cm

≦10-7 ≦3.10-10

unCertalnty
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presenceofnonvanishingspintenns inFFessentially
dependsonmephaserelationbetweenthenuclearpartFh

andtheSpinpart,henceitisgivenbythecIystalstmCture.
For small spin dependent imaginaly scattenng as

comparedtothenuclearscatteringFh,whichisthecase
here,wecanseparatethespinandnon-spindependent

quantitiesin(戸戸)byintroducingthepllaseangles4,
&_o,and&DM:

F､=|Fﾙlexp(/4)+/|"_｡lexp(ﾉﾍ_o)oj
（2．1）

+j1&DMlexP(/4DM)oil

BeCause l&DMl and IFb.ol<<IF),|,wecanwritefbrthe

product(FF),afterintroducingthepllaseangles

"=d,-A_oand4=4-&DM,thefbllowingexpression,
10firstorderinFEDMandFb_o:

(FF)-|"|2+2IE,| |R_｡lsin(ab)o]
（2．2）

+21FHI IFEDMIsin(4)o"

Equation(2.2)isinterestingbecauseofthefactthatthe

smallvaluesIFS_olandIFbDMlarestronglyenhancedbylFhl.

F､F iS the fimdamental quantityentenngdynamical

theory. UsingthefbnnulationofSears8), therelevam
parameにrproportional tothePendellOsungfrequencyis

givenby:

〃＝〃2－”，

l)ThePendellOsungaverageofthisspinrotationdevelops
linearlyintheclystalwithanexitvaluefbrapeIfectclystal
ofthicknessJof:

（麦*割鮒扇‘崎順i叫"”Q(x)-ｽ"r

TmsspinrotanonisantisymmemcwithrespecI tothe

Bragglinecentreandisenhancedas theDalwinhalf

width,IxI=1,isapproached

3．DualPolarisedBeamPOlarimcter

InordertobesensitivetoantisynunetricSpinrotations

only(wilhrespecttotheincidentspindirection)onecan

produceadualpolarisedneutronbeaminsuchawaylhat

exactlyhalfoftheneutronshavetheirspinsalignedwith
themagneUcguidefieldvector,theotherhalfhavingspins
anliparallel totheguidefield. Suchabeamcanbe

producedbypassingamonochromaticneutronbeam

throughastrongmagneticfieldarea. IfBistllemagneUc
inductionvectorand"8theneutronmagneticmoment,

thenaZeemanenergysplittingofdE=2βββ(longitudinal

Stem-Gerlachexperiment)occursinthebeam.Theresult

willbeaseparationintotwopolarisedsub-beams, one

polarisedalongBwithenergyEb+/JBBandtheother

polarisedantiparalleltoBwilhenergyEb-/JBB.Byplacing

acrystal inthefieldareaBandanalysingtheenergy

spectmmwithanidenticalparallelperfectclystal (see

Figure2)thesplitting2/JBBcanbeevidenced. Caremust

betakentoprovideaconvementguidefIeldalongthe

neutronbeam.ArockingscanahofthesecondcIystalwill

thenrevealadualpolarisedbeamstructureasinFigure3,
the Iwo spinupanddowncomponentswhichare

propagatinginslightlydimerentdirections,accordinglo

eachBraggangle&asshowninFig.3.

2=…mかh…-α島ゞ"卜蝿｡“
Jo~' =C(Eb)~'/2,Eo istheincidentneutronenergy,Ca
constant. Forlo=4.85Aneutrons,6B=a-ais
0.11mrad/r.

ByrotatingoneofthetwocIystals,meZeemandoublet

canberesolved,providedthesplitUngislargerthanthe

widthoftherockingcurve. Tbswitchrockingfromone
peakofthedoublettotheothermakesspin-upandspin-
downbeamsavailablewithout thenecessityofanipper.
Figure2showstypicalZeemansplittingof4.85Aneutrons
bya7Tbslafield.A6-peakstmcmreisobsewedwitha

whiteneutronbeam, theouUnostandmostintensepeaks
correspondingtoEbwhereasthesmallerinnermostones

correspondtothesecondandthirdorder(4Eband9Eb)

contaminationoftheincidentbeamproducedbyabroad
mosaicpyrolyticgraphite cIystal. Provided that the

incidentspectrumaroundEbissu伍cientlybroadcompared
totheenergyresolutionofthedoubleclystalset-up, the
sameresultcanbeobtainedbyrockingthefirstcrystalal.

