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GeometricPhaseinaSplit-BeamExperiment

MeasuredwithCoupledNeutronlnterferenceLoops
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Ageometricphaseiactorisdenvedibrasplit-beamexpenmentasanexampleofcyclicevolutions.Thegeometricphase
isgivenbyonehalfofthesolidangleindependentofUlespinofthebeam.Weobservethisgeomemcphasewitha
two-loopneutronmterferometer,whereareferencebeamcanbeaddedtothebeamiromoneinteriierenceloop･Allthe
experimentalresultsshowcompleteagreementwithourtheoreticaltreatment.
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realizeexperimentstoobservethisgeometricphase、and

tlle experimental results completely agreewith the
Iheoreticaltreatment.

1. 1ntroduction

Duringthelastdecade,thegeometriceHectonthephase
ofthewavefimctionhasexcitedconsiderableinにrest. It

wasBerly')whofirstclearlydescribedthegeometricphase
factor fbraquantumsystemtransporledadiabatically

throughacurveCinparameterspace, thisphasefactor

dependingsolelyuponthegeometlyoftheculveC.

SeveralexperimentswerereportedtomanifesttheeHEctof

thisgeometricphase. Aspinmnglightexperimentinan

optical fiber2)was the first ofthiskind. Asimilar
experimentwasaccomplishedwithaneutronbeaminan

adiabaticallyrotatingmagneticfield.3,4) Aharanovand
Anandan5) released the resmctionofadiabaticity fbr

Beny's phase so that thegeometncphasemaybe

generalizedtothesrqreofthesysteminacyclicevolution，
i.e., that it retumstoits imtial stateafteranevolution.

Expenments toobserve thisAharanov-Anandan (AA)

geometnc phase were accomplished by laser

interferometlyc,7)andnuclearmagnelicresonances) In
addition、 adynamicalaspectoftheevolvinggeolnetric

phase9)andthegeometriceHectfbrnoncyclicevolution'0)
weredemonstratedexperimentally.

Morerecently5anotherexamplewasshownofgeometric

phasesincyclicexcursionaroundadiabolicpoint.、i nt.11)The

experimental accomplishment to Showthegeometric

propertyindependentofthespinorpolarizationofthe

beamremains aminoritycompared to the spinor

polarization associated work. In a split-beam

experiment'2)where an incident beamis split and
recombined､onecaninsertphaseshiitersand/orabsorbers

intoeacllsplitbeam,sothatthesystemevolvesunderthe

actionoftwoseparateHamltomans. Here,wejustiiythe

split-beamexperimentasacyclicevolutionofaquantum

Systembyanalogytothespinor rotationandshowa

geometlicpropertyinit. Inourtheoretical trealment､ the

oveﾉ"α〃phaseisconsideredasasumofweightedphasesof

thetwosupelposedpartialbeams,andthedynamicaland

thegeometricalphasefactorsarederivedfbr thecyclic

evolution. Itsgeometricalpropertyisshownwiththeuseof

Poincar6spheredescriptions. The fbur-plateneutron

interferometerwithtwointerferenceloopsenabledusIo

2．Princil)leoftheExI)eriment

It iswell-knownthat thespinorrotationofﾖspin当
particle inahomogeneousmagneticfieldresults ina

geometricphase・ ',5) TIvobases, spin-upandspin-down
states, areassumedinsuchacase. Inthesplit-beam

experiment, twosimilarbases areobservable. This

similarityjustifiesregardingneutroninterferometly,which

isanexampleofthesplit-beamexperiment,asacyclic

evolutionofthequantumsystem. Inthe Split-bealn

experiment, thephaseshiner,whichisinsertedtoobsewe

theinterferenceoscillations,directstheevolutionofthe

systemalongacertaincurve,C,andtheabsorber,which

reducestheintensityofonebeam,changesthiscurveofthe
evolution.

Thesilmlaritiesbetweenthespinorrotationandtlle

split-beamexperimentallowus todefinethedynamical

phase fbr thesplit-beamexpenment. Thedynamical

Phase,｡1D,canbedefinedas

"4Ww)
_1,<v! |､I'I)Akrc"J｡<平Ⅱ隅{>△Au〃

<vlw> +. <wlv>

(1)

where l'Pi>, /j , andA! represent thetwowavehlnctions,
beampaths, andwavevectors in tlle interferometer、

respectively.Here,weomittherealpartofthephaseshifi
duetotheabsorber,whiClldoesnot reducethegeneral
validitvofourtreatment.

