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Abstract:
A brief reviewof the history of the experimentalsearchfor the neutronelectric-dipolemoment(EDM) is presented,followed by

a discussionof the“stateof theart” experimentaltechniquesbasedon thestorageof ultracold neutrons.Also discussedis therecent
workon theconstructionofanimprovedexperimentincorporatinga 199Hgmagnetometerwithin theultracoldneutronstoragevolume.

Wethenreviewanumberof well-known experimentalandtheoreticalresultsandproposeanentirely newexperimentaltechniqueto
searchfor the neutronEDM basedon storing together,in superfluid4He,polarizedultracold neutronsanda polarizedgasof 3He
atoms;thisformsauniquesystemof two spinsinteractingbymeansofa spin-dependentmutualabsorption.Suchasystemappearsto be
ideallysuitedfor usein aneutronEDM search.Following a briefdescriptionof themethod,we presentananalysisof thedynamicsof
sucha systemandcalculatethestatisticaluncertaintiesto beexpectedin anEDM search.We showthat, in principle, improvementby
afactorofover 1000in theexperimentallimit is possible.This limit would bemorethansufficient to determinewhethertheknownCP
violation leadsto theobservedcosmologicalbaryonasymmetryand,in addition,would set very strict limits on thesupersymmetric,
multi-Higgs,andleft-right-symmetricmodelsof CP violation.Weconcludewith adiscussionofsometechnicalquestionsrelatedto the
proposedexperimentaltechnique.



1. Introduction

Theelectric-dipolemoment(EDM) of theneutronhasbeeninterestingto physicistssince1950
[Purcell and Ramsey1950]. Today some 45 yearslater this interestis significantly stronger
although,in all this time, nobodyhasbeenableto observeanEDM of theneutronor any other
elementaryparticle.The reasonfor this lies in the fact that the existenceof an EDM for an
elementaryparticle would be direct evidencefor the violation of time-reversalsymmetry (T
violation)aswell asparity (P violation). Formanyyearsit wasacceptedascanonthatthe lawsof
physicswouldhaveto be symmetricunderP and-T transformations,asthecontradictionof this
requirementimplied thatemptyspacewould possesspropertiessuchasapreferreddirection,and
that physical resultswould not be independentof thecoordinatesystemwe chooseto describe
them.In this paperwe presentareview of thehistoricaldevelopmentandthecurrent“stateofthe
art” concerning the neutronEDM. We then go on to describehow a systemof polarized
Ultra-ColdNeutron(UCN) gasanda polarizedgasof 3Heatoms,a uniquesystemof two spins
interactingby meansof a mutual absorption,is ideally suitedfor a neutronEDM search.We
presentan estimateof theaccuracyto be expectedfrom suchan experimentandconcludewith
a shortdiscussionof sometechnicalquestions.

1.1. Historical background

1.1i. The Dirac magneticmonopole
For many years all known experimentalevidencefrom atomic and nuclearphysics was in

agreementwith thepostulatethat the lawsof physicsareinvariantunderthePand T symmetry
operations.It wasDirac [1949]who first questionedthis tenetin print. As earlyas1949 he wrote,
“I do not believethereis anyneedfor physicallawsto beinvariantunderreflectionsin spaceand
timealthoughtheexactlawsof naturesofar knowndo havethis invariance.”Diracwasinterested
in the possibleexistenceof particleswith free magneticcharge.This would make Maxwell’s
equationsmore symmetricregardingthe interchangeof electric andmagneticfields but would
violatethePand Tsymmetries.However,asDirac [1948,1949]showed,theexistenceofmagnetic
chargewould provide a naturalexplanationfor the quantizationof electricchargeso that the
acceptanceof P and T violation seemeda reasonableprice to pay. Up to thepresenttime all
attemptsto observethemagneticmonopolehavebeenunsuccessful[GoidhaberandTrower1990].

1.1.2. The neutronelectric-dipolemoment(EDM)
Theneutrongroundstate,having spin I = 1/2, is completelyspecifiedby the spin projection

quantumnumberm
1 = ±1/2.In externalelectricandmagneticfieldsE andB theHamiltonianis

H = —(d~I.E+~J.B)/I (1.1)

whered~and jz,~are the electric- and magnetic-dipolemomentsof the neutron [Golub and
Pendlebury1972]. The electric-dipolemoment must lie along I otherwiseadditional quantum
numberswould be necessaryto describethe neutrongroundstate;in addition,any component
perpendicularto I would be unobservable.This Hamiltonian manifests P violation; under

4
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P,E—+ — E andB and I areunchanged;so that thepossibleexistenceof a nonzeroEDM of an
elementaryparticlewaslongconsideredan absurdityby all-right thinkingphysicists.Howeverin
1950, perhapsinspiredby Dirac’s speculations,Purcell and Ramsey[1950] suggestedthat the
aboveargumentsagainstthe existenceof a neutronEDM are not really compelling and the
questionofPviolation,like all questionsin physics,mustbeaddressedexperimentally.Indeed,asis
now well known, the idea that any physically acceptableHamiltonianmust commutewith the
parity operatorsubsequentlyhadto be abandoned.TheauthorscitedDirac’s magneticchargeas
a possiblephysicalmechanismthat could leadto anEDM. Theyalsoarguedthat sincematterin
ourvicinity of theuniverseshowsanenormousasymmetrywith respectto therelativeamountsof
matterandantimatter,weshouldacceptthepossibilityofelementaryparticlesappearingasymmet-
ric asa result of possessinga nonzeroEDM. Thustheexistenceor not of an elementary-particle
EDM should be investigatedexperimentally,and such an investigationwould also serveasan
experimentaltestofparity conservation.Emboldenedby thesearguments,they thenproceededto
searchfor a possibleEDM of theneutronusing a magnetic-resonancetechniquewith a neutron
beam.This first experimentto searchfor aneutronEDM wasseton aneutronbeamat OakRidge
andproducedtheresult(in1951)dn= —(0.1 ±2.4)x 1020ecm[Smithl95l].Wecangetanidea
oftheattitudeof thecontemporaryphysicscommunityto thiswork by theobservationthatit was
not publishedfor a furthersix years[Smith et al. 1957].

1.1.3. The~—Opuzzle and the discoveryofparity violation
Leeand Yang [1956] suggestedthat parity nonconservationcouldexplain the ‘r—O puzzle;the

fact thattwo particles,calledin thosedays‘r + and9~,decayedinto stateswith oppositeparitiesin
spite of having the samemasses,productionratesand lifetimes. Theselatterobservationswere
stronglysuggestiveof thetwo particlesbeing,in fact,different decaymodesof oneandthesame
particle.ThusLeeandYangwereled to reviewtheexperimentalevidencerelatingto thequestion
ofparity conservation.At that time it wasfelt that themost sensitivetestwasthesearchfor the
neutronEDM mentionedabove [Smith19511. As we shall seeshortly, this conclusionwas not
justified becausean EDM would violate time-reversalsymmetryaswell asparity. They(Leeand
Yang) suggestedexperimentsto test for parity violation, most notably the measurementof the
angulardistributionof ~3raysfrom apolarizednucleus.If parity werenotconserved,therecouldbe
electronemission of the form A = I.p~,where I is the nuclear spin andp~is the electron
momentum.

Landau[1957]commentedon theunsatisfactorynatureof a theorywhich requiresspaceto be
asymmetricwith respectto rightandleft. Hesuggestedthat theoverall symmetryofspacecouldbe
preservedin thepresenceofP violation if the lawsofphysicsweresymmetricunderthecombined
operationsofchargeconjugationandparityperformedtogether(CPsymmetry).Thiswasfollowed
ratherquickly by thedemonstrationby Wu et al. [1957]ofparity violationin the~3-decayof 60Co.
Interestingly,theasymmetrywasso greatthat theparity-violatingandparity-conservingpartsof
the interactionneededto explainthe resultswereequalin magnitude;theparity violation in the
weak interaction was found to be very large. Later experimentsdemonstratedthat Landau’s
suggestionwascorrectand thesymmetryobeyedby theweakinteractionwasindeedCP.

1.1.4. TheEDM andtime-reversalinvariance
In the paperquoted above Landau [1957] also pointed out that one would not see an

EDM unless time reversal T is violated in addition to P. The Hamiltonian (1.1) manifests
T violation in addition to P violation; underT, B —~ — B, I —÷ — I andE is unchanged;however,
CPTis conserved.
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Fig. 1. Normal(left)andtime-reversed(right) stateof theammoniamolecule;theelectric-fieldstrengthis greatenoughsothattheStark
effect is linear (the Starkeffect energyis much greaterthan theinversionenergy) [Golub andPendlebury1972].

Undertime reversal,eq. (1.1)is altered;thetime-reversedstateis differentfrom theoriginal state
which implies time reversalis not asymmetryof the Hamiltonian.Why is it thenthat molecules
whichhaveelectric-dipolemomentsarenot evidenceof time-reversalviolation? Figuresla,b show
thenormalandtime-reversedstatesof anammoniamolecule.Thesetwo statesaredegenerateand
it is this degeneracywhich allows the ammoniamoleculeto have an electric-dipolemoment
withoutviolating timereversalsymmetry.(Actually this degeneracyis removedin ammoniaby the
inversionsplitting,so that the argumentonly appliesin electric fields which areso largethat the
inversioncanbe neglected.Forsmallerelectricfieldsthereis asecond-orderStarkeffect.)However,
we assumedthat the neutron ground state was completelydescribedby the spin projection
quantumnumberm

1 andthe spin statesare nondegenerate.That the neutron ground stateis
nondegenerateis alsosupportedby the observedfact thatneutronsobeythePauli principle.One
canalsounderstandthe time-reversalviolating characterof eq. (1.1) throughKramer’s theorem
[Messiah1966] which implies that for aHamiltonian thatdependson an externalfield which is
time-reversalinvariant(anelectricfield, for example)timestheangularmomentum,theeigenvalues
of the systemareat leasttwofold degenerateandthe degeneracyis of evenorder.Sincethereare
only two eigenstatesof the neutron,under applicationof an electric field, thesestatesremain
degenerate.The degeneracyis removedby applicationof amagneticfield.

It hadalreadybeenrecognizedthat if a local Lagrangiantheory is invariantundertheproper
Lorentztransformation,thenCPT (andits permutations)must be asymmetryof the theory (see,
e.g.,Pauli [1955]andLuders[1957]).After it was recognizedthatTviolationwasnecessaryfor the
existenceof a neutronEDM, Ramsey[1958] arguedthat time-reversalsymmetrywas an open
questionwhichcould only be answeredexperimentally,i.e., thatit wasstill importantto searchfor
theneutronEDM. He againusedapossiblemagneticchargeasaphysicalmodel.

1.1.5. Failure of CF invariance
In 1964 Christiansonet a!. [1964]reportedtheobservationthat CP wasviolatedin thedecayof

the K0 meson,which implies a T violation as well. Argumentshave beengiven (Casella1969;
Schubertet al. 1970] that the K0 experimentsshow T violation directly. This observationof CP
violation is themainmotivationbehindtheon-goingsearchfor theneutronEDM, andsearchesfor
EDMs in other systems,suchas atoms[Lamoreaux et al. 1987; Lamoreaux1989; Hunter1991].

The origin of the CP violation, discoveredin the decayof the K°systemnow 30 yearsago,
remainsan enigma[He et a!. 1989; Shabilin 1983]. Historically,experimentalupperlimits on the
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va!ueof apossib!eneutronEDM (andmorerecentlyatomicEDMs)havebeenusedto placesevere
restrictionson proposedexplanationsof thisdecay(seeHeetal. [1989] andEllis [1989] for reviews
of the theory). -

Thesourceof this CP violation remainsunknownandexperimentalupperlimits on thevalueof
apossibleneutronEDM havebeenusedto placesevererestrictionson proposedexplanationsof
this decay.Heeta!. [1989], Ellis [1989], BarrandMarciano[1989] andBarr[1993] presentrecent
reviewsof the theoreticalsituationwhile Ramsey[1982, 1978], GolubandPendlebury[1972] list
some earlier reviews. For an exampleof how the neutron EDM can be estimatedfrom the
experimentallyobservedCP violation in the °systemseeHe et a!. [1988].

If theobservedbaryon—antibaryonconstitutionof theuniverseis dueto theknownCP violation
(along with a baryon nonconservation)one can expect a neutron EDM [Ellis et al.1981]

I I I I I Theoretical
Prediction:

.

!io_20 — -Electromagnetic

-Milliweak
H PNPI

.
I ILL

~io_25 — — —Left-Right Syinm.

199 . -weinterg Multi-
Hg Comagnetometer ~ Higgs

-Supersynunetry

-Cosmology
-Superweak

Beams UCN

1030 — I —

-Standard Model

I I I
1950 1960 1970 1980 1990

YEAR

Fig. 2. Thehistory oftheexperimentallimit for theneutronEDM,alongwith sometheoreticalpredictions.Sincetheobservationof CP
violationin K

0 decay(1964)theexperimentallimit for theEDM hasbeenreducingataconstantrate.Thefirst UCNEDM experimental
resultswere reported in 1981—1982. Themost recentlimits, from the PetersburgNuclear PhysicsInstitute and from the Institut
Laue—Langevin,areat thelevel of l0_25 ecm. For comparison,the sensitivityexpectedin the ‘

99Hg comagnetometerexperimentis
shown,along with that expectedin our proposed3He—n comparisontechnique.
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6 x 10 28 < d
0 < 2 x 10

25cm (cosmology),while the “standardmodel” leadsone to expectan
(unobservable)value of [Barr andMarciano 1989; Barr1993] io~~< d~< 10 31cm

In fig. 2 weshowhowtheexperimentalprecisionof the searchforaneutronEDM hasimproved
overtheyears.Themostrecentexperimentalvaluesfor theneutronEDM arethoseof Altarev etal.
[1992],d~= (2.6±4.0±1.6) x 1026ecm,which they interpretasan upperlimit of Id~I< 11 x
1026 ecm, and Smith et a!. [1990] (see also Pendlebury[1992]) d~= —(3 ±5) x 1026ecm,
which implies d~I< 12 x 1026 ecm. Both of theseexperimentsmadeuseof bottled UCN.

It is fair to saythat theneutronEDM hasruledout moretheories(put forwardto explain K
0

decay)thanany experimentin thehistory of physics.Forexample,in Ramsey[1982],roughly24
outof 35 theoreticalestimatesareincompatiblewith theexperimentalresults,while about16outof
the 17 listed in Golub andPendlebury[1972] areincompatible.At present,thereare5 or6 tenable
theories[Ellis 1989;He et al. 1989]; continuedimprovementin theneutronEDM limit will be
crucial in determiningwhich of thesearecorrect.

In arecenttalk, Weinberg[1992] gavethefollowing reviewof thecurrentsituation:“ ... endemic
in supersymmetrytheoriesareCP violations that go beyondthe [standard model],andfor this
reasonit maybe that the nextexciting thing to comealongwill be thediscoveryof aneutronor
electronelectric-dipolemoment.Theseelectric-dipolemomentswerejust briefly mentionedat this
conference,but theyseemto meto offer oneof themostexcitingpossibilitiesfor progressin particle
physics.Experimentshere,as in solarneutrinophysicsmoveveryslowly, but I shouldmentionthat
therehasbeenalot of progresslately in calculatingtheelectric-dipolemomentof atomsin various
models,with resultsthat areencouragingfor future experiments.”

2. Current experimental technique

2.1. Ultracold neutrons(UCN)

It wasFermiwho first realizedthat thecoherentscatteringof slow neutronswould resultin an
indexofrefraction,oreffectiveinteractionpotentialVfor slowneutronstravellingthroughmatter,
and that this potential would be positive (index of refraction n < 1) for most materials.This
effectivepotentialis crucial for many of the effectsgroupedtogetherunder the topic of neutron
optics.Sears[1989] providesacomprehensivediscussionof this field.

Fermialsorealizedthat theresultof this was that thoseneutrons(with energyE) incidenton
a surfaceat a glancingangle0 which satisfied

Esin
2O� V, sin0 � sin0~= (V/E)’~2, (2.1)

would betotally reflectedjustaslight canbe totally reflectedon approachinga glass—airboundary
from theglassside.Fermi andZinn [1946] andFermi andMarshall [1947]performedthefirst
experimentaldemonstrationof this effect.Total reflection of neutronshasprovidedthe basisfor
thehighly successfultechniqueof neutronguidetubes,in which neutronswhoseanglessatisfy(2.1)
can be transportedlargedistancesthrough guides whosesurfacesare smoothenoughso that
nonspecularreflections(reflections for which the angleof incidenceis not equalto the angleof
reflection)arenegligible,as first suggestedby Maier, Leibnitz andSpringer[1963].Theneutron-
guidetechniquehasvirtually transformedslow neutronscatteringfrom aratheresoterictechnique
to one ofmuch wider applications.
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Theobservationof the total reflection of neutronsled to thespeculationthat if neutronswith
energies

E~<V (2.2)

could be obtained— this is not obvious as typical materialshave V 10 7eV while thermal
neutronshave energiesof 2.5 x 10 2eV — they would undergototal reflection at any angle of
incidenceand hencecould be stored in closedvessels.We refer to such neutronsas ultracold
neutrons(UCN). Golubetal. [1991], Ignatovich[1990] andSteyerl[1977] havepresentedreviews
of UCN research.While manyworkersin thefield of neutronphysicsattributetheideaof neutron
storageto Fermi, the first personto take the idea seriouslyenoughto put it into print was
Zeldovich [1959].

He pointedout that althoughthe lifetime of a neutronin, e.g.,graphiteis only 102s(indepen-
dent of velocity), becauseof the small penetrationdepth of a UCN during total reflection
~ 10~A = 10 6cm)thefractionofthetimethatstoredUCN would actuallyspendin contactwith
thewalls is quite small (‘—. 10 7) andso onecouldexpectanabsorptiontime of io~s for stored
UCN. This is in good agreementwith moredetailedcalculations.Zeldovich alsoestimatedthat
athermalflux of 1012n cm 2 s1 cooledto 3 K in liquid heliumwould producea UCN densityof
50cm ~. It is interestingto note that such densitieshavenow beenachievedat the Institut
Laue—Langevin,Grenobleusinga reactorwith athermalflux of 1015n cm-2~-i cooledto 20K in
a deuteriurnfilled cold source. In 1968, Shapiropublisheda review article on the electric-dipole
momentofelementaryparticles.In thisarticlehepointedout theadvantagesof UCN forthesearch
foraneutronEDM, especiallythegreatlyincreasedobservationtimeandthereductionofthevx E
effect (a magneticfield, producedin the frameof the movingneutronby the appliedelectricfield,
interactingwith the neutron’smagneticmomentandmimicking an EDM, as first suggestedby
Sandarsand Lipworth [1964]). See also Golub and Pendlebury[1972] for a more detailed
discussionof this point.

Giventhe fact that the energyV in (2.2) is some iO~times smallerthanthe thermalenergyof
neutronsin the reactormoderator,and the Maxwellian energyspectrumfor neutron flux is
proportional to E for low energies,it is remarkablethat two groups,independently,hadthe
courageto invest the time andeffort to constructthe necessaryinstallationson the chancethat
neutronsso far from thepeakof the Maxwell distributiondid indeedexist insidethe reactor,and
thattheycould beextractedwithoutcripplinglossesof intensity.Thatbothgroupsweresuccessful
almostsimultaneouslyis oneof thosecoincidenceswhich seemto be socommonin thehistory of
physics.