ThemagneticfieldisproducedherebyasuperconduCting
coilandhencebychangingthecoilcurrentanysplittingup
tothemaximumfieldvaluecanbeadjusted.

whereXisthedeviationfromtheBraggcondilionandis

givenby:

x=*("-")ﾙ。
wherehisareciprocallatticevcctorand"theCrystalunit
celldensitv.ConvenUonallvthenormaliseddeviationfrom

ご

theBraggcondiUonx=X/|"lisuscdThetotalrencction
domain(DarwinhalfLwidth)isthencharacterisedby

肱|≦l.Wecancalculatethefmdamentalparameter

w="/IR,|,thenormalisedPendellOsungfrequency"of
thetheory.Withoutenteringdetailsonecanshowthatw

canagainbeseparatedinnuclearandspintermsinthe
fbllowingway:

w=w"-1a11ff_｡,sinらび‘n

W
〃

一四IFEDMISinabO>
W

〃

IntroducingthisexpressionofthePendellOsungfrequency
inthephasevelocityfbrmulaandevaluatingthefinal
transmttedpolarisationfbrneutronstravellingclosetoa
Braggdirection,onededucesanexpressionfbrthespin
rotationq(duetoEDM,S-Oexpressionissimilar)valid

fbrsmallnuclearabsolptionandoutsidetheDarwinrange
肱|≦1．

Thespinrotationqisaconsequenceofthetransmission

ofaneutronwaveimtiallypolarisedalongx3(fbrEDM
detection)andmeasuredbytherotationaroundx2ofthe

initialstatesP+andP~tothefinalstatesP+andP.. (Figure
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DUALPOLARISEDBEAMPOLARIMETER
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FortheobsewaUonoftheS-OenectwiththeDPB

techmque,thetwosub-beamsareadjustedviaBIotravelin
thex=rldirectionswithl℃specttothesecondthickcryStal.
Spinrotationsoccumngintransmissionofthesecond
cIystalCanbeobservedasshowninFi9.1,exceptmatthey

occurinthex,,x2plane・Thespindirectionoftheneutrons

transmttedbythesecondcrystalisanalysedwithasystem

ofspintumandnippercoilsandaHeusleranalysercIystal.

TheneutronsaredetectedbyD3andthethreedimerent

polarisationcomponentsareobservedasafimctionof

rotationangleah.

ThenewtransversespincomponentappeanngduetoS-
Oantisy面皿nemcspinrotationsismeasuredbytuningthe

spinmmcoilstobesensitivetothiscomponentonly. The

resultcanbedirectlycompared,afierdeconvolutionwilh

thecIystal renectioncurve, tothespinrolaUonfbnnula

(2.3).ThishasbeendonefbrquartzcIystals3)andBGO9).
TbsearchfbrEDM,onehastoadiust theDPBtoa

scatteringangleprovidingsuHicient suppressionofS-O

eHectandwiththeinitialpolarisationP+andP~alongx]as
inFigurel.
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4．Outlook

InthispaperwehaveshownthatthecrystalCoulomb
fieldcaninprinciplebeusedtoincreasethesensitivityof

thesearchfbrneutronEDMbytwoordersofmagmtudeas
comparedtothepresentlowestlimit.Thisresultsfromthe

velyhigheHectiveCoulombfieldinconvementperfect

non-centrosymmetricalcrystals,despitethefactthatthe
useofcoldneutronsreduces theresidencetimeof the

neutrons inthecrystalascompared IoUCNstorage
techmques.WehaveusedtheS-Oenectasanindicatorin

spin-rotaUonexperiments todemonstrate thatenective

fieldsofuptolO9V/cmareindeedavailableinconvement
materials・ Thisinpnncipleestablishes theeasibilityof
EDMsearchexpenmentsbasedonclystalfieldsandusing
antisymmetric spinrotationsas an indicator fbr the
existenceofneutronEDM. Thenextstepnowis the

detaileddesignofexperimental conditionsallowinga
pracUcal implementationoftheideasdescribedinthis

paper.

ParticularcarehastobetakentoeliminateanyparasiUc
spinrotationsansingfromtheSpin-Orbitenect. As
expresSions(1.l)and(1.2) showtheratioofJS_o"EDM

vanishesinbackscatteringBraggcondiUons. Hencethe

searcheXperimentswillhavetobeperfbrmedaround
backscattenng. We thinkthat thisagument is the
principaladvantageoftheBragggeometlyversusLaue
geometry. AlthoughLauegeometIyhastheadvantageto

increasetheresidencetimeroftheneutronsinthecIystal,
itsdrawbaCkSarethatonlyscattenngangleSaround45｡are

feasibleand that the recordingofthePendellOsung
oscillations requires extremely good momentum
resolution.

ThepresentcIystalfieldtechniqueCombinedtothevery
sensitivepolarimeterrepresentSanewapproachtoneutron
EDMItcouldbecomecomplementaIMtogetherwiththe

superfluidHeand3HetechniqueproposedbyGolub8), to
theUCNtechniquesimpmvedverysucccssfilllydunngme
lasttwodecades.