ロ

RearrangingEq.(l),weget

II /,,

①b=(I!¥Im)×ﾉr!+(J1¥!/n)×Zn
（2）

（!剴〆α,〃‘）二二

★PermanentA(1dress:St.PetersburgN''clearPhysicslllstitute,
Gatchina, 188350,Russia

90



InterferenceLoops

Pathd睡唾tion

(particle)

91GeometricPhaseinaSplit-BeamExperimentMeasuredwithCoupledNeutron

where/, andX;, respectively, represent intensitiesand

phaseshiftsofthetwobeams,andTisthetransmission
probabilityoftheabsorberintllebeampath-II.

Thegeometricphase,β', inthesplit-beamexpenlnentis

givenwiththetotalphaseshifi,'',as

β!＝’1－①1D･ （3）

FromEq.(2),onecanseethat,whenrotatingthephase

shifier, thedynamicalphaseshin,△①D,duringthecyclic
evolutionbecomeszerowhen

AZI,+r･AZI,,=0, （4）

where4Z;isthechangeofZ;duringtheCyclicevolution.

ThiSequaUonshowsthatβ' iSexplicitlyobservableinthe

split-beamexpenmentwiththerightcombinationofphase
shinersandabsorbers.

It isvelyinstmctivetousethePoincar6spherefbrthe

split-beamexperiment and thereby to recognize the

geometricnatureofthederivedgeometricphase,justasthe

spin-spherewasusedfbrthespinorevolution. Thesplit-

beamexpenmentcanbecompletelydescribedwithinthe

fifameworkofatwo-dimensionalHilbertspace,Hi,where
thestatescanbevisl'21izedaselementsofthePoincar6

sphere.'4)ThissphereisshowninFig.1.Theverticalaxis
representstherelativeintensityofthetwobeams,andthe

polarpointsrepresent山esingle-beamsituations・When

shiftingtherelativephase,abetweenthetwobeams, the

statetracesalatimdinalcircleonthespheredependenton
theratiobetweentheintensitiesofthetwobeams.

Withthissphere, thesolidangle,Q,whichissubtended

bythetracedcun/eattheorigin, isgivenby

(,_"1=4"z_ {5}Q=27r.
k l+Zソ l+r

A IfT=V2,

1nt

Fig.1 Poincar6spheredescriptionsfbrsplit-beamexperiments.
Depictstheconditionwithunequalbeamintensities, i.e.,with
anabsorber.
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Fig・ZExperimental setuptomeasurethegeometricphaseinthe
split-beamexperimentwith@, lbur･plateneutron
interfbrometer.

Thegeometricphase,"'(O, fbronecyclecurve,C, is

associatedwithitssolidangle,Q(O. Berry')hasshown

thatthisisgivenwiththehelicity,6,by

T
"(C)=oQ(C)=4汀｡･ . (6)

l+r

interference loop throughc)'clic evolutions, and the

absorberchangesthecun'esoftheSecyclicevolutions. In

theotherinterferenceloop(Loop-B),abeamsplitat the
firstplateofthe interferometer is recombinedwiththe

beamfromtheintelferenceLoop-A.Thissplitbeamactsas
arefercnce,andanotherphaseshifier is inSertedill this
beampaUl. The interferenceoscillationsbetweenthe

referenceandtheinterfbrencebeamSaremeasuredusing
thisadditionalphaseshifier. Thegeometricphaseofthe
out-goingbeamfi･omtheinteierenceLoop-Aismeasured
asshiftsoftheseinterferenceoscillations､

Equation(5)showsthatthesolidangle,Q,dependsonlyon
thetransmssionprobability,Zoftheabsorber,which

determnesthecurveoftheevolution,andthegeometric

phase,''(C), isderivedfifomthistransmissionprobability.
Whenoneusestherightcombinationofphaseshifiers

andabsorberssothattheconditionofEq.(4)issatisfied, the

geometricphaseemergesexplicitlyintheout-goingbeam
fromoneinterferenceloop. Sinceitisnecessalytoadda
referencebeamtothebeam.whichisrecombinedfrolnone

intelfbrenceloop,afbur-plateneutronintelferometerwith

twoloopsisthemostsuitab1etoolfbrthedetectionofthe

geometricphase'3); theexperimental Setupisshownin
Fi9.2. Inthe interferenceloop(Loop-A)betweenthe
Second and the fburthplate of the interferometer,

appropriatepairsofphase shifiersandabsorbersare

insertedineachsplitbeampathtocompensateibr the

dynamicalpllaseduringthecyclicevolution. Thepllase
shifiersdirecttllestateoftherecombinedbeamfromthis