The DubnagroupunderF.L. Shapiro[Luschikov et al. 1968,1969]extractedUCN from avery
low-powerpulsedreactorby meansof acurvedhorizontalchannel,9.4cmin diameter,10.5rn long.
Counting ratesof 0.8counts/102s (background—~0.4counts/102s) were obtained.Working at
Munich, Steyerl [1969] obtainedUCN by vertical extractionfrom a steady-statereactor.The
beamwaspulsedby a rotatingchopperconstructedout of 13 boronsilicate glassplateslocated
deepwithin thereactorswimmingpool 2 m abovethecore,allowing time-of-flight measurements
of the neutron spectra.The counting rateshoweda steepdropbelow 10rn/s. probablydue to
absorptionin the aluminiumwindows, reflection lossesandthe limited acceptanceangleof the
detector.Howevertotal crosssectionsweremeasuredfor neutronvelocitiesdownto 7 rn/sfor gold
and5 rn/s for aluminium.

It is noteworthythatboth theseinitial attemptswere madeat relatively low-intensity sources,
an averagethermalflux of 1.6x 10’°ncm2s1in theDubnaexperimentand1013ncm2s~in
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the Munich experiment,thus demonstratingthe ability to carry out really new and important

innovationsat weaksources.

2.2. NeutronEDM measurementswith storedUCN

The neutronEDM is measuredby comparingthe neutronLarmor frequency(measured,for
example,by useof Ramsey’smethodofseparatedoscillatoryfields [Ramsey1956])for paralleland
for antiparallelmagneticandelectric fields. It follows from eqn. (1.1) that the shift in Larmor
frequencybetweenthe two field configurationsis ow

0 = — 4d0E/h; the minus sign is necessary
becauseii,, < 0.

Following the first experimentson UCN productionOkun [1969] calledattentionto Shapiro’s
[1968] point thatUCN offeredapromisingmethodfor improving thesensitivityof the searchfor
aneutron EDM, emphasizingthe potential improvementin observationtimes—iO~s for UCN
comparedto 10_2s in a typical beamexperiment.

Lushchikoveta!. [1969] alsosuggestedthatUCN couldbeusedto searchfor aneutronEDM. It
was immediately recognizedthat a storageexperimentcould give orders-of-magnitudehigher
sensitivitythanabeamexperimentdueto alongerinteractiontime, 102 s asopposedto 10_2s,and
thatsystematiceffectsdue to nonparallelE andB fieldswould be greatlysuppressed.Goluband
Pendlebury[1972] discussfundamentallimits to sensitivity for a variety of neutron EDM
experiments;useof bottledUCN is theclearwinner.Theyfurthersuggest,“if no effort werespared
alimit for the dipole lengthof 5 x 10 Viecm might ultimately be reached.”The presentexperi-
mentallimits arenot too far from this andthislevel is expectedto be reachedin thenextround of
measurements.As we shall see later a factor of 1000 further improvementin sensitivity seems
possible.

An importantadvantageto theuseof bottledUCN overbeamexperimentsis theeliminationof
thesystematiceffectdueto themagneticfield generatedby v x E; if E andB arenot exactlyparallel,

= (v/c)EsinOEB+ ~,JB2+ [(v/c)E]
2 , (2.3)

whereit is assumedthat thevelocity, v, is approximatelyperpendicularto E. E andB areroughly
parallel and °EB~ 0 is the angle between the magnetic and electric fields [Sandars and
Lipworth 1964]. In the case0EB ~ 0, thereis a changein magneticfield associatedwith the
applicationof the electricfield which generatesashift in Larmorfrequencyindistinguishablefrom
anEDM shift. In addition,evenif thefieldsareparallel,thereis ashift in magnitudeproportional
to E2; thusit is requiredthat the magnitudeof the electric field be reversedexactlyin any case,
somethingwhich canbe difficult in thepresenceof dielectrics.SinceUCN storedin abottle havean
averagevelocity of approximatelyzero,v xE effects aresubstantiallyreduced.

We will nowderivethefundamentallimits to ageneralclassof bottledUCN experiments,which
includetheneutronelectric-dipolemomentsearch,wherea shift in energybetweenthetwo spin
states(a shift in Larmor precessionfrequencyv) due to the applicationof an externalfield is
measuredusingmagnetic-resonancetechniques.The magneticresonancelinewidth, which deter-
mines the accuracyfor which ashift canbe measured,is given by

cc 1/T, (2.4)
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where T is the time that theneutronspin wasin a coherentsuperposition(precessingaboutthe
field). This is arestatementof theuncertaintyprinciple,that OE0T � 1 (energymeasuredin Hz).
Again, thereis a finite neutronsurvival time ‘r with thetotal numberat time t given by

N(t) = Noe_t/t . (2.5)

Thefluctuationsin vbetweenmeasurementsdueto countingstatisticscanbe readilydetermined

(assumingthat thetotal storagetime is equalto T, the coherencetime),
Ov cc(1/c~T)N~*2eT/2t. (2.6)

where~ representsthepolarizationefficiency. Assumingagainthat we do many(n), experiments
overa time t >~‘ T, we find, usingn = t/T, that

a(v) cc N~hI2cz_1eT/2t/~/~. (2.7)

ThishasaminimumwhenT = r. Thus,it is evidentthatwewantalongsurvivaltime, ~ nearlyone,
andN

0 to be large.
As wasalreadymentioned,useof Ramsey’smethodof separatedoscillatoryfields is aconvenient

way to measurethe magnetic-resonancefrequency[Ramsey 1956]. In this method,we startwith
thespin alongastaticmagneticfield. An oscillatingmagneticfield nearlyat theLarmorfrequency
andperpendicularto thestatic field is turnedon for atime t’ such that the spin(asviewed in the
rotatingframe)precessesthrough90°,thatis,a it/2 pulse;themagnitudeof thefield 2b and~‘ satisfy
therelationybt’ = it/2, wherey is themagneticmoment.After theoscillating(orRF) field is turned
off, thespinprecessesaboutthestaticfield for atime T ~ ~‘, at whichtimeasecondpulseis applied;
notethatthe oscillatorhasbeenrunningin thebackgroundandhascompletephasecoherenceas
definedby the first pulse. However,if theLarmor frequencyandRF frequencyare not exactly
equal,aphasedifferencebuildsup 4. ~ (w — w0)T,wherew is theRF frequencyandw0 = ‘yB is the
Larmorfrequency.Thus, in therotatingframe,thespin is not at right anglesto theRF field and,
afterasecondir/2 pulse,thespin will endup at anangle4 to thestaticfield. The final polarization
is given by — P0 cos~. As the RF is tuned off of resonance,the initial spin-flip probability is
reduced,thus the oscillationsdie awayasshownin fig. 3.

An importantadvantageof bottled UCN over beamexperimentsis that the timing conditions
arethe samefor all neutrons.In abeam,fasterneutronsspendlesstime, sloweronesmoretime,
hencethe Ramseyfringes get washedout. However,in the neutronbottle, if the RF field is
sufficiently homogeneousand if ‘r’ is longer than themeancollision time so that the RF field is
sufficiently averaged,all the neutronsseethe samepulselength,andthe sametimebetweenpulses,
thus the beautiful patternshownin fig. 3. Since the time betweenpulses T, is the samefor all
neutrons,all the neutronshavecos4 = 0 at thesamefrequencyandall themaximain fig. 3 arethe
sameheight (transitionprobability = 0).

Whenseparatedoscillatoryfields areused,the determinationof theeffectivelinewidth is not so
obvious.If we useeq. V.37 given by Ramsey[1956] in thelimit b ~ Aw wherei~iw= w0 — Wrf and
b is therf field strength,andif ~r/2pulsesareused(thatis, thepulselength ~‘ andthe rf field strength
satisfy the condition x’yb/2 = ir/4), we find that the probability to flip theneutronspin is

P~—cosAwT, (2.8)
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Fig. 3. A neutronmagnetic-resonancecurve usingthe Institut Laue—LangevinEDM apparatuswhich employsRamsey’smethod of
separatedoscillatoryfields. ThepolarizedUCN were storedfor a total of 80s;thetime betweenthe4s ir/2 pulseswas 68 s, giving
alinewidth of 7mHzfor thecentralfringe. Undernormaloperationof theapparatus,datais takensequentiallybetweenthefour points
shown;this providesa continuouscalibration of theapparatus[Smith et al. 1990].

whereT >~x’ is thetimebetweenpulses,whichis thesameresultasourqualitativeargumentabove.
If we usethe samepolarizerfor both initial polarizationand for analysisafter the two pulses,and
takeinto accountthepolarizerinefficiency,wefind thatthenumberof neutronswhich getthrough
the polarizeris

N(~w)= N0(1 — ~cosAwT)/2, ~ = (C1 — C2)/(C1+ C2), C1 = N0, (2.9)

where~xis the visibility as in fig. 3.
Sincewewill belooking for asmallchangein frequencywith applicationof theelectric field, we

wantto sit on thesideof theresonancewherethesensitivityis highest,that is, wheretheslopein the
numberof countsversusL~wis highest,andlook for achangein countswith applicationof the
electricfield,

= N0~cxTsinAwT. (2.10)

We needto minimize

a(Aw)= [~Aw/~N(Aw)],,~/~, (2.11)

sincewecountatotal ofN0neutronsfor bothspin states.Thishasaminimumat i~wT= ir/2 where

we find the frequencynoise due to count-ingstatistics
= 2/~T\/~, (2.12)

where N0 is the number of counts for both spin states.Using our hamiltonian, eq. (1.1), and
Ow = — 2d~E/h, leadsto

a(d0)= ~ (2.13)
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2.3. RecentEDM experimentsusing UCN

2.3.1. Bottled UCN EDM experimentat the Institut Laue—Langevin
Figure4 is aschematicof theexperimentalapparatuswhich is describedmorefully in Miranda

[1987] andPendleburyetal. [1984]. Theapparatuswas initially usedon the old ILL PN5UCN
source and producedthe result 0.3 ±4.8 x 1025ecm [Pendlebury et al. 1984]. In 1986, the
experimentwasmovedto theILL neutronturbine [Steyerl et a!. 1986], wheretheUCN flux is two
ordersof magnitudehigher; theUCN densityatthe turbineoutputis 90 cm ~. Thenewresultof
this experimentis —(3 ±5) x 10 26� cm [Smith et a!. 1990]. A descriptionof the experiment
follows.

The UCN aretransportedfrom theturbineto theexperimentthrougha staiqlesssteelguide. At
the apparatus,the UCN are polarizedby transmissionthrougha magneticallysaturated1 j.tm
thick iron—cobaltfoil. Theneutronbottle,consistingof two berylliumelectrodes0.25m in diameter
separatedby a 0.1m long cylindrical beryllium oxide tube(0.01m thick wall) which servesas an
insulator,hasanet critical velocity 6.9rn/s. The BeO tuberests in grooves,abouttwice the tube
thicknessdeep,in theBe plates.Thisarrangementgivesbetterhigh-voltagestability.Theideasand
technologybehindthe BeO—Be bottle aredescribedby Golub [1986]. Neutronsenterthe bottle
throughahole,which can be sealedwith aberyllium door, in the groundedelectrode.

The bottle is insidea five-layer Permalloyshield(shielding factorof 10~)[Sumner et al. 1987]
with the bottle axisperpendicularto the cylinderaxisof the shield,theorientationbeingsuchthat
the magneticshieldingis maximum.A 1

1.tT magneticfield B, parallel to theaxis of thebottle, is
producedby acylindrical coil with aconstantnumberof turnsper unit distanceperpendicularto
theaxis of the shield (cosinedistribution), to produceauniform field inside the magneticshield.

Themagneticfield betweenthepolarizerandthestoragebottle wascarefullytailoredsothat the
adiabaticcondition,wL = yB ~ IdB/dtl/B, wherey is the gyromagneticratio, is satisfied,andso
that B ~ 0 everywhere;thus thereis a gradualchangefrom the approximatelyone kilogauss
polarizer field to shield, and through the shield to the bottle field of 10mG; thus no loss of
polarizationoccurs.

Five layer mu—metal shield

High voltageVacuum vessel

Guide changer

Magnet

UCN entrance j —B0

~ -~ ~fl

Pumps

detector Im iometers

Fig. 4. The neutronEDM measurementapparatususedattheInstitut Laue—Langevin.TheUCN arestoredfor a total of80s; thestatic
magneticfield is 10mGand theapplied electricfield about10kV/cm [Smith Ct al. 1990].
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Theexperimentis operatedas follows.Thefive-liter storagevolumeis filled for 10s (threefilling
time constants),after which thedoor is closed.Immediatelyafter filling, the densityof polarized
UCN is about10cm ~. After waiting 6s to allow theneutronvelocitiesto becomeisotropicwithin
the bottle, the first pulse of a Ramseyseparated(in time) oscillatory-field magnetic-resonance
sequence[Ramsey 1956] is applied for 4s. This turns the neutron spinsperpendicularto the
magneticfield. The neutronsare allowed to precessfor 70s (the neutron storagelifetime) after
whichasecond4s Ramseypulseis applied.Theneutronvalveis openedandthoseneutronsin the
appropriatespin state passthrough the polarizing foil which now servesas an analyzer,are
divertedto adetector,andarecountedfor lOs. Thespin-flip coil, whichconsistsof about5 turns/cm
woundon aNiCu coatedglassguide(so that the 3 kHz rf field can penetrate)20cm long, is then
turnedon andadiabaticallyreversesthe spin, therebypermitting the remainingneutronsto pass
throughthepolarizingfoil andbe counted,alsofor lOs. The two countingperiodsgiveapproxim-
ately 12000and8000neutrons.Includingfilling andemptying,eachmeasurementcycle takes124s.

An electricfield, E, with magnitudeup to 1.6MVm 1, follows a 32-measurementcycle (about
onehour)sequence:eight cyclesappliedparallelto B, four cyclesoff, eight cyclesantiparallel,and
four cyclesoff, with two cyclestakento changeeachstate(themagnitudeof E is constantovereach
approximatelythree-daysetof measurements).The directionof E is reversedby simply changing
the polarity of the voltageapplied to the upper plate. The neutronbottle is maintainedunder
vacuum(lO6torr) or with lO4torr of nitrogenor helium to helpquenchsparking;it was found
thathelium works much better.Leakagecurrentsacrossthe bottle are monitoredandare kept
below 30nA by operatingat an appropriatevoltage.For most of the datapresentedhere, the
leakagecurrent was less than 5 nA.

Over the courseof a reactorcycle (about six weeks), the neutron-storageand high-voltage
propertiesof thebottle graduallydeteriorate.This is probablydue,in part,to hydrogencontaminat-
ing thesurface[Lanford andGolub 1977].Thebackgroundsystemvacuumis ratherpoor,of order
lO6torr. Runningadischargeof Ar andD

2 in situ (about 150V, 50Hz for 10mm at 1—5Torr)
restoresthestoragetime[Mampe eta!. 1981] andlow-leakagecurrents.Suchdischargecleaningis
repeatedapproximatelyonceeveryreactorcycle.Thereis someevidencethat thepresenceof high
voltageacceleratesthe degradation.

The magnetic field within the shield is monitored using three optically pumped rubidium
magnetometersplacedaroundtheneutronbottle [Pendlebury et a!. 1984] atamaximumdistance
of 40cmfrom thebottle.The field at eachmagnetometeris averagedovertheneutron-storagetime.
In addition,thereis a flux gatemagnetometerplacedbetweentheoutertwo layersof theshield to
checkfor possibleexternallygeneratedsystematicsignals.

Betweenmeasurements,thefrequencyof the rf field for Ramseypulsesis changedsothat there
canbe acontinuouscalibrationof the apparatus;thefrequencyis variedsequentiallythroughfour
pointsaroundthecentralfringe of theresonancepattern(seefig. 3).Thetwo pointson eachsideof
the resonancecenterare separatedby one tenth of a linewidth. The four points are used to
determineboth the neutron-spinpolarization and the resonancefrequency. To determinethe
neutronresonancefrequency,v,,, afirst passis madethroughthedatato extractthevisibility of the
resonancecurve, c~= (C1 — C2)/(C1 + C2), which is typically 0.64 (seefig. 3). A secondpassuses
~ and a combinationof the countsfor the two neutron-spinstatesto yield a single resonance
frequencyv,, for eachmeasurementcycle,as implied by eq. (2.9). An importantadvantageof this
techniqueis that it suppressesnonstatisticalfluctuationsin theneutronflux (dueto reactor-power
fluctuations,for example),sinceoneworkswith theratio of spin-upto spin-downcounts.Overthe
courseof the measurements,the frequencyis changedso that the resonanceis tracked as the
magneticfield drifts.
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A run lastsaboutthreedaysandhasabout1000 measurementsof the resonancefrequency.The
electric field is reversedaboutevery ten measurementsasdescribedabove.

An EDM would appearsimply asashift in resonancefrequencywith applicationof an electric
field. The problemis to extract the EDM frequencyshift from other systematiceffects due to
sparks,leakagecurrents,or externallygeneratedfieldsassociatedwith switchingthehigh voltage.

A numberof techniqueshavebeenusedto extracttheneutronfrequencyshiftswhichchangesign
with the applied electric-field direction,Av0 = +[v0(E) — v0(—E)]. Generally, a drifting back-
groundis removedby fitting terms linear andquadraticin time for the individual measurement
sets.Cyclesaroundobviousdiscretejumpsin themagneticfield arediscarded.Similaranalysesare
performedfor thethreemagnetometersyielding AVmi, L~Vm2,andAVm3.Frequencyshifts quadratic
in E (voltage-on—voltage-offeffects) and shifts betweenthe zero electric-field groups(due for
exampleto theshieldsbeingmagnetizedby leakagecurrentsor sparks)arealsoextracted.To help
identify systematiceffects, the direction of the fixed magneticfield is reversedevery few weeks;
atrue EDM frequencywould haveits signreversedby this. In addition,thehigh voltagewasvaried
betweenmeasurementsets;a true EDM would scalewith the electric-fieldstrength.

The magnetometerreadingshavebeenusedto correctfor systematicerrorsin two independent
ways. Theconclusionis that the bestresultfor theneutronEDM comesfrom the averageof the
resultsof the two differentanalyses,with the largerof the two error bars,

d~= (—3.3±4.3)x 10
26ecm, Id~I< 12 x 1026ecm90%C.L.

The contribution to the above error from neutron counting statistics, using eq. (2.13), is
1.9x 1026ecm.

The presentexperimentis limited by how well the magneticfield within the neutronbottle is
monitoredby the spatiallyseparatedrubidium magnetometers.In section2.3.3 we will describe
a new experimentwhich is being built from the componentsof this experiment,incorporating
acomagnetometer(apolarizedatomicspecieswithin theneutron-storagevolume);this shouldgive
an improvementof anet factorof ten.

2.3.2. Bottled UCNEDM experimentat the VVR-Mreactor, Leningrad
Altarevet al. [1992] haverecentlyreportedtheresultd

0 = (2.6±4.0±1.6)x 10 26~cm,which
theyinterpretasanupperlimit of d0 < 1.1 x 10 25 ecm. Thisshouldbecomparedwith theirearlier
result [Altarev et al.1986] d~= —14±6 x 10_26 ecm. The major improvementsfor this experi-
ment were in theUCN sourceandan increasedneutron-storagetime.