3.Experimental

Theexperimentswereperfonnedwith the neutron
inlerferometer instrumentsV9at theBENSC, Hahn-

Meitnerlnstitut inBerlin. '5) Aschematicvicwofthe

wholeexperimental arrangement isshowninFig.2A

fbur-plateneutron intelferometerofmonolithicperfect
siliconclystalhavingtwointclfbrenceloopswasused.'3)
Oneinterferenceloop(Loop-A)bemeenthesecondandthe

fburthplatcofthe interferometer isusedlocausetlle

evolutionofthegeometricphase.Theotherloop(Loop-B),
whichhasanadditionalphaseshifier, isuscdtoobservetlle

shifisofoscillationsduetothegeometricphase. This
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intelferometerwasadjustedtogive(220)renections. The

220-planeswereperpendiculartotheplates1 surfaCes.The

wavelengthwas l.95AThebeamcross-sectionwas
reducedto2mm(horizontal)andlOmm(vertical)byaCd

diaphragminfrontoftheinterferometer. Asshownin

Fig.2,a3He-detectorwassetatoneofthebeams,thisbeing
inthetransmittteddirectionafierhavingbeenrecombined
fromthreebeams.

Inthe interferenceLoop-A, anabsorberandaphase
shiiter-whichhaddiHbrent thicknesses fbr the two

beams-wereinserted.TheabsorberreducedtheintensitV
″

ofoneOfthebeams, therebychangingthegeometIyofthe

evolutionofthestate.Therelativephasebetweenthetwo

beamswaschangedbythephaseshiftertopromotethe

evolutionofthestateonalatimdinalcircleonthesphere.

Atfirst,noabsorberwasinsertedinordertoexaminethe

casewhentheintensiUesoftwobeamswerethesame.

LaterweinsertedtwodiHerentkindsofabsorbersinoneof

thebeampathsbetweenthethirdandthefburthplateofthe
interferometer.

Aphaseshifier, calledthephaseshifier-I (PS-I),was

insertedbetweenthesecondandthe thirdplateofthe

inteIferometer. Threekindsofparallel-sidedAlplates

wereused,UlesehavingdiHerentthicknessesaccordingto
thetransmissionprobabilityoftheabsorbers, sothatthe

dynamcalphaseshifisdunngtheevolutionwerezero.The

firstoftheseplateswas5nuninthicknessfbrbothsplit
beamsandwasusedfbrthecasewithouttheabsorber.The

secondwas lOmmthickfbrthebeamwhiChhadbeen

reducedinintensitvbvtheabsorberand5mmthickfbrthe
‐‐

otherbeam, andwasusedfbr thecase inwhichthe

transmssionprobabilityoftheabsorberwas0.49. The

tmrdwaslOmmthickfbrtheintensity-reducedbeamand
2mmthickfbrtheother,andwasusedfbrthecaseinwhich

theabsorberhada transmissionprobabilityof0.21.
RotationoftlleseAl plates around thevertical axis

producedaphaseshifi4"= -A/ｽbc4Dioneachbeam,

whereNisthenumberofnucleipervolume、えis the

wavelengthofneutronS,6cismecoherentscatteringlength

ofAl,anddDj isthechangeinthicknesswhenAlplateis
rotated.

ThebeamintheinterferenceLoop-B,whichwassplitat

thefirstplateoftheinterferometerandrecombinedwith

thebeamsfromtheotherintererenceloop(Loop-A)atthe

fbunhplate, isusedasareferencefbrthephase. Inorderto
obtainanadjustablephasereference,aparallel-sidedAl

platewhichwasSmmthickwasinsertedinthereference

beampathbetweenthefirstandthesecondplateofthe
intelferometer.Wecallthisplatethephaseghifter-11(PS-
II). RotationofthisAlplatearoundthehorizontalaxis

changedtheeHectivethicknessofthisplateinthebeam
andthusintroducedthephaseshih.

Befbremeasuring tlle shifis of the intelference

oscillationswiththephaseshifier-II, itwasnecessalyto
showwiththephaseshiffer-Ihowtheinterferenceloop-A
wouldbehavewithvariouspairsofphaseshihersand
absorbers. IntelferenceoscillationswiththreediHerent

pairsofphaseshifiers-Iandabsorbersweremeasuredby
rotatingthephaseshifier-I.