A schematicof the experimentalapparatusis shownin fig. 5. In many ways the apparatusis
similar to thatof the ILL experiment,however,thereareimportantdifferences.As canbe seenin
fig. 5, therearetwo neutron-storagechamberswith oppositelydirectedelectricfields (relativeto the
magneticfield) in each chamber.The high voltage is applied to the plate separatingthe two
chamberswhile the outer platesare held at ground potential. They typically run at 15kV/cm,
somewhathigher than the averageof the ILL experiment.

Using two bottles with oppositelydirectedelectricfields essentiallydoublesthe sensitivity to
aneutronEDM while reducingbackgroundmagnetic-fieldnoise;anEDM-generatedshift will be
of oppositesign for the two chambers.In addition,sincethetwo chambersarelocatedquiteclose
spatially,onewouldexpecthigh discriminationfrom backgroundmagnetic-fieldchangessincethe
EDM shift is givenby thedifferencein theresonancefrequencybetweenthechambersasafunction
of electric-field direction; this differenceis sensitiveonly to changesin spatialgradientsof the
magneticfield. Such gradientscould be due to locally generatedfields such as leakagecurrents
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T~iT~’
Fig. 5. TheneutronEDM measurementapparatususedat the PetersburgNuclear PhysicsInstitute, Gatchina,Russia.1. magnetic
shields, 2. vacuum chamber,3. Helmoltz coils for producingthe static magnetic field, 4. UCN polarizer, 5. ground electrode,
6. high-voltageelectrode,7. entranceshutter,8. exit shutter,9. spin analyzers,10. spin flipper, 11. cesiummagnetometers,12. frequency
divider, 13. control for oscillating-field pulses,14. coils for producingoscillatingfield, 15. cesiummagnetometer.D labels the UCN
detectorswith B and H specifyingupper and lower chambers,I and 2 specifiesthetwo polarizations.Two quartzinsulating rings
togetherwith the threeelectrodescomprisethe two storagevolumes of 201 each[Altarev et al. 1986].

within thebottle.However,evenfor local fields, thecloseplacementof thechambersshouldgive
a fairly goodcancellationof the net magnetic-fieldchange.

The position of the resonanceis stabilized by synthesizingthe radiofrequencypulses for
the neutronsfrom the output of two cesium magneticZeeman atomic oscillators (located
nearthe storagechambers).(The ratio of neutronresonancefrequencyto cesiumis about 120.)
This was necessaryin part because the three-layer Permalloy shield did not provide
adequatestability andshielding.The stabilizationimprovedthe effectiveshieldingby a factorof
about15.

The chamberwalls arequartzrings ontowhich films of BeO andBe3N2 havebeendeposited.
Leakagecurrentsaverage30 nA at the approximately15 kV/cm used.Thereis asystemof shutters
to theentranceandexit guidesthroughwhich thechamberscanbefilled andemptied.A systemof
four detectors,eachwith its ownpolarizerandtwo with adiabaticspin flippersallow countingthe
spin-up and spin-down neutronsfor each chambersimultaneously,as opposedto the ILL
experimentwherethe spin-up andspin-downarecountedin sequence.

The experimentoriginallyoperatedin a“flow-through” mode;thatis, theneutronshutterswere
kept continually open andneutronswere continuouslycounted;a shift betweenspin-up and
spin-downcountingrateasafunctionof electric-fielddirectionwouldbeanindication of an EDM.
Howeverthe majority of the dataleadingto thepublishedresultswas obtainedusing a pulsed
techniquesimilar to that usedin theILL experiment,makingfull useof the chamberlifetime of SOs
as implied by eqs. (2.7) and(2.13).The increasein sensitivitygainedherealongwith theimproved
sourceof UCN resultsin adaily statisticaluncertaintyof about2.5 x 10

25ecm,comparableto the
ILL experiment.

The datareportedin Altarev et al. [1986] seemedto havesomesystematiccontamination.In
Altarev et al. [1992] the authorsattributeda largepart of the discrepancybetweentheir newest
resultandthat of 1986 (seeabove)to the resultof a single run. After discardingthis run the 1986
result is moreor less in agreementwith the later one.
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2.3.3. UCNEDM experimentwith a ‘99Hg comagnetometer
SincetheILL experimentdescribedin section2.3.1 wasno longerlimited by countingstatistics

but by systematics,it wasdecidedto rebuildtheapparatusandincludeacomagnetometer,that is,
a polarized atomic specieswithin the samestoragevolume as the neutrons,and thus provide
anearlyexactspatialandtemporalaverageof the magneticfield as seenby the neutronsover the
storageperiod.The use of polarized 3He had alreadybeen considered[Ramsey1984], but the
extremedifficulty in thedetectionof the3He polarizationmakesits useimpractical.

The useof ‘99Hg hasbeensuggested[Lamoreaux 1986] andamagnetometersuitablefor the
EDM experimenthasbeenconstructedandtested[Pendlebury 1992]. The advantagehereis that

canbe readilydirectly opticallypumpedandits polarizationopticallydetectedwith 254nm
resonanceradiation [Lamoreaux 1989], Since‘99Hg is a~ atom,its ground-statepolarizationis
specifiedby the nuclearangularmomentum,which is 1/2 for 199Hg.

An importantfeatureof a spin-1/2systemis that its Larmor frequencycannotbe affectedby
electric fields other than through an EDM. This is a statementof Kramer’s theorem,already
mentioned above, that the energy levels of a T-even hamiltonian are doubly degenerate
[Messiah 1966]. Sincethereareonly two levelswhich describethe ground state,theselevels are
degenerateandthereis no observableeffect. This is to be comparedto higher-spinspecieswhich
wereearlierconsidered,suchasalkali atoms(cesiumandrubidium). In thesecases,thetotal spinis
greaterthan 1 andthe atomshavea largeelectricpolarizability; theground-stateZeemanlevels
split proportional to E2~Suchshiftswould makeexactreversalof theelectric field imperative,an
experimentaldifficulty in the presenceof dielectrics.

Furthermore,it is necessarythat the atomic speciesdoesnot havean EDM of its own which
could possiblymaskaneutronEDM; in the caseof ‘99Hg, experimentallimits havealreadybeen
set at the level of sensitivity needed[Lamoreaux et a!. 1987; Lamoreaux1989]. In theseexperi-
ments,ground-statespin-polarizationlifetimes in excessof 100s wereroutinelyachievedin cells of
about5 cm3 volume,evenin the presenceof electricfields up to 15 kY/cm. However,thesecells
included250torr of nitrogento improve the high-voltagestability.

An unfortunatedisadvantageof ‘99Hg is that the walls of the containermust be specially
preparedto havelong spin-relaxationtimes.In all previousexperiments,hydrocarbonwaxeswere
used;theseof coursewould be unusablewith UCN. In addition,the wall coatinghasto be stable
undertheapplicationof high voltagein vacuumsinceahigh-pressurebackgroundgascannotbe
usedwith the UCN.

A possible wall coating material, deuterated polystyrene (DPS), has been developed
[Lamoreaux 1988] andis presentlyin use [Pendlebury1992].Although the Hg spin polarization
characteristicsarenot asgoodas thehydrocarbonwaxes,(10s/cmmeanfreepathversus100s/cm
meanfree path), it should give a lifetime of about lOOs in the much larger neutronbottle. In
addition,thin films of DPSseemto bestableunderelectricfields in vacuum.The vacuumstability
is abit puzzlingasevery otherthin-film (suitablefor usewith UCN) materialtestedwould break
down at relatively low electric fields. Thesematerialsincludedfomblin andteflon whereelectric
fields of about2kV/cm would causebreakdown.It haslong beenknown thatpolystyrenecan be
formedfrom anelectricaldischargein styrenevapor;perhapsthereis somecomplicateddynamical
chemistry which leads to the high-voltage stability. In addition, it has been shown that
for a material to have high-vacuum-voltagestability, its vapor pressuremust increaseslowly
with temperature[Trump and Van de Graaff1947]. The vapor pressureof fomblin certainly
risesrapidly with temperature,henceits usefulnessasadiffusion pumpfluid. Teflon breaksdown
readily upon heating;the breakdowntemperatureof polystyreneseemsto be higher than that
of teflon.
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DPSalsohasexcellentUCN storageproperties.Preliminarytestsshowthat it is aboutasgood
as fomblin andaseasyto apply to asurface.The Fermi potentialof DPSis about 165neV, higher
thanthatof fomblin. In addition,thin films of DPSarestablein vacuumevenunderapplicationof
electricfields. It shouldbe pointed out herethat teflon hasgoodpolarizedHg storageproperties
andthe surfacecanbe adequatelypreparedfor arbitrarily largebottles;its only drawbacksareits
instability in highvoltage,althoughthis problemmightbe solved,andits somewhatlower Fermi
potential.

Spin relaxationtimes for ‘99Hg of 15s in a 22~bottle coatedwith DPS havebeenreported
[Pendlebury 1992]. It hassince beendiscoveredthat atomic hydrogenon the surfaceseverely
impairs the lifetime (for both teflon and DPS) and that a weak discharge in approximately
0.1—1Torr oxygencleansthe surfaceandgives agood lifetime of 70—80s, in goodagreementwith
theexpected100s, which remainsstableundercleanvacuumconditions[Lamoreaux 1992].

A schematicof theexperimentalapparatusis shownin fig. 6. To increasethe sensitivitythrough
storagetime andneutroncounts,andto accountfor thelossof neutronsdue to the lower Fermi
potential of DPS over Be—BeO, a larger (about ten times) volume storagebottle has been
constructed.Sincethereis aconsiderableshift in the centerof massbetweentheUCN gasand
atomic gas in the gravitational field (due to the differencein temperature)[Ramsey1984], the
experimentis designedso that the shorteraxis of the bottle is vertical, thus minimizing the
displacement.It is necessaryto have a gas-tight window which can withstand atmospheric
pressure.It has beendecidedthat this will be the polarizer; the polarizer is constructedby
evaporatingiron ontoaluminum.To accountfor thefairly high Fermi potentialof the aluminum,
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Fig. 6. ThemodifiedILL EDM apparatuswhichnow includesa 199Hgcomagnetometer.Thechosenheightof theapparatusmaximizes
theUCNdensityaftera 120s storageperiod.TheHg spinorientationis detectedby a beamofcircularly polarizedresonanceradiation
propagatingacrossthestoragevolume [Pendlebury 1992].
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afterpassingthroughthe foil the UCN will rise aboutonemeter.Testshavebeenconductedto
determinetheoptimumcombinationof heightsto maximizethenumberof UCN left in atestbottle
after a lOOs storageperiod.

Theneutron-storagebottleis analuminumoxidecylindrical spacerabout60cmin diameterand
20cm high separatingthe aluminumplates.The entire innersurfacehasbeencoatedwith DPS.
Theneutronvalve is gas-tightto minimize the loss of the polarizedatomic vapor.

Provisionsare included for polarizing the atomic vapor. There is an optical pumping cell
connectedto an isotopicallyenrichedHg reservoir.The Hg is opticallypumpedto theappropriate
spin state,parallelto thestatic field,with circularly polarizedlight from aHg dischargelamp.After
theHg ispolarized,andaftertheneutronbottle is filled with polarizedUCN andtheneutronvalve
closed,the polarizedHg is admittedto the neutronbottle. ir/2 pulsesareapplied for both the
neutronsand Hg (the 199Hg magneticmoment is about one third of the neutron magnetic
moment). The free precessionof the Hg spin is observedwith a beamof circularly polarized
resonancelight which propagatesacrossthe bottle diameter,through quartz windows in the
insulatingcylinder.The averagemagneticfield over the storagetime canbe determinedfrom the
free precessionsignal.

At theendof thestorageperiod,thesecondneutronpulseis applied,thebottle dooropened,and
theneutronsarecountedas usual.The Hg is pumpedaway.While the storagewas in progress,
moreHg hadbeenadmittedto theopticalpumpingcellandpolarized;theprocessis thus readyto
be repeated.

An EDM will be evidentfrom achangein the ratio of the magneticmomentsbetweenreversals
of the electric field. Althoughthe sensitivityof the Hg to the magneticfield is only 1/3 that of the
neutron,the highsignal-to-noiseinherentin thefree precessionsignal is acompensatingfactor; in
fact,preliminary estimatesshowthatdeterminationof the averagefield shouldbe a factorof 10
higher in sensitivity thantheneutronsignal andhencecontributevery little noise.

3. SuperfluidHe neutron EDM with 3He comagnetometer

3.1. Introduction

Golub [1983,1987] hassuggestedperformingan EDM searchdirectly in the liquid helium of
a superthermalsource [Golub et al. 1983; Kilvington et al. 1987] using a dilute solution of
polarized3Heasapolarizeranddetectorsince3Heabsorbsneutronsonly when the total spin is
zero(neutronand3Hespinsantiparallel).Thepolarizationandtransportof polarized3Heis awell-
developedtechnology [Aminoff et a!. 1989]. The reaction between 3He and neutronsshould
produceultraviolet scintillation in the liquid helium which should be easily detectable,giving
a detectionof 3He—n reactionswith nearly 100% efficiency. In addition, liquid He has good
dielectric characteristicsand it should be possible to establishmodestelectric fields without
breakdown.

Suchan experimentwould be sensitiveto aneutronEDM by lookingat the scintillationrateat
theendof adouble-pulsesequenceasafunctionof electricfield. It hasbeenshown,by solvingthe
SchrOdingerequation in the presenceof a spin-dependentabsorptionprobability, that this
techniqueis slightly lesssensitivethanthe conventionalbottle technique;however,this loss of
sensitivity is more than madeup for by elimination of the extractionlosses,transport losses,
polarizationtransmissionlosses,etc. In fact, extremelyhigh UCN densitiesmight ultimately be
achievedby locatingthehelium ascloseaspossibleto thereactorcore.In addition,thepresenceof
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liquid helium suggeststhe useof superconductingshieldswhich might be better than the usual
Permalloy.

Unfortunately,theproblemof measuringthemagneticfield remainsandit hasbeendemonstrated
thatexperimentsarepresentlylimited by magneticsystematiceffects.It might be possibleto use
SQUID magnetometersto detectthe 3He magnetization,the 3He could then serveas a mag-
netometer.However, the sensitivity is at bestmarginal.LamoreauxandGolub [1989] havesug-
gestedusingthe 3He asadirect comagnetometerby using“dressedatom” techniquesto makethe
magneticmomentsof theneutronand3He equal.In this sectionwewill describethemethodusing
aclassicalmodel.In section4we give aquantum-mechanicaldiscussionof the dressedspin system
while section 5 gives a quantum-mechanicaldiscussionof the evolutionof the systemunderthe
influenceof modulateddressingandfeedbackfrom theEDM signal to thedressingparameters.In
section6 we presentan analysisof theexpectedaccuracyof themethodwhile section7 discusses
somerelevanttechnicalquestions.

The mainideais to makeuseof theproductionof UCN by thedownscatteringof 8.9A neutrons
in superfluid4He. If the4Hecontainsavery smallconcentrationof polarized3He,theUCN will be
polarizeddueto the strongspindependenceof the 3Heabsorptioncrosssection.Sincethe 3He will
be exposedto the samemagneticfield as the UCN, the precessionof the 3He can be used as
acomagnetometer,measuringthe volumeandtime averageof the magneticfield as seenby the
UCN [Golub 1983]. In fact, as we show below, the effects of the static magneticfield can be
completelyeliminated by the “critical dressing” technique[Golub et al. 1991; Lamoreauxand
Golub1991]. Becauseof the spin dependenceof the 3He absorptioncross section,the UCN
absorptionratewill dependon theanglebetweenthe 3He andtheUCN spins.By detectingthe
scintillationsproducedin the 4Hedueto the energetictriton andproton releasedfollowing UCN
captureby 3He,the 3Hecanbe madeto serveaspolarizationanalyzerandUCN detector.

A reasonablegoal isto gainafactorof 1—5 x 102 in EDM sensitivityoverthatanticipatedin the
Hg comagnetometerexperiment.Thiscouldbe from afactorof 3—S increasein electric field which
shouldbe allowed by the rathergood insulatingpropertiesof liquid helium, a factor of 100 in
statisticsdueto afactor io~increasein thetotalnumberof UCN(from anincreasein UCN density
anda largerstorage-chambervolume),andan increasedstoragelifetime, from 80s in the present
experimentsto 500s.

3.2. Productionof UCN in superfluid4He

Neutronsat (or near)restin abathof superfluid4He canonly absorba4He excitationwhose
energy and momentum E~,k~lie at the intersectionof the well known 4He phonon—roton
dispersioncurve andthe “free-neutrondispersioncurve” [Golub et al. 1983],

w = hq2/2m~. (3.1)

Thisprocessis stronglysuppressedby theBoltzmannfactor,exp(— E~/T),whereE~~ 11 K. By the
sameargumentonly neutronswith energiesat (ornear)E~canscatterinto theUCN energyregion
by emissionof asingleexcitation.The UCN producedin this way will remainin the helium until
theyarelost throughoneof thepossiblelossmechanisms(~decay,absorptionby 3He, wall losses,
upscattering).The UCN will reachasaturationdensity

PUCN = Pt, (3.2)



R. Golub and 5K. Lamoreaux,Neutronelectric-dipolemoment,ultracoldneutronsandpolarized ‘He 21

whereP is theproductionrate(cm~ s’) dueto theabove-mentioneddownscattering,andt is the
storagelifetime due to all lossmechanisms[Kilvington et al. 1987].

As theUCN areproducedindependentlyof the directionof theincomingneutronsit is possible
to increaseP andhencePUCN by increasingthe solid angleof the incomingneutronbeam.

Sincethepresentexperimenthasadensityof3—4UCN/cm3,to achievea io~increasein density
requiresa productionrate of 60UCN/cm3 s (assumingastoragelifetime ‘r 500s)which can be
comparedto the productionrate of 2/cm3s obtainedin the presentsuperthermalsourceexperi-
mentscarriedout at the endof a neutronguide [Kilvington et al. 1987].

3.3. Polarization of UCN

Thefractionof thetotal neutronabsorptionby 3Hewhich takesplacefrom theJ = 0 statewas
measuredto be [PassellandSchermer1960]

aj=o/a~
0~= 1.01 ±0.03 , (3.3)

sothatwe canassumethat thereis no absorptionfor theneutronspins~parallelto the
3He spins

3
(J = 1),

o÷=0, a=2a0, ti0=5.5x10
3b, (3.4)

where a
0 is the

3He absorptioncross sectionasusuallymeasured(v~= 2200rn/s andboth the
neutronsand3Heunpolarized)and ±indicatethe relativedirectionsof theUCN and3He spins
(+ for parallel).Thestoragelifetime of the two differentspin statesis then

1/t±= 1/t~~+ (1 7P
3)(N3a0v0), (3.5)

where ‘rw~is theeffect ofwall lossesandf~decayand P3,N3 arethe
3Hepolarizationandnumber

density, while v,, representsthe neutron velocity at which o~is measured.Due to the 1/v
dependenceof absorptioncrosssection(notethat it is theUCN velocity relativeto thecenterof
massof the 3Hegaswhich is importanthere)a~v,, is a constantindependentof neutronvelocity.

Thus thesaturationUCN densitiesfor thetwo spin directionsare

= -~Pt~, (3.6)

leadingto

PUCN = P
3/(1 + ‘rHe/tWp) (3.7)

for theUCN polarization,wherei/tHe = N3a0v~.Theabsorptionrateof UCN by
3Heortherate

of production of scintillations is thenproportional to
i/tabs = (1/tHC)(l — PucNP3) . (3.8)

Fortherelaxationto be dominatedby the3He(sotHc = t~/1O),N
3 ~ 10’

3/cm3is required.This
implies, for ananticipated30~storagevesselwith a 1000s measurementperiod,anda fill time of
500s (total polarized 3He collection time of iSOOs), a polarized 3He production rate of
2 x 1014atoms/sif the 3He is renewedaftereachmeasurementcycle.
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3.4. Polarization of 3He

Theideaof usingthestrongspin dependenceof neutronabsorptionby 3Heto polarizeneutrons
hasbeenaroundfor sometime [PassellandSchermer1960].Theproblemis to produceahigh3He
polarizationatasufficientlyhighdensityandisdiscussedin detailin Coulteretal. [1987]in regard
to applicationto relatively high-energy(1 eV) neutrons.Thereare severalmethodsof producing
polarized3Hepresentlyavailable.

Cryogenicmethods,involving themeltingof polarizedsolid 3He producedatmK temperatures
(seeVermeulenandFrossati[1987] andreferencestherein).Thesetechniquesseemtoo specialized
for the averageneutronlaboratory.

Two opticalpumpingmethodswhich havebeenunderactivedevelopmentfor severalyears.The
first consistsof directly pumping a gas of metastable3He atoms (producedby an electrical
discharge)with light from anLNA laser.This techniquehasproducedbetween20% [Milner et al.
1989] and 70% [Nachor et al. 1982; Aminoff et al. 1989] polarization. The secondmethod
producespolarized3He by spin-exchangecollisions with optically pumped rubidium vapor
(see Coulter et al. [1987] and referencestherein).This method has also produced70% 3He
polarization.In theabovework, emphasiswason producingahighdensityof adequatelypolarized
3Hefor useasapolarizerwith high-energyneutrons.However,for our proposednew techniqueto
searchfor theneutronEDM, thepolarized3Hedensityneednot be sohigh, while thepolarization
must be very nearone (as shown in section3.6, the sensitivity is a strongfunction of the 3He
polarization).

Forourpurposes,themostinterestingmethodto producepolarized3He,offering thepossibility
of higherpolarizationthanmethodsbasedon optical pumping,is to useamagnetichexapoleto
preferentiallyfocus one of the 3He spin statesin an atomic beam. In a cylindrical hexapole
magneticfield, particleswith amagneticmomentexperiencea radial force

Fr = ±{Xr2, (3.9)

wherethe ±referto thetwo spinstates.Undertheinfluenceofthis force,onespinstateisdeflected
out of thebeamwhile the other undergoestwo dimensionalharmonicmotion in thetransverse
plane. The most famous application of a similar technique(electric-quadrupolefocussing of
amolecularelectric-dipolemoment)wastheproductionof apopulationinversionin the ammonia
maser[Gordon et al. 1955] whereit wasestimatedthat iO’~moleculesper secondwereselectedin
asolid angleof 4 x 10 3sterad.

Following Ramsey[1956],for magneticmomentsin ahexapolefield, wefindthat themaximum
anglewhich canbe focussedis given by

emax = ~ (3.10)

where j~ is the magneticmoment, B the maximum magnetic-field strength, T is the effective
temperature of the atoms in the beam, and k is Boltzmann’sconstant.With a maximumfield
strength of io~G and a beam temperature of 1 K, eq. (3.10) gives ømax = 2 x 10 2rad, giving
a focussed solid angle of

= = 1.2X i0~ . (3.11)
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Sinceanatomin theappropriatespin stateundergoesharmonicmotion in thetransverseplane,the
length of the focussingregionmustbe suchthatone-halfof an oscillationcycle takesplaceduring
theflight time, in whichcasetheatomwill havezerodisplacementfrom thebeamaxisat theendof
the hexapoleregion andhencebe focussedon the output aperture.This gives a length of the
focussingregion L = irrm/øma,, where rm is the maximumbeamdeviationfrom the axis (set by
collimation andmagnetdesign)andthe radiusat which B is measured.This givesL = 126cmfor
rm = 1 cm with theabove-listedparameters.

The number of atoms per second leaving a source of area A into a solid angle Q is given by

I=-&nU(Q/21r)As’, n=4x1016Px300/T, (3.12a,b)

wheren is the atomicdensity,P is the sourcepressurein Torr, and iY is theaveragevelocity of the
atomsin the source(10~cm/s for 3He at 1 K). By working atasourcepressureof 10—2 Torr, we
obtain n = 1.2x 1017/cm3and

I ~ 3 x 1015atoms/s, (3.13)

usingsix sourcesof 1 mm2areaeach;thisproductionrateis afactorofS greaterthanthatrequired
asdiscussedin section3.3. Thus, it appearsthat we canproduceenoughpolarized3He for the
purposesof the presentexperiment.The actualperformanceof such adevicewill be determined
by the details of the source orifice (e.g., Zachariascrinkly foils or micropores [King and
Zacharias1956; Scoles1988]) and the numberand type of differential pumpingstages,but we
would expectto achievea very high polarization,limited only by the background3He in the
vacuumsystemandspuriousmagneticgradientsat the hexapoleoutput.

3.5. Detectionof scintillations

The reaction 3He(n,p)3T yields 764keY kinetic energyto the reactionproductsandshould
producescintillationsin the liquid 4He. Studiesof the light producedin liquid 4He by ~ particles
[RobertsandHereford1973; HerefordandMoss1969]or energeticelectrons[Stockton etal. 1970;
Surkoet a!. 1970] or neutronshaveshownscintillationsat ultraviolet [Stockton etal. 1970; Surko
et al.1970] andinfraredwavelengths[Dennis et al.1969] andin the visible in the presenceof an
oxygenimpurity [Jortner etal.1964]. Thehighestintensityappearsto bein thevacuumultraviolet;
the ultraviolet emissionis detectedby coatingthe helium chamberor awindowwith an organic
“wavelengthshifter” which emits visible light on absorbingthe uv radiation.

For reasonsof UCN compatability we would have to use deuteratedversions of these
wavelengthshifters,or avery low concentrationof anorganicdye in adeuteratedcarrier.On the
otherhandif oxygencoatingon thewalls couldserveasawavelengthshifter theproblemwouldbe
considerablysimplified. The scintillationsproducedby cx particlesandhigh-energyneutronshave
beenshownto result in aquite well definedpulse-heightspectrum[Simmons andPerkins1961].
Theextensionof theseresultsto the ionization producedby neutronabsorptionby 3He andthe
relatedquestionof -y-ray discriminationremain to be investigated.

3.6. 3He asa comagnetometer

From eq. (3.8) we write the scintillation rate,

S(t)= (PUCr’j”/tHe)[l — P~P
3cosO~3(t)], (3.14)
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with 0~3(t)theanglebetweentheUCN and
3Hespinsand Vthetotalvolume. If both theneutron

and3He spinsareprecessingin aplaneperpendicularto an appliedmagneticfield, we will have

0~
3(t)= (y,, — y3)Bot= w151t , ~ l.lyn (3.15)

so that the scintillationswill be modulatedat a frequency

W5ff ~ 0.1y~B0 (3.16)

at 1/10 ofthenormalLarmor frequency.A neutronEDM would manifestitself astheadditionof
a field-dependentterm (±2ed~Et/h) to eq. (3.15) and could be detectedby monitoring the
scintillationrate.

However,we seebelowthat therearestill moretricks thatcanbeplayedwith thisuniquesystem
of two spin speciesinteractingaccordingto eq. (3.8).

3.7. Elimination ofthe effectsof the dc magneticfield by meansof “critical dressing”

3.7.1. Dressed-spintechnique
“Dressedspin” is atermthat hasbeenappliedto thephenomenonof theapparentchangein the

magneticdipole momentcausedby theapplicationof a high-frequencynonresonantalternating
magneticfield [Cohen-Tannoudjiand Haroche1969].

Theeffectcanbeunderstoodwith thefollowing simplemodel:Consideraspin, initially pointing
along the z axis. On application of a field

B~(t)= Brf sin Wrft (3.17)

thespinwill precessin they—zplanewith a frequency

w(t) = yB~(t)= 0(t) , (3.18)

so that theangle,0, with thez axis will be given by

0(t) = y(B,~/w~~)cosw1~t. (3.19)

Thus the time average of the z componentof the spin will be

<C05
0(t)>T = -~ Jdtcos[(yB~f/w~)cosw

1ft] = J0(yB11/w~~).J~(x), (3.20)

with xdefinedasthedressingparameter.Thespin will thusrespondto asmallfield alongthez axis
with an effectivey

Yeff = y0J0(x) . (3.21)

The effect has been demonstratedexperimentally with a beam of slow neutrons[Muskat
et al. 1987].
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3.7.2. Critical dressing
If we applyadressingfield to thecasediscussedin subsection3.6, i.e. the neutron and 3He spins

precessingin aconstantmagneticfield, the relativeprecessionrate (3.15) will become

= (y~— y~)B
0 = J0(x~)yj, X~= YiBrf/(Orf, i = UCN,

3He . (3.22)

We now seethat we caneliminatethe effect of the magneticfield B
0 if

y~J0(x~)— y3J0(x3)= 0 , ~/y~ = x3/x~~ 1.112= ~x (3.23)

i.e.,

ixJ0(otx~)= J0(x~), (3.24)

which has asolution at the “critical” dressingparameter

x~, ~ 1.19, Jo(x~)= 0.65 . (3.25)

Under these conditions the scintillation rate would be constant, independent of the DCmagnetic
field, correct up to terms of order (BO/Brf)

2 which can be shown to have no significant effects on the
following discussion.

3.8. Applicationsof critical dressingto thesearchfor a neutron EDM

In the presence of a nonzero EDM, applicationof an electric field to the casewith critical

dressing will result in a relative precession frequency

COrel = ±(2ed~E/h)Jo(x~), (3.26)

so that the angle between the UCNand 3He will grow with time as

O~3= Wrelt = ±2eJ,,Et/h, ã~,= d,,J
0(x), (3.27)

and would be observable in the scintillation rate. The measurement can be carriedoutby starting
with the UCNand

3He spins parallel so that the absorption ratewould be zero in thecaseof
perfectpolarization(or minimumin thecaseof imperfectpolarization).If we thenmodulatethe
dressingfield so that

x(t) = X~+ SCOSWmt, (3.28)

we will have

COrel ecoswmt±kJ~E, (3.29)

or

00 (e/wm)sinwmt±kjnEt 00
0(t)±kJ’~Et, (3.30)
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with k a constant. In these circumstances the scintillation rate S cc (00)2, and in the absence of an
EDMwill only show a second harmonic cc (o0~)2.An EDMwill then produce a first harmonic
term increasinglinearly in time. The secondharmoniccanprovideacontinuousmonitoringof the
system.

A more detailedanalysis,presentedin section6, showsthat the statisticalaccuracyin termsof
UCN counted,storagetime, andelectricfield, is roughly the sameas the conventionalmethod
usingRamsey’smethodof separatedoscillatoryfields. Thompson[1992] haspresentedananalysis
of asimilar, but simplified systemwhich doesnot includethe modulationtechniqueandneglects
several other of the importantfeatureswhich we will discussin sectionsS and 6.

4. Quantum analysisof the dressedspin system

4.1. Constantmagneticfield asperturbationon the eigenstatesof the spin in an oscillatingfield

Theproblemofadressedspin hasbeentreatedquantummechanicallyby Cohen-Tannoudjiand
Haroche [1969] (see also Polonsky and Cohen-Tannoudji [1965]). In this section, we review their
work and apply the result to the case of two spins mutually absorbing according to eq. (3.8) (section
3.3). We then consider the effects of imperfect alignment of the constantmagneticfield and
higher-order perturbations.

TheHamiltonianfor aspin-1/2 particlewith gyromagneticratio y located in a steady magnetic
field B0 alongz and aquantizedoscillatingmagneticfield (at frequencyw) along x is given by

H = wata + y(2ithw)”
2s~(a+ at) + (O

0S~, (4.1)

wherethefirst term representstheenergyof the oscillatingfield, the secondterm theinteractionof
the spin with the oscillatingfield, andthe third term the interactionenergyof the spin with the
constantfield (w0 = yB0). An eigenstateof the oscillating field correspondingto n photons
correspondsto amagnitudeof the oscillatingfield

(B~m5)
2= 4irnhw/L3 = B~/2, (4.2)

where B
1 is the “peak” of the oscillating field when viewed as a classical field.

Following Cohen-TannoudjiandHaroche[1969], we treatthe last term in eq. (4.1) asaper-
turbation (B0 ~ B1). The unperturbedeigenstatesare

n, m~>I = exp [_(..%sx/w)(at— a)] n> Im~>

= exp[_(2mx/w)(at — a)] In>Im~>= Ihlm,~>Imx>, (4.3)

where I m,> is an eigenstateof s,, with eigenvalue m~,In> is an eigenstate of ata with eigenvalue
n andenergyeigenvalue

Enm~= flO) — m~
2/w, )~= y(2ithw/L3)”2 (4.4a,b)
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so that the states m~= ±1/2 are degenerate.TheeigenstatesI nm~>definedin eq. (4.3) satisfy

<n÷1121(n — q)—112>= <nlexp[()./w)(a
t — a)]I(n — q)>

= Jq(2L~,,/~/w) = Jq(wi/w), (4.5)

where w
1 = yB1 and Jq(X) is the Bessel function of the first kind of order q. Polonsky and

Cohen-Tannoudji[1965]obtainedeq. (4.5) by expandingtheexponentialoperatorin aseriesand
showingthat theseriesobtainedis equivalentto theexpansionfor theBesselfunctionin thecase
when n, n — q >~w1/w.

Since the statesgiven in eq. (4.3) are degeneratefor a fixed n, we calculatethe effects of the
perturbationCOos~by calculatingits matrix elementsin the basiseq. (4.3),

<m~,nICOos~In,m~>= <m~Is~Im~><nm,jnm,.,>oio

= <m’,~Is~Im~><nIexp[(m’~ — m,j()./w)(at — a)] n>wo

= <m’,~Is~Im,>J0((m~,— m~)wi/w)wo, (4.6)

where the last step follows from eq. (4.5) and the fact that only ~ = m~±1 becauseof theselection
rules on s~.Since J0(x) = Jo(—x), eq. (4.6) is diagonalizedby transformingthe eigenstatesof s,,
Im~>to the eigenstates of s~,I m~>andtheperturbedenergylevelsarethusshiftedfromeq. (4.4a)by

wdmZ = (Ji0J0(W1/w)m2, (4.7)

the factor .J0(w1/w) representingthe modificationof the magneticmomentby “dressing”. In the
presenceof an EDM interaction,COO in eqs.(4.1) and(4.7) will be replacedby COO + 2dE/hso that
theEDM will be diluted by the dressingin the sameway as themagneticmomentas assumedin
eq. (3.21).

Henceforth,wewill find it moreconvenientto work in thea = 2sbasis(m = = + or—). The
correcteigenstatesof the Hamiltonian eq. (4.1) are

In,m>=~In+>I+>~+flIn_>I—>~, (4.8)

where~ and~3aredeterminedby the value of m. In our original m~>representation,we have

(i O’\ /0 i~ (0 —i\

~ i)’ ay=~1 o)’ a2=~. o)’ (4.9)
andthe m~eigenstates can be written

In,m> = (l/~/~)(In+>I+>~+ imIn~ —>~)~ (4.10)

with energygiven by nw + mwd/
2— m2)L2/4w.Thelast term is aconstantshift for all levels andso

does not contribute to the time dependence.
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4.2. Time dependenceof’(a>

We take an initial state with <a> pointing along the x axis and a superposition of n values
correspondingto aclassicalfield B1. We first considerthematrix elementsof abetweenstateswith
quantumnumbersn andn’, with q = n — n’. Usingeq. (4.10),wecalculatethematrix elementsofa~
in the basisof the eigenstateseq. (4.8),

exp[—i(n’w + -3,mwd)t]<n,m’Ia~In,m>exp[i(nw+ ~mwd)t]

= ~[<n’÷In+> — im’(im)(—l)<n’ In_>]exp{i[(n — n’)w + ~(m— m’)wd]t}

= 5~,~’~(1— m’m)exp[~(m— m’)codt]

JO, m=m’, 411

— l&,n’~P[~(m— m’)wdt], m ~ m’. ( . )

Takingan initial statewith spin along the +x axis,

= ~ a~(1/~/~)In,m>exp[it(nw+ mw6)] , (4.12)
n,m ±1

we find thetime dependenceof theexpectationvalueof a~,

<c1i(t)Ia~IiIi(t)> = <a~(t)>= ~a~”a5
5fl,fl~cosw

6t= ~ Ia~VCO5COdt= coswdt, (4.13)

sinceL~Ia~2 = 1. Similarly, for ay, the matrix elementsbetweeneigenstatesare

exp[—i(n’co + ~mw6)t] <n’,m’Ia~In,m>exp[i(nw+ -~mw6)t]

= exp(iqwt)exp[i~(m— m’)wdt] J..q(wi/w)im~[1— m’m(—1)~], (4.14)

wherewe haveused eq. (4.5) andthe fact that .Jq(~X)= (_ l)~Jq(X).For q even(odd), the only
nonzeromatrix elementshavem’ ~ m (m’ = m). To evaluatethe expectationvalue of ay using
eq. (4.12),we first sumoverm = ±1 andthenfor everypair of n,n’ we have a term in ±q. Thus

= —JO(wl/w)sin

— ~ a5a~..q{Jq(wi/w)[sin(qw+ w6)t + sin(w6 — qw)t]} . (4.15)
q>0,even n

Similarly,

<a2>= ~ a5a~_qJq(w1/w)[cos(qw— wd)t — cos(qw+ w6)t] . (4.16)
q>0,odd ri

Thus we see that <a,~>behavesas if the spin wereprecessingaroundtheconstantfield B0 with
a“dressed”frequencyCOd givenby eq. (4.7) while themotionof <a5>and<a2>containharmonicsof
the appliedalternatingfield.
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4.3. Time dependenceofa,, 03

In a systemconsisting of polarized UCN interacting with polarized 3He the absorption
(scintillation) rateis given by eq. (3.8). We now usethe resultsof theprevioussectionto calculate
thetimedependenceof <an. a

3>startingin aninitial stateconsistingof aproductstateof eq. (4.12)
for the UCN andasimilar statefor the

3He. Then

<0,, t73> = <Un><~
3> . (4.17)

Thus,from eq. (4.13),

= cosco,,tcosw3t= ~[cos(w~— w3)t + cos(w,,+ C03)t] , (4.18)

wherewe havewritten w,,,3 for theUCN and
3He dressedfrequencies,eq. (4.7). We furtherdefine

x,,~
3=

Fromeq. (4.15)andgiven~ Ia~I
2= 1, q 4 n andassuminga~isaslowly varyingfunctionof n,we

find

= ~ Jq(xn)Jq(x
3)[sin(wn + qw)t + sin(co~— qw)t]

q,q’�O,even

x [sin(w3 + q’w)t + sin(w3 — q’w)t] (4.19)