Thegeometricphase shifis、whiChwe intended tO
measure,wereinducedontherecombinedbeamfromthe
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Fig.3TypicalshiftsofinterfErenceoscillationsmeasuredwith
thePhaseShifter-IIatthethreepeakpositions.
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Fig.4Experimentalresultsofgeometricphaseshiftasa
filnctionofsolidangleinthesplit-beamexperiment.The

期駕琴Pnd,…h…'…｡…
interference loop-Awith山ephase shifter-I and the
absorber. Thesegeometricphaseshifisweremeasured
withthephaseshifter-IIinthereferencebeam.Here･smce

wepayparticularattentiontothephaseshiftbythecyclic
evolutionofthesystem, interferenceoscillationscausedby
thePS-IIwerecollectedbyfixingthePS-Iatthethreepeak
positionsoftheintenSibﾉmodulations. Thecollecteddata

were fitted to sinusoidal curvesby the least-squares
method. Typical intensityoscillationsobtainedbythePS-
II, alongwithfittingcurIﾉesand their shifis inpeak
position,are showninFig.3. Onecansee that the

oscillationsgetshifteddependingonthepeakpositionsby
thePS-I.

We collected the data by repeating Ule same
measurementsfbrthethreecombinationsofthePS-Iand

theabsorber. Theobtainedintensitymodulationswere
fittedtosinusoidalcurvesandtheshiftsoftheoscillations

wereanalyzedquantitativel)'.Withtheseprocedures,we
obtainedtheshifisof3.144(38),2207(54),and1.222(60)
radiansfbrthecasesofthelOmmthickPS-Iwithoutan

absorber, the lOmm/3mmthickPS-Iwiththeabsorber

(7=0.49),andthelOmm/2mmthickPS-Iwiththeabsorber

(7=0.21),respectively.

Inthetheoreticalpredictions, theobtainedphaseshiftis
associatedwiththesolidanglesubtendedbytheclosed
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curveofthecyclicevolutiononthesphere､whenthisphase

shifihasatruegeometricproperty.Thesolidangles,Q,fbr

threecombinationsofphaseshifiers-Iandabsorbersare

givenbyEq.(5). Figure4 shows theextent ofthe

quantitativeagreement between themeasuredvalues

(squares)anddleexpectedvaluesofthegeometricphase

shift(solidline)fbro=1/2inEq(6)Aslightdevialion
fiFomthetheorymaVbeduetothefactthatthedvnamical

シ

phasefactorwasnotexactlyzerounderourexperimental
conditions.
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4．ConcludingRemarks

Wehavedenvedthegeometricphasefbrthesplit-beam

experiment, wmch is independent of the spin or

polarizationofthebeam.AllresulISobtainedthusfarare

incompleteagreementwiththetheoreticalpredictions. It

is clear that thegeomemcphase fbr the split-beam

experimentisproportionaltothesolidanglesubtendedby
thecuweattheoriginandthat itscoe価cientisonehalf
Thisisduetothefactthatthecvcleofthetransfbnnationin

ヴ

the split-beamexperiment is a sequence ofSU(2)
transfbnnations,'6)i.e., rotations,whichiscloselyrelated
withthespinonchalfsystem.'7)Sincethegeomemcphase
inthesplit-beamexperimentisindependentofthespinof
thebeam,thesameresultscouldbeobtainedwithanykind
ofpamclebeam,suchasphotons,x-rays,atoms,etc.

Inanexampleofthespinorrotationinahomogeneous

magneticfield,5)theHamltomanintherestframeprovides
aposidveenergyfbraspin-downState,whichinducesa

negativephaseshift. Thisphaseshifi,however･canbe

regardedaspositiveduetothe27[-periodicityofthephase.
Inotherwords,whilethepositiveenergydue to the
Hamiltoniancauses anegativephase shifi innaive

considerations, itCanbeconsideredtocauseapositive

phaseshiftaswell. Thus, apositiveandanegative
energies,aswellasphaseshifis,beingintuitivelyregarded

tocanceleachother,canbnngfbrthanadditionalphase

factol; namelyi the geometric pllase factor, in the

recombinedbeam.The2兀-periodicityofthephaserenects
thegeometlTcphasefactor.

This isthefirstapplicationofthefbur-plateneutron

interferometeribrafimdamentalmeasurement.Thist)pe
ofinteIferometercanbeusedbomibrphotonsandneutrons

and iswell suited fbr other fimdamental physics
applications.
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