(whereit is understoodthatwetake1/2 of the0 terms)whichyieldsfor thezeroharmonic,i.e., those
termswhich remainafter averagingover the fast frequenciesqw (q � 1),

= ~[cos(w,,— w3)t — cos(co~+ w3)t]

x(Jo(xn)Jo(x3)+ 2 ~ Jq(Xn)Jq(x3)). (4.20)
q>O, even

Similarly, startingwith eq. (4.16) we find the zeroharmonicterms

= [cos(co~— co3)t — cos(co~+ co3)t] ~ Jq(xn)Jq(x3). (4.21)
q> 0,odd

Using Abramowitz and Stegun [1972],

Jo(x—y)=J0(x)J0(y)+2 ~ Jk(x)Jk(y) (4.22)
k>0

we finally arrive at

<03’0n> =~[1 +J0(x~—x3)]cos(w,,—co3)t+~[1—J0(x~—x3)]cos(w,,+w3)t,(4.23)

for thezeroharmonicterms.J0(x,,— x3) > 0.99for x,,,x3 in theneighborhoodof x~,thesolutionof
eq. (3.23). We havethus shown that the time dependenceof the scintillation rate is given by
eq. (3.22), substitutedin eqs. (3.15)and(3.14), andjustified eq. (3.23) for the condition of critical
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dressing.Note that the secondterm in eq. (4.23) is small and varies at twice the precession

frequencyso will averageto zero in apracticalexperiment.
4.4~Effectofan xcomponentof the staticmagneticfield

We now considerthe casewhenthe staticmagneticfield B0 is not exactlyperpendicularto the
alternatingfield, takenasalongthex axis.To do this, we replacethelast term in the Hamiltonian
(eq.4.1) by

H’ = w~ + (OoXSX, (4.24)

andevaluatethe matrix elementsof this operatorin the eigenstates(eq.4.3) of the unperturbed
problem.Consideringonly matrix elementsbetweendegeneratestateswe find

1 /w~ —iCO~’\
<n,m’~IH’In,m~>=—(. ), (4.25)

2 \1W6 ~0 /

with w~given by eq. (4.7). Diagonalizingthis matrix we arriveat thenewfirst-ordereigenvalues,

E~’~= ±~\/(w~)2 + (w~)
2. (4.26)

Thus to maintainthe critical dressingin the presenceof anonzeroB~wemusthave~ = EA’~so

that the UCN and3He will continueto precessat the samefrequency.This yields the condition

(~2— 1)(w~/w~,)2= [J
0(x,,)]

2 — [ct.J
0(ccx~)]

2 ~ = ))3/]~ w~’5= ‘y,,B~’5. (4.27)

Theright-handsideof eq. (4.27)is zeroatx,, = x~= 1.189,i.e., the solutionof eq. (3.23).Expanding
the r.h.s.aboutthis point andwriting the solution of eq. (4.27) as x~,= x~,+ 5, we find

I (2 ~\j x/ z~2 / x\2
— i ~cX — ijt~W~,CO

0j — 1 ~ I w0 ~
~‘ 2

2 ~ Jo(c~x~)J1(cLx~)— J0(xjJ1(x~) \woJ

so thataminimumvalueof x~,will indicatethat theB0 field is truly perpendicularto theoscillating
field B~= 0 andasmallmisalignment(or randomor systematicfield variationalongthis axis) will
only affect x~,in secondorder.Thus,we havea reliableway to set B~= 0, andfor therestof our
discussionwe assumethe static field is perpendicularto the oscillatingfield and -yB~= w0.

4.5. Effect of variation of the staticfield

We canusethe statesgiven in eq. (4.10) (which diagonalizethe Hamiltonian)to determinethe
higher-ordercorrectionsto theeigenvalues.Statesof differentn areconnectedby the Hamiltonian
of eq. (4.1), correspondingto the creationor annihilationof q photonsby the motion of the spin.
Using eqs. (4.5) and (4.10), we can determinethe matrix elementsof the perturbationin the
eigenstatesof theunperturbedHamiltonian,

= <n + q,m’I-~woa2In,m>= ~coo[imJq(wj/co)— im’Jq(wj/w)] . (4.29)
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Thesecond-ordercorrectionto theenergyis given by (rememberingthat thezero-orderstatesare
degeneratein m)

(2) — ‘c’ V(n,m),(n’,m’)V(n’,m’),(n,m) ‘430En,m — E~°~— E~°~
n’,m’;n’�n “

Substitutingthe matrix elementsfrom eq. (4.29) we find, after summingover m’

~ ~ joi~oi)=0, (4.31)
8 CO q,~0 q

sincethe sum extendsoverall ±q ye 0.
The third-ordercorrectionsto the eigenvaluesare given by

(3) — I
En,m — — (n,m).(n,m) ‘E~°~—

n’.m’~ J~’ fl /

~ ~“(n,m),(n”,m”) ~“(n”,in”), (n’,m’) ~“(n’,m’),(n,m) (4
+ — ~ — E~°~

n”, m” n’,m’ ~. fl” fl /~ fl n

Sincethetwo termsaboveareof comparablemagnitudeandthesecondis muchmorecomplicated,
we evaluateonly the first term. Thus,

E~~ — m~Jo(w1/w)co0(~)2 q~1 (cot (4.33)

Theshift in the eigenvalueOE~
3~with asmallchangein theconstantfield OB is

~ ~(coo/w)2&oo, y(B
0 + OB) = coo + Ow0 , (4.34)

which is extremelysmall for theanticipatedfield values(w0/w ~ 1 x 10 3). The changein critical
dressingparameter,following asimilarargumentasin section4.4is of theordergiven by eq. (4.34).
This implies that the changein x,, dueto randomor systematicfield variationsalong B0 will be
insignificant.

It is alsoapparentthat the direct effects of the appliedstaticelectric field cannotaffect x~,other
thanthroughanEDM; thereis no couplingof theelectricfield to thesystemconstituents(photons
or spin-1/2particles)in eq.(4.1), otherthanthroughapossibleEDM termfor theneutronor for the3Hewhich isexpectedto be smalldueto electronshielding.In fact in thisexperimentwe will really
be measuringthe differencebetweentheneutronand3He EDMs.

4.6. Numericalsolution offreeprecessionwith rf anddcfields

The classicalequationfor the spin motion wassolvednumerically:

ds/dt = ysxB, B= BrtCO5COr~t~+ B
0~, (4.35a,b)
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with Wr~/2~t~ 10kHz andyB0/2ir ~ 5 Hz, for eachspin(UCN and
3He)separately,ands,,•53 was

evaluatedas a functionof time. A fourth-orderRunge—Kuttatechniquewas usedwith about20
stepsoverasingle rf cycle.Thus,considerablecomputingtimewasrequiredto generate100s of free
precession.In addition,amodel of the feedbacktechniquedescribedin section5.4 was usedto
determinex~,and showsthat in principle the proposedtechniqueworks. However, sincethe
numericalintegrationwasquite lengthy,dueto round-offerrorsonly qualitativecomparisonswith
thequantumsolution canbe made.

The harmonicserieseqs. (4.20) and(4.21) werequalitativelyverified. Most interesting,however,
was the verification of the effect of higher-orderperturbationand field misalignmentson x~,
[eqs.(4.28), (4.31) and(4.34)].

Thedressedspin systemis avivid exampleof thepowerof quantumversusclassicalperturbation
theory. It is obviousin this casethat the quantum-mechanicalperturbationworks becausethe
systemcanbe describedfully with the never-changingeigenfunctions;thereis nothinganalogous
for the classicalsystem.The solution of the spin-1/2 Bloch equationswith arbitrary strength
oscillating andstaticmagneticfields is an analyticallydifficult problem.

5. Interactionof UCN with 3He

5.1. Introduction

The interaction of a neutronwith a 3He atomis describedby a complexcoherentscattering
length, the imaginary part being necessaryto accountfor thelargeabsorptioncrosssection.In our
discussion, we have so far neglected the real part which leads to the so-called Abragam pseudomag-
neticfield [Abragam andGoldman1982; Abragamet a!. 1972]. Both the real and imaginary parts
of thecoherentscatteringlength are spin-dependent;therefore,thereis a spin dependenceof the
Fermi potential [Foldy 1945; Steyerl1977; Sears1989; Ignatovich1990; Golub et al. 1991] (real
part) anda spin dependenceof the UCN—3He absorptionrate (imaginarypart). The latter has
already been described in section 3. The spindependenceof the real part of the scatteringlength
leads to aspin-dependentFermi potentialwhichis indistinguishablefrom amagneticfield andhas
amagnitudeof order102 Hzfor theanticipated3Hedensity.This leadsto anumberof problems.
First, the pseudomagneticfield is unlike an externallyappliedmagneticfield in that the dressing
doesnot eliminateits effectson the relativespin precession.Second,the pseudomagneticfield is
perpendicularto theelectric-field axis; theneutronspin precessesaroundthe vectorsum of the
small EDM field andthe much larger pseudomagneticfield. This leads to a reductionin the
experimentalsensitivity. In this section,we will determinethe relativespin motion with the full
neutron—3Heinteractionwhenthemodulationof thedressingparameterasdescribedin section3.8
is applied.

Thecalculationis mostreadily carriedout whenthe dressing-parametermodulationis asquare
wave. We assumethat the spinsareinitially parallel. The dressingparameteris first shifted by
asmallamountXm, giving a relative precessionfrequencybetweenthe 3He andUCN spinsof o~
(equivalentto amagneticfield, which affectsonly theUCN spin, along~ in a framerotatingwith
the 3He spin),CO

2 = yB0[J0(x~+ Xm) — lxJo(lx(X~+ Xm))] for adurationt/2. After this period,the
dressingparameteris changedto x~,— Xm giving a relative precessionfrequency of — w2 for
a duration r. Thereafter,the dressingparameteris alternatedgiving ±w2, eachwith duration‘r.
The net effect is thatthe relativespinangleis triangle-modulatedbetween±4. = ±w~r/2, leading
to aperiodic variation in the scintillation signalat twice the modulationfrequency(2 x 1/2t). If
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thereis a relativeprecessionbetweenthespins(dueto, e.g.,an EDM), therelativespin anglewill
becomeasymmetric,with theasymmetrygrowinglinearlyin timeasdescribedin section3.8. Thus,
an EDM would produceaperiodicvariation in the scintillation signal,with frequency1/2t, and
amplitude growing initially linearly in time but limited, however, by precessionaround the
pseudomagneticfield as discussedbelow.

5.2. Time evolutionof the UCNspin with modulateddressing

The neutron3He coherentand incoherentscatteringlengthshave beenexperimentallydeter-

mined [Koester Ct a!. 1991],
b~= 5.73 — 1.483ifm, b, = —2.5 + 2.568ifm,

which gives spin-dependent scattering lengths

b÷= b~+ [I/(I + 1)]”2b~= 4.29 + Oifm

for theneutronand 3He spinsparallel, and

b. = b~— [(I + 1)/I]”2b~= 10.07— S.93ifm

for the spinsantiparalle!.As we havealreadydiscussed,thereis mutualabsorptiononly whenthe
spinsareantiparallel.Thedifferencein the real partsof b+ andb - gives thepseudomagneticfield
which is coincidentally very nearly equal to the imaginarypart of b -. Thus, the relative spin-
precessionfrequencyis equalto themutualabsorptionrate(for the spinantiparallel)to ratherhigh
accuracy.

As thenumberof 3He atomsin the systemis alwaysmuchgreaterthanthenumberof UCN we
cantake03 asaclassicalfield in theX direction.In addition,wetakethemodulationfield in the ±z
direction.The Hamiltoniansfor the relativemotion of the two spin species[seeeq. (4.23)] and the
two directionsof effectivemodulation field are

H~= i[1/t
0 — (P3/t~e)0n~03]+ AP30,,a3±w2a2..~, 1/x0 = 1/t~~+ l/t~~, (5.1)

whereA is the pseudomagneticfield. The total Hamiltonianfor the systemconsistsof thesumof
eqs.(5.1) and(4.1). As eq. (5.1) is muchsmallerthanthefirst two termsof eq. (4.1) weareeffectively
takingit asaperturbation.Thetime-averagedeffectsofeq. (4.1) aregivenby eq. (4.23).Foreq. (5.1)
we have

—i (1 O\ ( +üiz P3A”\
H±=—I 1+1 — — J, A’=A+—, (5.2)

2t0 \O 1/ ~P3A +Wz /
2tHe

with A’ acomplexquantity.Thematricesarein thespaceofa,, whichwewrite asain thefollowing.
Then

exp(—iH~t)= exp(—t/2t
0)[cos Vt — ia. V(sin Vt)/V] , V= ±w~+ P3A’..t, (5.3)
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where~, .~tareunit vectors.Furtherwe have

/cosVt +iw2S —iP3A’S \

exp(—iH±t)= exp(_t/2’ro)(~ iP3A’S ~ Vt ±iwzS)’ (5.4)

S =(sinVt)/V, V
2 = w~+ (P

3A’)
2 ~ , (5.5)

neglectingtermsof order e2 = (P
3A’/w2)

2 which we will do from now on.Then

exp(—iH~t)= exp(_t/
2to)(ex~~(Tiw2t) _iCsinwzt) (5.6)—i~sinw2t exp(±iw2t)

We applythefield + w2 for time t followed by thefield —w~for time t to produceonemodulation
periodof length 2t. Then

U..+(2t) = exp(—iH.r)exp(—iH+t)

— — —i2~exp(—ico2t)sinw2t 1 ) + 0(e
2)exp( T/~

0)( 1 —i2eexp(iw2t)sinw2t

exp( /) ( 1 bexp(iw2’r)’\
— — bexp(—iw2t) 1 ) = exp(—z/’r0)(i + bat), (5.7)

b = —2issinw2t= —2i(P3A’/w~)sinw2t, a~= ( 0 exp(iw2t)~

\,exp(—iw2t) 0

wherea• is acomponentof a. After n periodswe will have(seeappendixA)

U,, [U_+(2’r)]~ = {~[(1 + b)
5 + (1 — b)5] + ~[(1 + b)~ — (1 — b)~]a~}exp(—n’r/to) . (5.8)

Now

(1 ±b)~ = {1 T2iP
3A’[(sinw2’r)/w2’r]’r}~ . (5.9)

If we put ‘r = T/2n whereT is the totalelapsedtime, using(1 + x/n)~~ ex for n ~ 1, wecanwrite,

(1 ±b)” ‘~ exp[ TiP3A’T(sinw2t/w2t)] e~”.

Then

/ F~ F.exp(iw2r)\

U~= ~exP(_T/2ro)(,,,F exp(—iw2r) F± (5.10)

F~= [e
1~ ±e1~], ~z= bT/t . (5.11)
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Now we startwith amodulationperiod of ‘r/2 with thefield in the minusdirection sothat the
neutronspin will alwaysbe symmetricabout~ Then

U~,,~(T)= U,,exp(—iH-r/2)

/ F4 F.... exp(iw2t)\ /exp(iw~’r/2) 0
=~exp(—T/2t0)i ii

\\ F_ exp(—ico2r) F4 ) \~ 0 exp(—iw2t/2)

1 / F÷exp(iw2t/2) F exp(ico2t/2) \
=~exp(—T/2’r0)( . . j. (5.12)

\F exp(—iw2t/2) F÷exp(—iw2t/2)j

For initial statest~~(0)= (1/~/~)(‘1) correspondingto the neutronspolarizedparallel (anti-
parallel)to the X axiswe have —

~I’±(T) = U~,,~(T)t~(0)= exp(— T/2t0) (F4 ±F) ( ±exp(_iwzt/2))’ (5.13)

= exp(—T/2ro)(F4 ±F) ( exp(iW.r/2)t)~ (5.14)

<ax> = = ±~exp(—T/’r0)IF+ ±F_I
2cosw

2t. (5.15)

Now we have

(F4 + F.) = 2e — ~, (F4 — F_) = 2e
1~,

IF+ + F 12 = 4exp[(P
3T/tHe) (sinw2t)/w2ti

IF+ — F_I
2 = 4exp[—(P

3T/THC)(sinwZt)/WZt] , -

— ic~= [— iP3AT + (P3T/
2tHe)](sinw

2t)/w2I . (5.16)

Then

<ax>±= ±exp(—T/r0)exp[±(P3T/tue)(sinw~x)/w2’r](coswit). (5.17)

It canbe seenthat theneutronspin evolvesaccordingto the time average(overamodulation
cycle) of the mutual interactionHamiltonian. In this casethe time dependenceof <ax> is not
affectedby the Abragamterm which is proportional to A. This should be comparedto the case
withoutmodulateddressingdiscussedin appendixB. If wenotethatsinw2t/w2‘r isthetimeaverage
of cos0,,3(t),theresulteq.(5.17)withmodulationshowsclassicalbehaviourin thatthereis only one
decayconstantfor a given initial statewhile the familiar caseof a time-dependentperturbation
would showa“quantum” behaviourwith asuperpositionof two decayingstates.

The effect of theEDM is to replacew2
4 _* (w

2 + We)andw —~(—w2+ We).Then

I V~2 = (w ±We)
2+ (P

3A’)
2 = w~+ (P

3A’)
2 ±2w

2w~ (5.18)
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[seeeq. (5.3)]. We thenfind that eq. (5.6) is transformedto

exp(—iH~t)= exp(—t/2to) (exP[ Ri(w2 ±w~)t] —iP3A’S~ ), (5.19)
\ —iP3A’S~ exp[±i(w2±We)t]

so that

U+(2t) = e~_te_OI~

/ e
2i~t — (P

3A’)
2S

4S ~iP3A~ei~T[S+e_ic0~+ S_e~°°
t]

= e ~ —iP
3A’e ~(S_e

1~ + S+e~~) e2i~t— (P
3A’)

2S+S_ )
/ e_2i(002 _2ieeb0~tsinw

2t\
= e ~ _2iee_i~tsinw2z e

2i~t ) (5.20)

Thus

~e21~°~ bei(~zt\
U +(2t) = eTh0 (~be_i0~e2bo)ot) . (5.21)

Writing °e= 20)eI we have

r/1 0”~’ /‘ ~0e ~
U +(2t) = e_t/t0 [(~o~)+ ~be_i~~~t ~0e )] = e_T~0[(1)+ a• V] , (5.22)

where(a~= 1)

~ V ~= ( ~0e be1 ~, V2 = — 511120e~ b2. (S.23a,b)
\be’~°~ IOe /

Now

= e_nT1~0[(1)+ Va~]~. (5.24)

Using the definition of b [given after eq. (5.7)] andputting cos0 ~ 1 [see definition of at after
eq. (5.9)] we see that

(1 + b)~= e_12, (1 + b)~±b]= F~. (5.25)

wherethe subscript[± b] refers to the odd andevenparts (with respectto b). Then

U” = ~e_nt~~0[F÷(1)+ (F/b)a. V] , (5.26)

— i(F. /b)sin°e F ~
U” = ~efl~0 ~ F_e_i~t F~+ i(F_b)sin0e) (5.27)
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SinceiF_/b = 2(sinat/cc)T/t, weseeadilution of theEDM signalby afactor sincc/at. Thisfactor
entersbecausetheneutronspinprecessesaboutthenetfield whichincludesboththeEDM andthe
pseudomagneticfield. We will discussmethodsto eliminatethis effect in section5.4.

It is nowstraightforwardto work out thescintillationsignal.Weproceedto calculate~x from U”
(eq. 5.27) following the sameprocedurethat led from eq. (5.10)to eq. (5.17).The result is that the
scintillation rate per neutron is simply equal to the probability that theneutronexistsat time T,
multiplied by i/tabs [see eq. (3.8)]. The total rate is thenproportional to N0, the initial UCN
density.Defining R±as theabsorptionratefor UCN originally in the statewith ax ±1,

R~= ~T,’t0 [e~~T TP3 (ettT S1flW2T ~ 2w~T,~±sin~2~)]. (5.28)

wherethe secondterm representstheaveragescintillationratedueto thesecondharmonicandthe
third term thepeakof the first harmonic,and

y(e~T— cosQT)±QsinQT
‘1± (Q

2+y2)T

sinw
2t

Q=2Reat, y=2Imat, at=P3 A
WzI

A’=A+—’---. (5.29)2tHe

We arrive at the scintillation rate ~,

~He/NO = ~(1 + P
0)R4 + ~(1 — P0)R_

= ~e_T~ (eYT+ e~~’— ~ S1flWZT( T — e_.YT)— 2w~TP3sinw2t(~++

+ ~Poe_~’~°(eYT — e_’~T— ~ S1flWZI (ciT + e iT) —

2We TP
3sinw~t(~+ —

(5.30)

— = [y(e~7’— e~T)+ 2QsinQT]/(Q2+ y2)T (5.31)

i~ + ~_ = ‘y(e~7’+ e~1’— 2cosQT)/(Q2+ y2)T. (5.32)

It is evident that thereis an EDM signalevenin the absenceof an initial UCN polarization
(P

0 = 0). This isbecausetheUCN becomepolarizedduringthe measuringtime. Also, theEDM
signalsarediluted by a factor “~+ ±~- due to precessionaroundthe Abragampseudomagnetic
field.
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5.3. Solutionby useof the secularapproximation

Sincethefrequencywith whichw~is modulated,COrn = 2ir/t, is muchlargerthantheotherterms
in (5.1) we are temptedto look for a solution using the secularapproximation(seeappendixB;
Happer[1972] and Barrat andCohen-Tannoudji[1961]). Accordingto this approximationwe
canneglectrapidly varyingtermsin theequationfor thetimederivativeof thedensitymatrixif the
magnitudeof thesetermsis smallcomparedto themodulationfrequency.If wego into a reference
framewhich is alwaysrotatingwith theLarmorfrequencyof theneutronsand,if the 3Hespinsare
in aplaneperpendicularto thez axis, wewill seethe 3He spinsas makingan oscillatingmotion
aboutsomeaxis (which we cantake asthe x axis) with amaximumamplitudeCOrnt. In this frame
therewill be no effective field along thez axis andthe modulationfrequencywill be much larger
than the magnitudeof the terms in (5.1) dependingon a,,~a

3, so we can apply the secular
approximationwhich yields

<0n~03>= <coso,,3>, (5.33)

where0~3is theanglebetweenthe spins.In thecaseof square-wavemodulationof w2,<cos
0n3> =

(sinw
2’r)/w2x.

Notethatif insteadof theaboveprocedurewechoseto workin thereferenceframerotatingwith
the

3He spins,aswedid in section5.2above,wewould haveanonzerocomponentof w
2whichwas

rapidly modulated,but we would not be able to apply the secularapproximationin this frame
becauseWz/COm= co2t/it = Orn/it where°mis themaximummodulationangleandisnot necessarily
smallcomparedto 1. By asimilar argument,the secularapproximationcannotbe appliedin the
laboratoryframe.

The calculationis most readily performedwith the densitymatrix. At T= 0, we have

(0) = ((1 +P0)/2 (1 _P0)/2)~ (5.34)

The time dependenceof the densitymatrix is given by

p(T) = Ut(T)p(0)U(T), U(T) = e
1<1~>T (5.35a,b)

and<H> is given by (< > representsthe time averageovermanymodulationcycles)

<H> = ~i[1/to ~P
3/tHe)<cOSO>ax] +AP3<cos0>ax+weaz, (5.36)

wherea2, ax refer to the neutronspin.
Equation(5.35b)canbe expandedasshownin eq. (5.3) andit is straightforwardto work out the

expectationvalueof a. The resultof this calculationgivesascintillationrateequalto thatderived
above(eq.5.30),with (sinw2r)/w2t replacedby <cos0>. We canthususetheresultwith anytypeof
modulation;sinusoidal,squarewave,pulse,etc.,with the final choicebasedon easeof application
andmaximizationof the signal-to-noise.
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5.4. Elimination of thepseudomagnetic-fieldsuppressionby feedbackto w2

A practicalmeansof extractingthe EDM signal is to keepthe first harmoniczeroby feeding
backto thedressingparameter.By measuringthe dressingparameterasafunctionof electric-field
direction,theneutronEDM canbe determined.In suchasystem,the calibrationdoesnot depend
on the initial density,polarization,etc.,which canvary betweenmeasurements.

The effectsof feedbackaremostreadily studiedby useof thedensity-matrixapproachoutlined
in section5.3. To illustratethemethod,we first considerasystemwherethereis no UCN lossand
thepseudomagneticfield hasno imaginarycomponent.

If theneutronand
3He spinsareparallel(along ~) andweapply a field whichaffectstheneutron

and 3He spin differently, e.g., an electric field interacting with a neutron EDM, of magnitude
We < A along £, the angle between the spins initially changeslinearly in time; that is, the
y projectionof theneutronspin s

5(t) = Wet, asis evidentfromeq. (5.3). It is only whenAt —* 1 that
thesinat/cc [seeeq. (5.27)] suppressionbecomessignificant.Furthermore,themodulationin essence
servesasameasurementof they componentof theneutronspin,so longason averagetheneutron
spin lies approximatelyalong ~, the

3He spin. Since the first harmonic in the scintillation rate
cc s

5, we canstudythe feedbackby consideringthe behaviorof s5.
Sincethe appliedfield determinesthe rateof changeof the relativespin angle,the UCN—

3He
systemis mathematicallyequivalentto the voltage-controlledoscillatorof a phase-locked-loop
(PLL), with thefirst harmonicsignalequivalentto thevoltageoutputof thePLL phasedetector;we
canthereforedesignafeedbacksystembasedon thewell-developedPLL techniques[Gardner 1979].

However, in our case, the feedbackoccurs only after successivemodulation cycles. s
5 is

determinedby the differencein scintillationratebetweenthe two modulationdirections,hencewe
canonly supplyacorrectionafter acompletemodulationcycle.Thisproblemis difficult to attack
analyticallysowe presentherethe resultof anumericalsimulation.(However,sincethemodula-
tion frequencycan be very high, thesystemcanbe modelledfully throughthe secularapproxima-
tion; weperformthe full calculationhereto demonstratethe applicability of this approximation.)

The numericalprocedureis as follows (P0 = 1, P3 = 1, the
3He spin is fixed along ~ andthe

scintillationrateis proportionalto the~ projectionof theneutronspin; considerfirst thecasewith
no UCN loss,whereA hasno imaginarycomponent):

Start: SetCOe, A
T=O

Loop: T=T+2t
p(T) = Ut

4(t)p(T— ‘r)U+(t)

<5x>+ = Tr[p(T)Sx]
p(T+ ‘r) = Ut(t)p(T)U_(r)

<Sx>— = Tr[p(T+ t)s~]
= We — at(<Sx>+ — <~x>—)

= COe + W~— fl(<5x>+ — <Sx>_)

Go to Loop

In thisprocedure,U~(‘r) is asdefinedin eq. (5.19) with t themodulationhalf-period,w~represents
the correctionto the applied ~ field, at and fi are effectively the constantsin an integral plus
proportionalPLL feedbacksystem,as shownschematicallyin fig. 7.

Results in the case A = 0.06s~ and We = 0.01s~ and very weak modulation
[(sin w2t)/w2 ‘r = 0.99] are shown in fig. 8. The values of the loop parameterscc and fi were
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Fig. 7. Schematicof a feedbacksystemfollowing standardphaselocktechniques.co~representsthe total magneticfield seenby the
UCN.

purposelychosento give avery slow loop response(IL ~ 15 s). Thereareanumberof interesting
pointsevidentin theplots.First,theneutronspinmustprecessbeforethereisacorrectionsignalto
be fed backon.During this time, the spin precessesaroundthevectorsumof the fieldsandsono
longer lies in the x—y plane.Referringto fig. 9, theneutronspin precessesabout the net field at
a frequencyw = (A2 + w~)”2~ A. The tip of theneutronspin movesalong the circle of radius
r = We/A (for the magnitudeof the spinvectors = 1) indicatedin fig. 9, andin atime tL~ moves
adistancerAIL. The final spin projectionalong the z axis, assumingno feedbackbefore IL. and
rapid feedbackafter TL is

s
2 ~ rATL(ATL)/

2 = WeAI~/2. (5.37)

For thefirst harmonicto beheldatzero(the systemin an equilibriumstate),thespinmustlie along
the final net field, that is,

sIIA~+w~, (5.38)

so in the final equilibrium statewe have(for s
2 4 1)

co~/A= s~= W~Ax~/2, W = WeA~t~/2, (5.39a,b)

which representsanerror in thefeedbacksignal (in anidealsystem,thefinal valueof w2 shouldbe
zero).This effect is evident in fig. 8 wherew’~~ 1 x 10 ~. With the above-statedloop parameters,
eq. (5.39b)gives w’2 = 8 x 10 ~,in good agreementwith the numerical-calculationresult, parti-
cularly when the simple-mindedloop modelusedin the derivationof eq. (5.39b) is considered.

The results of a full calculation including losses is given in fig. 10. In this case,
= 5t~~= 0.04s’, A = 0.02—0.02is’, P3 = P~= 1 and We = 1.Ox io~(again, weak

modulation).After every lOOs, the sign of We is reversed.The loop parameterswere purposely
chosenso that the ioop is underdampedinitially, however,as the effectivesystemgaindecreases
with time(due to neutronloss),the loop becomesunderdamped.Also plottedis the factor sincc/cc
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z

Fig. 9. Illustration ofsourceofthefeedbackerrordueto thefinite loop responsetime.Thespin is initially alongthexaxisandprecesses
aroundthevectorsumof thepseudomagneticfield alongxandthemagneticfield alongz. In a time tL, thespinvector,initially alongx,
precessesout of thex—yplaneby an angle4 w,Az~/2.

which illustratesthe level of suppressionof theEDM signal to be expected(for the electric field
appliedin afixed direction)in asystemwithout feedback.Clearly, this reductionfactoris absentin
thefeedbackresponse,andthe correctionsignal,w~,accuratelytracksWe. The resultsshowthatin
the caseof fast loop responseandrelatively smallw~,theerror in the feedbackis very small.

It is evidentfrom this analysisthatfeedingbackto keeps5 = 0 (or, equivalently,keepingthefirst
harmoniczero) eliminates the sincc/at suppression.An important advantageof the feedback
techniqueis that the system is automatically calibrated; feedbackby changingthe dressing
parameter(either~ or Brf) resultsin adirectly measurablequantity,Ox~,which dependsonly on
the applieddressingfield andhas a fixed calibration.The experimentallymeasuredparameter
which gives the EDM is the feedbackcorrection signal as a function of electric-field polarity.
Explicitly, from eqs. (3.20) to (3.23),with ~o =

w0[J0(x~±Ox~)— 1.1J0(1.1(x~±Ox~))]±2ed,,E/h 0, (5.40)

which leadsto

2d,,E/h~ ~W0OXc. (5.41)

We point out that anothertechniqueto eliminate the effect of the sinat/at term is to set the
modulationanglesothat the averagespin angle<cos0> = 0. In the caseof square-wavemodula-
tion, this requiresamaximumangulardeviation(definedas

0m) 0m = ir. In the caseof sinusoidal
modulation,the maximumangle °mmust satisfy .Jo(Orn) = 0 where J

0 is the zero-orderBessel
function, which interestingly is the samecondition to eliminate the magneticmomentwith rf
dressing.This is to be expectedas theeffectsof modulationof thespin orientationarethesameas
describedin section3.7 in regardto rf dressing,only the time scaleis different.

5.5. Effectsof the z componentof thepseudomagnetic field

In practiceit will be impossibleto control theangleof the
3He andneutronspinsto betterthan

iO~rad.Thustherecanbe acomponentof thepseudomagneticfield along~of orderiO~A, and
A � 10 2Hz giving a relative shift of 10 ~Hz, which is a factor of 10 to 100 larger than the
anticipatedsensitivity per measurementperiod.This shift can vary betweenfillings and will be
time-dependentas the 3He polarizationdecays.Sincetheshift is independentof E, apossibleway
to contendwith thisproblemis to vary theelectric field periodicallyover thecourseof ameasure-
mentandto look for acorrelationbetweenthe field polarity andfeedbacksignal. Sincethe effects
due to the external magneticfields generatedby charging or leakagecurrents are strongly
suppressed[seeeqs. (4.28)and(4.34)], thefield-reversalratecouldbe relativelyhigh(5—10reversals



R. Golub andS.K. Lamoreaux,Neutron electric-dipolemoment,ultracoldneutronsandpolarized ‘He 43

1h11 111111111 11111 1111 II 1 I II I II 111 .~ ~)
0 0 0 ~

- -0 - 0 — -0 V
0

10 to tO

- I I
• I • I • J

‘—. 0 1 0 .._.—. 0 ~
— - 0 - / - 0 — - 0 ~. . -

- I / ~ • I
- I / • I
- I I~ - I

- 8 - - 8 - ~=~— - 8
- I C” - I

- - 1~
I /1 11 a / 0 —) ~

- - 0 - I - 0 ~ - 0 V
• N N I
- I .E~ N • I

I . I
J 0 1° -

- 0 - ~-. 0 — ,—~-—- 0 — .~I —. ~-“ — I —

• I .— • II .-‘ - . I 0t~V
I _— o~EI • . I b
I ~ . . I ~

- ~- 0 - 0 - ~ - 0

____________________________ -II I 111111111 I— —I I I I I I I I I I I I O—~ ~‘

N — 0 —. N — 10 0 N 0 N
0 0 0 0 0 0o 0 0 0 0 0 V Vo 0 0 0 0 0

I I I
~ ~

_____________________ _____________________ _____________________ ~ -~ 0
.1111 1111 1111 1111 ~II JIll 1111 1111 1111 1- . III 11111111 ~I I 10 I I 0 VV

-0 — —0 — 0 ~0.0
IL) IL) /U2,,~

• r - . I. I oO
• ,? - . I- ~V

I
• - . I. ~-—‘0

- . / -__________ 0 ~ 0 I C +1
0 - —1 - 0 — / — 0

I I ~ II~~I
/

__________ /
_________________ 0 _•~•__~.~0 / 0

0 — — 0 — / — 0 V
C’) I C’) / ~

- . /
J I- • I

/
- • I

_________ 0 0 / ° a
~ -~ /

‘I, • . //

-0 - -0 -0

.IIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIII. .1111111111 I II
-. U) 0 II) -. f ¶ 0

8 8 8 8 0 0 0 0
a 0 0 0 X x be_a

0 0 N 03I I



44 R. Golub and S.K. Lamoreaux,Neutronelectric-dipolemoment,ultracoldneutronsandpolarized ‘He

overa 1000s measurementinterval), asshownin fig. 10. Thereis somedeadtimefor onemustwait
approximatelyTL betweenreversals,and the field cannotbe switched instantaneously,but we
expectthis to result in no morethana 10% loss in sensitivity.

5.6. Effectsof offsetsin thefirst-harmonicsignal

Voltageoffset in the first-harmonicphase-detectoroutput leadsto additionaltime dependent
shiftsin w,~.If weincludetheoffsetasaconstantvoltagecaddedto theoutputof thefirst-harmonic
detector,the feedbackkeepsthe sum

(5.42)

The spin precessesin the applied magneticfield according to (neglectinglosses or the spin
dependenceof Im A)

ds/dt=sxB, B=A1+w
2~, (5.43a,b)

whereA is constantandw2 is determinedby thefeedbacknecessaryto satisfyeq. (5.42).Expanding
eq. (5.43a), usings,, = e, aconstant,we obtain the following equations:

Sx = CCO2 , 0 = SxWz + s~A, .‘i~= —sA . (5.44a,b,c)

The last of theseequationscanbe readily solved,

s2 = —eAt . (5.45)

The first two can be combinedyielding

eAs2= Sx~x, (5.46)

which leadsto

= SxSx . (5.47)

The exactsolution of this equationis

Sx = — (fit)
2 , /3 = cA . (5.48)

We thusobtain, from eq. (5.44a)

CO
2 = _eA

2t/.J1— (fit)2 ~ —eA2t . (5.49)

The approximateresult canbe obtainedfrom eqs.(5.44b) and(5.45) directly by assumingSx = 1.
This result is unmodifiedin the presenceof spin-independentlosses,however,an additionaltime
dependenceis introducedif theneutronpolarizationvarieswith time, but this is expectedto be
a realtively weakeffect.
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This sourceof spuriousshift canbekeptsmallin awell-designedsystem.In addition,reversalof
the electricfield asdescribedin thelast sectionprovidesan additionaldiscriminationagainstthis
effect.

6. Noiseanalysis

6.1. Model of the systemfor noise analysis

Thedeterminationof thesignal-to-noiseandhencethe ultimatesensitivityto theneutronEDM
is simplestin thecontextof feedbacksystemanalysisasdescribedin section5.4.A blockdiagramof
apossibleschemeis shownin fig. 7 andfollows standardphaselocktechniques.

Although the scintillation signal decaysin time due to UCN loss, over a sufficiently short
interval, thefeedbacksystemrespondsasa truephase-lockedloop (PLL) [Gardner 1979]; that is,
the first harmonicof the modulationsignaldependson the averageanglebetweenthe 3He and
UCN spinswhich is given by $We(t)dt,andhenceits Laplacetransformis

V
1(t) VOJWe(t)dt~Vi(S) VoWs(s)/s, (6.1)

with V0 dependingslowly on time. That the form of the first harmonic-signalis given by eq. (6.1)
canbe readily seenby consideringeq. (5.30) for T small: ~÷ — ~ 2 andi~÷+ i~ ~ yT which
impliesthat thefirst We termof therhsof eq. (5.30)increasesas T

2 while the secondtermincreases
as T.Wecanthusneglectthefirst termsincethefeedbackwill bemuchfasterthany or Q. To model
the system,we needonly considerthe relativemotion for very short times after theapplication
of oi~.The Laplacetransformof alinear rampis 1/s2 while that for aunit stepof amplitudeWe

(at T = 0) ~5 We/S which when substitutedin eq. (6.1) reproducesthe expected1/s2 dependence.
The signal-to-noiseis mosteasilyparameterizedby the wall (and /3) loss time t~ this is the one

parameterin the systemwhich cannotbe easilychanged.We thus needto optimizethe following
systemparameters:the fill time T~,the 3He absorptionrate tHe, the modulationangle, and the
durationof the measurementTm,all as a function of P

3. the
3He polarization.

6.2. Initial polarization andUCN density

We startwith adensityof 3He in the UCN storagevolumegiving anominal loss ratefor the
spinsantiparallelof i/tHe with polarizationP

3 andirradiatetheentirevolumewith a 8.9A neutron
beamgiving a total productionrate of CD,,, UCN per unit volume. [Kilvington et al. 1987; Golub
etal. 1991; LamoreauxandGolub 1991]. The total numberof the two UCN spin statesdepends
on time as

= V~~/2— N±/t~~— (1 TP3)/tHe, (6.2)

where ± refers to the UCN spin parallel or antiparallel to the
3He spin and V is the

system volume. After collecting UCN for a time T
1, we find the initial UCN number and

polarization(the lossof
3He is negligible; it is alsoassumedthat P

3 is constantthroughoutthe
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entiremeasurement),

N±(Tf)= N°~= (V~~/2y±)[1— exp(—y±T1)] , y~= 1/t~~+ (1 TP3)/VHe . (6.3)

The initial numberof UCN is N0 = N°4+ N~.

6.3. Analysisof harmonicallymodulateddressing

Forsimplicity, weconsiderthecasewherethedressingparameteris harmonicallymodulated.In
the presenceof a nonzeroEDM, the relativeprecessionrate is given by

W = W~+ WaC05Wmt, (6.4)

which gives a relativespin angle

0(t) = JWdt = JW~(t)dt+ (Wa/Wm)cosWmt. (6.5)

Themodulationindex is definedase = Wa/Wm.The timedependenceof the modulationsignalis

cP(t) = [N(t)/tHe][1 — P3P0(t)cos0(t)] , (6.6)

whereN(t) is the total UCN density.Using the well-knownBesselfunctionexpansionin thecase
W~t4 1 we find the averagescintillation rate,first harmonic,andsecondharmonic(in Wm)

= [N(t)/tHe] [i — P3P~(t)Jo(e)], (6.7)

P1(t) = ~ P3P~(t)J1(c)JWe(t)dt, (1i2(t) = ~ P3P~(t)J2(s). (6.8a,b)tHe tHe

It should alsobe notedthat the UCN—3He systemevolvesunderthe average3He polarization
which is <P

3> = P3J0(e).

6.4. Evolution of the UCNpolarizationanddensityundermodulateddressing

During theEDM measurementperiod,the 8.7A beamis turnedoff; however,theUCN density

andpolarizationcontinueto changewith decayrates,given by

= 1/t~~+ (1 T<P3>)/tjie . (6.9)

The time evolutionof N~is then

N~(t)= N~exp(—y’~t). (6.10)



R.Golub andS.K. Lamoreaux,Neutronelectric-dipolemoment,ultracold neutronsandpolarized ‘He 47

The UCN polarizationtime dependenceP0(t) andUCN densityN(t) are given by

P0(t)= N+(t) — N_(t) N(t) = N+(t) + N(t). (6.lla,b)
N4(t) + N.(t)

Sincey+ <y -, the UCN polarizationcontinuesto increaseover the courseof a measurement
period.

6.5. Noise analysisin thefeedbacksystem

As discussedin section6.1,overashortenoughtimeinterval,thefeedbacksystemintroducedin
section5.4 behavesasa true PLL. This is evidentfrom eq. (6.8a)wherethe first-harmonicsignal
increaseslinearlyin timefor constantWe; this signal is proportionalto the angiebetweenthe spins
andhenceis exactlyanalogousto theoutputof the phasedetectorin aPLL. Following standard
systemanalysis,andas given in eq. (6.1), we introduce the Laplacetransformto describethe
responseof the systemto aunit stepin We

= at1/s =

2’i(5) , at

1 = at~(t) = 2N(t)P3Pn(t)Jl(C)/tHe, (6.12)

wherecc1 is time-dependentbut variesmuchmoreslowly thantheloopresponsetime. For theloop
analysiswhich involvestime intervalsshortenoughsothat at1 doesnot vary appreciably,we will
take cc1 as aconstant;however,we thenconsiderthe systemgain adiabaticallyvaryingover the
courseof a measurementandwill take the averagesystemnoise (over the measurementtime),
which dependson the gain, as the uncertaintyin theEDM measurement.

As alreadymentioned,fig. 7 showsan integral plus proportional feedbacksystem.For noise
analysis,it is convenientto look at the responseof the output from the first filter which has
response

2’2(5) = /3 + cc/s, (6.13)

whereat~is theintegratortimeconstantand/3 theproportionalcomponent.Thesystemresponse
to a unit stepof heightw~at point A in fig. 7 is

lim ~ = urns(H(s)~1)= iim(we K21(s).2’2(s) ) = o~, (6.14)
s-O ~ s—.O 1 + K2’1(s).2’2(s)

whereanarbitraryscalefactor relatesvolts to Hertz (gain of thevoltagecontrolledoscillator; this
factorcanbe absorbedin ic). At sufficiently low frequencies(lessthantheloop naturalfrequency)
the loop tracksthe input variationsexactly.

Theloop responsefor harmonicinputs is given by H(iw). In particular,for aharmonicinput at
point B, theoutput responseis given by

Vout = V,~iwH(iw)/cc1~ iw/at1 , (6.15)

for sufficiently small ci.
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Shotnoisedueto theaveragescintillationrateaddsnoiseto thesystematpoint B. Thevariation
in scintillation rate in a time T is

(6.16)

or, using angular-frequencybandwidth to specify the time interval (~W= ir/T), we obtain the
mean-squarefluctuation per unit bandwidth,

= P0/ir, (6.17)

sinceshot noiseis white. The fluctuationsin J’~arethen

V~= n0w~/cc~ (6.18)

per unit bandwidth.
As proposedin section5.5, the electricfield will be modulatedduringthe courseof ameasure-

ment.We assumefor now that this modulation is square;if the modulation frequencyis much
less than the loop natural frequency,the output voltage will be V0~5(t)= ±W~as in eq. (6.14)
with a reversal rate of Ti’. The mean-squareaverageof this is w~the uncertaintyin the
measurementof We is thengivenby theratio of eq. (6.18)to themean-squaremodulationdeviation
for unit We,

(aWe)

2 = n
0w

2/cc~ (6.19)

per unit bandwidth.This signal is averagedfor a time T
0 (for eachmodulationdirection).We can

modelthis averagingasafilter which hasunit responsefor ci � n/T0 = w0 andpassesno signalof
higher frequency.In that case,the variancein theoutput is

a
2 = JdWnoW2/at~= ~noW~/cc~. (6.20)

Sincen
0 andcc1 areslowly varyingfunctionsof time, thesystemsenstivityis given by theaverage

varianceover the entiremeasurementperiod asdiscussedpreviously,

<a2> = (1/~)Ja
2(t)dt. (6.21)

Over the entire measurementperiod, we can perform Tm/2T
0 uncorrelatedmeasurements

(Tm ~ T0),wheretheEDM is givenby thedifferencein subsequentfield directions[the varianceper
EDM measurementis thustwicethat given in eq. (6.21)].Furthermore,overalongperiod T ~‘ Tm
we can perform T/(Tm+ T~)measurements(where T~is the fill time). The systemsensitivity
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(in time T) is

2 Tm + Tf 2T0 2 Tm + T~2T0 1 Tm 1 ~0(t) W~
(AWe) = 2 ~ <a > = 2 -~— ~— i ~ t’~2dt

~

1m ~ 1m 1m J ‘~‘ ~

0

Tm
— 4~2 Tm + Tf 1 1 ~ ~

0(t) d 622

— 3 T T,~T~J at1(t)
2 ~

0

We mustminimizeAWe with respectto Tm, Tf, tHe, andthemodulationindexe,given t~ andP
3.

We can scaleall the times with ~ and let T0= Tm/rn with m an integer. The final frequency
sensitivity is thus(in time T)

AWe = ~ irm(1/. 1’)(l/.J r,~)(1/.,,./VJiptw~)f(~,Tm, Tf,tHe), (6.23)

Tm

T T ~ 1/2
f(e,Tm, Tf,tHe) = 2 ( m± 1’ J ~ dt) , (6.24)

whereP~andcc1 havebeendividedby ~ Theminimumvalueoff asafunctionof P3 isshown
in fig. 11. Also plottedarethe valuesof theparameters(dividedby r~~)which minimizef The fill
andmeasurementtimes arerelatively constantasa functionof P3 with Tf = 0.9t~~andTm =

soare not shownin fig. 11.
If we assumeP3 = 0.95 (f ~ 2) over thecourseof ameasurement,the frequencyuncertaintyis

AW~= (21rrn/~J~)(1/~/~TT)i/~~/~PxWBV, (6.25)

giving an EDM uncertaintyof

a(d~)= hAWe/4EJ0(Xc). (6.26)

Thiscanbecomparedto theEDM uncertaintyfrom thecurrentEDM experimentsusingRamsey’s
methodof separatedoscillatoryfields(neglectingdeadtimedueto filling andemptyingtimeswhich
might be asmuch as a factorof \/~in the Hg comagnetometerexperiment),

a(d’~)= (at’E ‘%,/N~t~ T)
1 , (6.27)

where at’ ~ 0.65 is the fringe visibility and, in the presentUCN experiment,is coincidentally
approximatelyequalto Jo(x~)= 0.65.

Thereareseveralimportantdifferencesbetweenthesetwo methods.First,in the newtechnique,
thefinal uncertaintyscalesas 1/r~~asopposedto ~ This is becausefor the new technique
both the initial densityandfrequencyuncertaintyper measurementdependon the systemUCN
losstime. Thenewtechniquealsohasareductionin sensitivitybecausetheeffectivecoherencetime
is reducedby relaxationfrom the 3He. Themostimportantreductionin sensitivitycomesfrom the
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necessityof reversingthe electric field over the courseof ameasurement;this gives the factor
m which for apracticalexperimentmustbe at least4. If we take rn = 4, the ratio of sensitivity for
thetwo methodsis

N—P V J — ‘ 628
~— 1,r,~ , 0(x~)—at. ( .

As discussedin section3, we anticipateafactorof 5 increasein electric field. Also anticipatedis an
increasein wall loss timefrom 100sin thepresentexperimentsto 500s.ThepresentUCN densityis
about2cm 3; as discussedin section3, afactorof 10 000 increasein N0 is reasonableand requires

= 60s~cm~ with the wall losst~ = 500s(assumingtheexperimentalvolumesarethesame
whichis aquitereasonableexpectation).With these,we getan increasein sensitivityof (including
the~ due to fill andemptydeadtime)

11 = 534. (6.29)

Using eqs. (6.25) and(6.26), we find using t~ = 500s,E = 50kV/cm, V = 2 x io~cm
3, and

= 40 cm s — ~,that the experimentalsensitivityper unit time of runningis

a(d
0)= 8 x 10

28ecm in oneday, a(d~)= 4 x 1029ecm in oneyear. (6.30a,b)

That is over 2500 timesmoresensitivethanthe currentexperimentallimit which wasobtainedin
asimilar length of time (but waslimited by systematics),andis over500timesmoresensitivethan
the resultanticipatedin the Hg comagnetometerUCN experiment.

7. Sometechnical questions in regard to the proposed experiment

7.1. Overviewof the experiment

We presentin this sectionaverybriefoverviewof sometechnicalconsiderationsandshowthat,
in principle,the proposedexperimentalsearchfor theneutronEDM is possible.

The variousdesignconsiderationsare all ratherstrongly coupled;for example,the choiceof
superfluid bath temperatureaffects the 3He diffusion time, neutron-storagetime, high-voltage
properties,and scintillation properties,all of which suggestthe lowest possible temperature
(~0.5K). However,for aheat-flushtechniqueto be effectiveat removingdepolarized3Hefrom the
superfluidbath,a ratherhigher temperatureis required(~1 K) [McClintock 1978; Hendryand
McClintock1987].

This leadsusto proposeasystemwherethe purificationof the 4He is performedin aseparate
chamberfrom wheretheEDM measurementtakesplace.The purificationcanthentakeplaceat
a higher temperature;varying the temperatureof the EDM storagevessel might introduce
considerabledeadtime andwould in addition make the high-sensitivitypart of the apparatus
unduly complicated.With the multichamberdesign,oneis free to makethe purification system
arbitrarily slow andcomplicated;the only requirementis that on theorderof 501of ultrapure4He
is readyat the endof everyapproximately1000s measurementinterval. It is clearthat this would
representaconsiderableengineeringfeat, but it doesnot seemsodauntingif we considertheeffort
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to build a singledetectorat CERN or Fermilab,andbalancethecostwith theexpectedincreasein
sensitivityfor theneutronEDM searchandtheincreasein ourunderstandingof Tviolation which
would accompanyit.

Also, it might not be necessaryto replacethe 3He after each measurementcycle; however,
determiningthe final 3He spin orientationso that the spin directioncanbe properly reoriented
posessometechnicaldifficulties.

Productionof theUCN within theEDM chamberappearsto bethesimplestarrangement.This
requiresthat theEDM chamberbeirradiatedwith thecoldneutronbeam.Anotherpossibility is to
producetheUCN (in thepresenceof polarized3He) in aseparatechamber,thentransfertheUCN,
polarized3He, andsuperfluid4Heto theEDM chamber.Thereareadvantagesanddisadvantages
for bothpossibilities.

After an approximately 1000s measurementinterval, the superfluid is drained from the
EDM chamberandsentto the purificationfacility. Most of the 3He will leavewith thesuperfluid
sincethe diffusionrateinto the cold 4He gasabovethe superfluidis ratherslow. By pumpingon
the EDM chamber,the remaining 3He will be flushed out as the remaining superfluid film
evaporates.

Somequestionshavealreadybeenaddressedby Golub [1984] in relationto operationof suchan
experimentat asmall reactor.

7.2. Operatingtemperature

The two primaryconsiderationsin choosingan operatingtemperaturefor thesuperfluidbathin
theEDM chamberaretheUCN upscatteringrate andthe 3He diffusion time.

Golubetal. [1983] haveshownthat theUCN upscatteringrate,whenthe numberof phononsis
small(T < 0.7 K), is determinedby multiexcitationprocesses.Two-phononprocessesdominatethe
upscatteringanddependon temperatureasT7. TheUCN-upscatteringlifetime is 2 x i0~s at 0.7K;
this temperatureor lower is satisfactoryfrom UCN storage-lifetimeconsiderations.

A typical UCN velocity is 5 rn/s. The correlationtime associatedwith averagingthe magnetic
field over the storagevolume is given by t~,= L/v, whereL is themeanfreepath,which for a 201
storagevessel(20cm high by 35cm diameter)is L = 4 V/S= 20cm, and t~,= 0.04s. Ideally we
would like to havethemeanfree pathfor the 3He scatteringby rotons,photonsand3He on the
sameorder as the dimensionsof the storagechamber.Howeveras we shall see this is neither
possiblenor necessary.

At temperatureswherethemeanfree pathis satisfactorilylong (T < 0.5K) and at the low 3He
concentrationsof interestit is the 3He—phononcollisions which dominatethe 3He diffusion.
HussonanddeBruynOuboter[1983] (fig. 2 of thatwork)givethecollisionfrequencyfor phonons
with 3He as i/’r~h= 4.8 x 1010 XT4, whereX is the fractional-3He concentration.

Thenusingn~h/t~h= flHe/tHe we find i/V~e = 4.8 x i0’~~T7 s~i.Now the collisions countedby
Hussonandde Bruyn Ouboter[1983] arethoseeffectivein phonontransport,i.e., thosecollisions
which changethe phonon momentum by a significant amount. For elastic collisions, which
dominatehere,the momentumtransferfor aphononof momentumq, scatteredthroughan angle
0q (Aq = 2q sin0q/2), isequalto themomentumtransfertoa3Heatomwithmomentump. scattered
through an angleof 0,, (Ap = 2psin0,,/2), in thesamecollision. For everycollision

p2(1 — cos0~)= q2(1 — COsOq) , (7.1)
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therefore

<1 — COSOp>~ <1 — cos0q><q>2/<p>2 ~ <1 — cos0q>T/10. (7.2)

Sincethe diffusion constant,D, is proportionalto <1 — cos0> we cantakethe effectivecollision
ratefor 3He

1/rU~= 4.8 x 106. T8 , (7.3)

andthe diffusion constantfor 3He is

D = ~
3v3 = ~<V~>tHe )L3 = <v3>’rHC. (7.4)

Thus the time t to diffuse adistanceL is given by L
2 = 2Dt, andso

t = 3L~/2V~t~e= 0.28L2T7= 120T7sfor L = 20cm or is for T= 0.5K. (7.5)

Thecollision rategivenin eq. (7.3) is aboutten timessmallerthanthatgiven by Ptukha[1961],
andcalculatedby Khalatnikov andZharkov [1957]. However, given the fact that theredo not
seemto be any direct measurementsor reliable calculationsin the relevant temperatureand
concentrationregions, it seemsthe best estimateis that basedon the above considerations.
However,in the nextsectionwe will useamoreconservativevalueof 5s.

Thereis an unsolvedproblemconcerningthe motion of 3He in dilute solutionsalthoughits
ramificationsatthelow temperaturesof interestherehavenot beeninvestigated.Measurementsof
the thermalconductivityat low 3He concentrationsshowthe thermalconductivity approaching
aconstantratherthantheexpected1/X behaviour.SeeFerrel [1990] for areview,alsoMeyeretal.
[1990] andChiu andLipa [1989], aswell as appendixC for someadditionalcomments.

Another importantpoint to consideris the effectsof unavoidabletemperaturegradientson the
motion of the 3He. In the casewherethe phonondensityin the superfluidis high,a temperature
gradientacrossthe bottlewill result in asignificant3He concentrationgradient,therebyaffecting
the volumeaverage.At temperaturesless than0.7K, sucheffects becomerapidly insignificant.

7.3. Magnetic-fieldhomogeneityrequirements

If either thedressingor staticmagnetic-fieldgradientsaretoo large,both theUCN and3Hewill
suffer significant polarizationloss over the storageintervaldue to phasedecoherence(T

2 relax-
ation).SincetheUCN velocity is anticipatedto behigherthanthe

3He diffusiontime,thelattersets
the time scalefor field averaging(roughly 5 s as discussedabove).It shouldbe notedthat such
relaxation(T

2)doesnot occurduringtheUCN accumulationperiodof themeasurementsequence
(sincethe spin is not precessingduringthis period,the phasedecoherencetime is not important).
Thusonly spinflip (T1)relaxation,whichshouldbeverylongwhenthegradientsaresuch,that T2 is
long, occursduring this period.A reasonablevalue of T2 is l0000s; the

3He polarizationwould
decreaseby 10% overthemeasurementperiod,so theaverageis decreasedby 5%,whichshouldbe
acceptable.

Considerthecasewherethe staticmagneticfield varieslinearlyoverthe storagevessel,with total
change~B.The rmsdeviationof thestatic field is thenBrms = öB/3. Happer[1970] hasshownthat
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the relaxationrateis given by

Tj ~ = ~t~(Y’Brms)
2 , y’ = yJo(x~), (7.6)

wherey’ hasunits rads - ‘(mG) ~. With the valueslistedabove,we find öB ~ 1 j.tG which is about
a factorof 10 smallerthanin the Hg comagnetometerexperimentwherethe storagevesselis of
comparabledimension.Achieving the requiredhomogeneityseemstechnicallyfeasible.

For the dressingfield, the requirementsareslightly different.A gradient in the oscillatingfield
givesagradient in the Larmor frequencythroughthe variation in the dressingparameter,

W = y’B
0 = yB0J0(x~), aW = yB0J1(x~)öx. (7.7)

Sincethe frequencyof the dressingfield is well-definedandx = YBrf/Wrf ~ x~,~ 1, we have

ax = YöBrf/Wrf ~ aBrf/Brf, oW= yB0Ji(xC)OBrf/Brf . (7.8)

Thus, T2 is a result of the relativevariation in B~1,as opposedto the static field whereit is the
absolutevariation. It is apparentthat the dressingfield-gradientrelaxationrate dependson the
staticfield magnitude;this impliesworkingwith thesmallestpossibleappliedstaticfield. If wetake
B0 = 2mG,andJ1(x~)~ 0.5, to achieveT2 = l0000srequiresOB~/B~< 1 x iO’~.This is not too
restrictive,however,theuseof large-sizeconductivecomponentsin theEDM storagevesselor its
environmentwill haveto beavoided.Metalalloysbecomeessentiallyinsulatorsatlow temperature
so theelectrodes,feedthroughs,andothercomponentscould be madefrom suitablychosenalloys
(poorconductorscanbe usedfor the electrodesandhigh voltagesupply leadsinceessentiallyno
currentflows). In addition,thin conductivefilms, if thefrequency,Wrf isnot toohigh,canbe usedas
heatshields,electrodecoatings,etc.,without disturbingtherf field. Largerconductivepartsmight
be allowedif carefulattentionis paidto symmetryandplacement.

7.4. High-voltageconsiderations

The insulatingpropertiesof liquid helium havebeenwell studied,both for alternatingelectric
fields(50Hz) anddc. Fallou et al. [1969] havemeasuredthe dielectricstrengthof liquid He from
4.2K to 1.5 K, at pressuresup to 10 bar,andgapseparationsrangingfrom0.1 to 10mm,in uniform
acfields.Theyalsomeasuredthe dielectricstrengthfor non-uniformfields(point to plane)for both
dc andac.No significantchangesasa functionof pressureandtemperaturewerefound,although
thebreakdownvoltagefor anegativepointwassignificantlylower thanfor apositivepoint. In the
caseof 50Hzuniformfields, the dielectricstrengthwasfound to be 100kVwith a10mmgap,and
thebreakdownvoltageincreasedlinearlywith gapsize.Theyalsostudiedtheeffectof aradioactive
source(15mCi of

192Ir) placed in oneof the electrodeswhich producedelectronsthrough the
Comptoneffect.Thebreakdownvoltagewasnot loweredby this, however,the deviationbetween
measurementswas substantiallyreduced.The results of this and subsequentwork show, for
uniformfields, adielectricstrengthof 30kV/mm with a 1 mm gap [Fallou et al. 1969; 1970].

Gerhold [1972] found a dielectric strength of 40 kV/mm approximatelyconstantfor gaps
varyingfrom 0.1 to 1 mm.In thesestudies,it wasfound thatcontaminationof the liquid Heby oil
or oil vapormadeit uselessasaninsulator.Whetherthisis asurfaceor avolumeeffectremainsto
be studied.Such effects, if due to surfacecontamination,might restrict the types of wavelength
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shifter usedto detectthe ultraviolet scintillations (seenext section).However,it was found that
contaminationof the liquid He by frozen air particlesdid not alterthe breakdownstrength.

A furtherpoint to consideris that all of thesemeasurementswere performedbetween“free
electrodes”— therewas no insulatingcylindrical tubeseparatingthe electrodesas is usedfor the
EDM storagechamber.The effectsof the presenceof suchdielectricsmustbe studied,asmustthe
possibleexistenceof a“gapeffect”, i.e.,adecreasein breakdownfield with increasedgapseparation.

A reasonablevoltagein view ofgenerationandconductionto theEDM chamberis about1 MV,
which gives a factor of 5 increasein the electric field over the proposedHg comagnetometer
experiment,anda factor of 4 increaseover the fields usedat ILL andPNPI which led to the
publishedresults.A field orderof 1 MV over20cm(5kV/mm) is well belowtheobserveddielectric
strengthof liquid He of 30—40kY/mm.

It is interestingto notethat for a fixed voltage, theEDM sensitivityscalesas \/i~whereh is the
electrodeseparation(with fixed storage-chamberradius).This is becausethefinal EDM sensitivity
scalesas

a(d~)x 1/E~Ji~c~1/E\/i x ~ (7.9)

which impliesthat h —+ 0 givesmaximumsensitivity.However,theminimumh is determinedby the
dielectricstrength.A safetyfactor of 6 asspecifiedaboveis reasonable.

7.5. Scintillation detection

Thescintillationsproducedbyenergeticparticlesin liquid heliumwasfirst studiedby Thorndike
andShlaer [1959] andby Fleishman,WinbinderandWu [1959]. SimmonsandPerkins[1961]
constructedaliquid Hescintillationcounter—polarimeterandstudiedanumberofpropertiesof the
system.Their systememployedawavelengthshifter (p,p’-diphenylstilbenedepositedon theinside
of thedewar)to convertthe short-wavelengthuv scintillationlight to visible. Theyconcludedthat
the light output, for at particlesfrom a 239Pu source,was comparableto a CsI(Tl) scintillator
crystal.In addition,theyshowthatthereis little self-absorptionby theliquid Heof thescintillation
light, andthat thetimestructureof thepulsesis similar to thoseof plasticscintillator(10s of nsrise
andfall time).They alsodemonstratedthat the scintillationlight wavelengthis lessthan 1600A.

Subsequentstudiesshowedthat the wavelengthof the scintillation light is centeredat about
800A, with a full width of about200A [Stocktonet al. 1970;Surko et al. 1970;Surkoet al. 1969].
Thespectralpropertiesindicatedthat thelight isgeneratedby He

2 molecules.It wasalsoobserved
that colloidal N2 impurities decreasedthe uv light output.

Thescintillation light from liquid Healsohasan infraredcomponent[Denniset al. 1969].(In the
presenceof colloidal oxygen,visible light is produced[Jortner etal. 1964].)However,theintensity
in thesecasesis much lessthanthe uv scintillation at 800A.

RobertsandHerefordstudiedtheeffectsoftemperatureandelectricfield on theuv scintillations
producedby

210Poatparticles[RobertsandHereford1973;HerefordandMoss 1966].Theyfound
thatthe total intensitydecreasedwith temperatureandelectricfield for temperaturesgreaterthan
0.8K, but the total intensity increasedwith appliedelectric fields below this temperature.The
effects of fields up to 13 kY/cm were studied.In theseexperiments,anorganicdye POPOPwas
usedas awavelengthshifter.

For our proposedneutronEDM experiment,it seemsthat detectionof theuv scintillation via
a wavelengthshifter is the most promising scheme.A very small concentrationof POPOPin
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adeuteratedcarriermight besatisfactory.Deuteratedpolystyrene(DPS)asawall coatingmaterial
hasalreadybeenshownto haveexcellentUCN storagepropertiesandgoodvacuumhigh-voltage
characteristics[Lamoreaux1988].Thelow-temperatureandhigh-voltagepropertiesof thismater-
ial mustbestudied.Anotherpossibility is to havefrozenoxygenon thewallswhich is agoodUCN
storagematerialand might be asatisfactorywavelengthshifter [Jortneret al. 1964].

Theexpectedscintillationpulsewidth [ThorndikeandShlaer1959] is lessthan0.05j.ts while the
expectedcounting rate is 3 x i0~cm3x i0~cm— ~/1000s = 6 x iO~Hz. Thus the scintillations
shouldbe well resolved.Thequestionsof backgro.undscintillations dueto ~‘ rays from theclosely
locatedreactorcoreand ~3raysfrom unavoidableneutronactivationproductsin andaroundthe
storagevesselremainto be studied.Efficient collectionof thescintillation light is alsoa difficult
engineeringproblem,particularly if pulse-heightdiscriminationis requiredto reject ‘y radiation
effects.

7.6. Sourcesof coldneutrons

As discussedin section3.2, we requirea UCN productionrateof 60/cm3s which is about30
timestherateobtainedso far in asuperthermalHe sourcelocatedat theend of a neutronguide.
Therequiredratecouldbe obtainedat theILL if theproductionvesselwere locatedroughly 3 m
from thecold source,with an unobstructedsolidangle.It is unlikely that suchanopeningcouldbe
provided.

Golub [1984]hasinvestigatedthepossibility ofUCN productionatsmallTRIGA-classreactors
which typically havethermalpower of 250kW. With a liquid-nitrogen cooled moderatorand
a 500s vessellifetime, it is reasonableto expecta UCN densityof 300cm ~. With a liquid-
deuteriummoderator,this might be increasedby a factor of 10 which leadsto a densityonly
afactorof 7 lower thanthedesigngoalof 2 x iO~UCN/cm3.Theissuesof gammabackgroundand
heatingat sucha sourceareaddressedin Golub-[1984] and Golub and Boning [1981].

An existing sourceof cold neutronswith a flux over a largeareais the Vertical Channel
Universal Cold Sourceinstalled at the YVR-M Reactor of the PetersburgNuclear Physics
Institute,Gatchina,Russia[Altarev et al. 1986]. Theliquid D

2—H2 moderatedsourceproduces
aMaxwell distributionwith atemperature-of 16.5-K,andatotal integratedflux of 3 x 1010n/s,over
an area120 x 40mm

2,giving ~ = 6.3 x 108cm2s’. Using eqs.(3.38) and(3.39)of Golub et al.
[1991],we find a productionrate

P = 1.4~(E*/T2)exp(_E*/T)x 10 7UCNcm3s~= i.9cm3s’, (7.10)

whereE* = ii K, T= 16.5K andthenumericalfactordependson themaximumUCN energyand
henceon the wall material. However,thecold neutronsfrom this sourceare 90% polarized;the
UCN producedby downscatteringshould maintain this polarization (there are no significant
magneticeffects in the n—4He interaction).Thus, this is comparableto a productionrate of
3.7 UCN cm3s’, or a factor of 10 below that required.Also, the effective volume must be
reducedby aboutafactorof 40 becauseof thereducedbeamsizeoverthatanticipatedearlier(from
35cm diameter-by 20cmhigh to 12cmdiameterby 4cmhigh).

However,the ultimate sensitivity shouldbe abouta factor of ~ higherdue to an increased
averageUCN polarization.This representsa loss in sensitivity by a factor (10x 40/2)1/2= 15.
However,if theappliedvoltageis kept at 1 MY, theoverall sensitivity lossis only a factor of 3.6,
althoughtheelectric field would be 25 kY/mm— this is dangerouslycloseto thebreakdownfield
strengthofliquid Heand ofpossiblematerialssuchasSi0

2which would beusedastheinsulating
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cylinder.Also, theeffect of suchlargefields on thepropertiesofthe scintillationsis not known. In
anycase,this sourcewould be ideal for an initial studyof thiscomplexsystem,andtherathersmall
storagevolume is anattractivesimplification from a numberof standpoints(magneticgradients,
quantity of liquid He required,efficient detectionof scintillation light); evenwith the reduced
volumeandreducedflux, this sourcecould be the basis for an experimentwhich would leadto
afactorof 100 to 1000 (dependingon attainableelectric-fieldstrength)improvementin thelimit of
theneutronEDM.

8. Conclusion

We haveoutlinedanexperimentaltechniqueto searchfor theneutronelectric-dipolemoment
whichoffers thepossibilityof a2000-foldimprovementoverexistingexperimentallimits. Basically,
theideais to produceultracoldneutronsby downscattering8.9A neutronsin superfluidHe which
is dopedwith a low concentrationof polarized3He; the 3He servesasaUCN polarizer,analyzer
and magnetometer.The effects of static magneticfields are eliminatedby use of a dressed
magnetic-momenttechnique.The increasein sensitivity is due to a factor of 5 increasein
electric-fieldstrength,a factorof 5 increasein UCN storagetime, anda factorof i0~increasein
UCN density.

Suchan improvedlimit is quiteexcitingin thatthis level is requiredto testwhethertheobserved
CP violation in K

0 decaycan account for the baryonasymmetryin the universe.In addition,
afactorof 10 to 100increasein sensitivityoverthecurrentexperimentallimit will placeratherstrict
boundson theparametersof supersymmetric,multi-Higgs, andleft—right symmetricmodelsof CP
violation. Thesemodelscanreadily accommodatea nonzeroEDM betweenthe presentexperi-
mental limit and that anticipatedfor our proposednew technique.However,a failure to find
aneutronEDM in this rangewill bring into questiontheveracityofthesemodels[Weinberg1992;
Heet a!. 1989; Ellis 1989;Barr andMarciano1989; Barr1993].

Therearesomedifficult technicalquestionsto be answeredin thedevelopmentof anapparatus
to exploit this technique,andwe will beginwith an experimentalstudyof thediffusion of

3Heas
describedin appendixC. A moredetaileddiscussionof thetechnicalquestionsis forthcoming.
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Appendix A. Mathematical operations on the Pauli matrices

Any 2 x 2 matrix can be written (taking out a constant asnecessary)as

[M] = [1] + b[a
4] (A.1)

wherea~is somecomponentof ~. Note (a~)
2= [1].
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By useof thebinomial theoremwe canwrite

[M]~ = 1+ (~)b[a~] + (~)b2[cr
1]

2 + (~)b~[a~]3+ (~)b4[a
1]~ ~ (A.2)

or [M]
5 = 1 + (~)b[a

1] + (~)b2 + (~)b3[a~] + ()b~+ ... (A.3)

To sumthe serieswe usethebinomial theoremagainto write

(1 ±~ = 1 ±(~)x + (~)x~±() x~+ (~)x~, (A.4)

so that

~[(1 + ~)~—(1 —x)~]= (~)x+ (~)x3+ ~.. (A.5)

Thus

[M]~=-~[(1 +b)5+(1—b)”]-~- [a,]~[(i +b)~—(i —b)~] . (A.6)

In ourcaseb t = T/2n so we can uselim
5.._~(1+ a/nr = e

5.

Appendix B. Quantumversusclassicalbehaviourin the 3He—UCNsystem

If we considerasystemof 3He and UCN spinsprecessingin aconstantmagneticfield taken
along the z direction, the Hamiltonian written in the frame rotating with the 3He precession
frequencyhasthesameform as(5.1). In theabsenceofa magneticfield (W~—÷ 0) theeigenfunctions
oftheHamiltonianaretheeigenfunctionsofo~,c

3. Assumingthat thenumberof
3Heatomsin the

systemis much largerthanthenumberof UCN we cantake~ asa classicalfield.
Taking ~ along thex axis, theeigenfunctionsof theHamiltonianare ±>~with eigenvalues

E ±giving two decayingeigenstateswith decaytimes‘r ~1:

E~= ±AP
3— ~i(i/to FP3/tHe) , 1/ti = (1/t0 ~P3/t~e) . (B.1)

Justas in the K0—K0 system,if we start in anarbitrarysuperpositionof the two eigenstatesthe
systemevolvesinto the long-lived state(<o~,>parallelto ~73). Becauseof the differencein thereal
partsof theeigenvaluestherewill be oscillationsduringtheevolution.After thelong-livedstatehas
beenreached,thesystemcanbe restoredto a superpositionof thetwo eigenstatesby switching03
to a different direction,andtheevolutiontowardsthe long-lived statewill begin again.
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Note that this is quite differentthanthe behaviourof asystemof classicalspinswhich would
decaywith a single ratedeterminedby theanglebetweenthetwo spin species.What we haveis
akind of Stern—Gerlachexperimenton spatialquantizationwith the spin-dependentabsorption
serving as a stateselector.Howeverin the presenceof a rapidly modulatedexternalfield as
analyzedin section5.2 we find exactly theclassicalbehaviour.Equation(5.17) showsthat if the
systembeginsin an eigenstateit will decaywith asingledecayconstantgiven bytheaverageangle
betweenthe spins.Thus therapid modulationproducesa classicaltype decaybehaviour.In the
Stern—Gerlachexperimentif werapidlymodulatedthespindirectionwhile theparticleswerein the
high-gradientfield regionwe would expectto seeadeflectionin thedetectorplanedeterminedby
the averageof the spin direction in thegradient region.The situationcanbe understoodon the
basisofthe “secularapproximation”[Happer1972;BarratandCohen—Tannoudji1961].

In the case of a UCN interacting with the 3He classical field, the mutual interaction
Hamiltonian is

H=C0
3•0O±WZ (B.2)

(C is acomplexconstantandW~isreversedwithafrequency~
0m = 2ir/t) which,whentheUCN spin

direction (in the x—y plane, as describedin section5.2) is modulatedat Wm, can be separated
into a slowly varying average term and a rapidly oscillating (at the modulation frequency
and harmonics)term. In this case,the time evolution of a componentof the densitymatrix is
describedby

= ~ + ~ Bkexp(ikWmt)~p, (B.3)
k /

wherethe averagevaluesofa~anda
3 areslowly varying(4 corn), and Al ~ IBI 4 Wm, andthe Bk

dependlinearly on ~ 03 � 1. We assumethat the
3He spin representsa fixed classicalfield, and

assumethat the Bk and A canbe takenasconstants.Thento first orderin B/Wm.

p(t) ~ e~4~+ B(sincimt)/com, (B.4)

andwe seethecontributionfrom the oscillating termssuppressed.
The use of this formalism in the caseof the Hamiltonian eq. (5.1) representsan interesting

applicationof the secularapproximation.In this casewe have to work in the referenceframe
rotating at the instantaneousneutron Lamor frequency, so that the periodic excitation (the
oscillating3He spin)satisfiestheconditionsfor theapplicationof thesecularapproximationaswe
discussedin section5.3.

Appendix C. 3Hedistribution in dilute 3He—4He solutions: a new application of neutron beams

The3Hein theUCN storagechamberwill eventuallybecomedepolarizedthroughT
2 relaxation

processeswhich dependon inhomogeneitiesin the magneticfield. Thus, it will be necessaryto
periodicallyflush out thepolarized

3Heandreplaceit with a newbatchof freshlypolarized3He.
We intend to do this using the heat-flushtechnique[McClintock1978; Hendry and McClin-
tock1987] which we haveappliedto purify the4Heusedin ourpreviouswork [Golub et al. 1983;
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Kilvington et al. 1987]. In additionit maybe necessaryto useheatcurrentsto insurean adequate
motion of the3Hesothatthe3Hewill seethesameaveragevalueof themagneticfield astheUCN.
For thesereasonsit will be necessaryto study themotion anddistributionof 3He in very dilute
solutionsin theappropriatetemperaturerange.This canbe doneusinga newtechniquewhich we
now describeandwhich, aswe explain below,can havesomeinterestingapplications.

With a captureflux of i0~ncm 2 s1(easilyobtainableat coldbeamsat theILL) a1 cm2beam
will produce1011X capturess’’ cm ~,whereX is the3Heconcentration.Thus if thebackground
is low enoughand if we candiscriminateagaint7-raysusing thepulseheightof thescintillations,
wecandetectextremelylow 3Heconcentrationsandgradientsin verydilute solutions,by scanning
theneutronbeamacrosstheexperimentalcell.

This can havesome interestingapplications.For example,a significant deviationfrom the
expected1/X dependenceof the thermal conductivity for X < i0-~has been experimentally
observed.Two different modelswhich havebeenproposedto explain this effect begin to differ
markedlyat X < io~[Ferrel 1990]. Presentmeasurementsextendto X ~ iO~.Measurements
of the 3He gradientsby theneutron-beamscintillation techniqueareexpectedto yield resultsat
much lower concentrationsthan existing measurementsand thus would help to distinguish
betweenthe two models.
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