
Proc. Int・SymposiumonNeutronOpticsandRelatedResearchFacilities,Kumatori,1996

J.Phys・Soc. Jpn.65(1996)Suppl.App・ ’-6

FundamentalsofNeutronOptics

VarleyESears

Aro""cE"eﾉ幻'Q/Cα"αm7L"""e乱chα/〃R/vej･Z,(76oﾉwo'･I“
C/m/"R/ve/;O"m"o,Ca"αdtrK〃〃0

(ReceivedlFebruaryl996;acceptedl9Marchl996)

Itisusuallyassumedthatneutron-opticalphenomenaareadequatelydescribedbyaone-bodySchr6dingerequation
containingacomplexopticalpotentialthatisgivenbytheaveragevalueoftheFennipseudopotential.Themainproblem
withthiselementalyapproachiSthatitonlymcludestheattenuationoftheneutronwavefunctionbyabsolption,and
neglectstheofienmorempoltantconmbutionfomdiffilsescattering.Weshowhowthisproblemisresolvedwithinthe

rigoroustheoryofdispersionbytakinglocal-fIeldeffectsproperlymtoaccount.Wealsomdicatethemportanceof
colTectionsfbrlocal-fIeldeffbctsandelectromagneticmteractionsmtheaccuratedetemlinationofcoherentscattenng
lengthsbyneutron-opticalexpenments.
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§.1.Introduction
Thetheoryofthennalneutronscatteringincondensed

matterdisUnguishesfburkindsofscatteringprocesses:
･ coherentelastic,

･ coherentinelastic,

･ incoherentelastic,

o incoherentinelastic.

Thecoherentelasticscatteringrepresents the familiar

opticalphenomenaofreflection, refiaction, diHiaction,

andinteibrenCe・Theotherthreetypesofscatteringplaya
secondalyrole inneutronopticsandarereferredto

collectivelyasdiHilsescattering.

ThecharacteristicpropertyofcoherentelasUcscatteringis
thatitisnotaccompaniedbyanychangeinthemcroscopic

stateofthesystemand,hence,canbedescribedbyaone-

bodySchrOdingerequaUon,')

Thus, themacroscopic SchrOdinger equaUon (1.1)

describesneutron-optical phenomena in tennsof the
collisionoftheneutronwithapotentialbamer.

Fromatheoreticalpointofview､neutronopticsdivides
naturallyintotwoparts:

(1) thetheolyofdispersion,

(2) thetheoryofreflection,refraction､anddimaction.

Partlisconcernedwiththederivationofthemacroscopic

one-bodySchrOdingerequation(1.l)fromtheunderlying
microscopicmany-bodySchrOdingerequation, andwith

thecalculationOfthecomplexopticalpotential I/(r)fbrthe
particularmaterialofinterest.Part2isconcernedwiththe

solutionof(1.1)subjecttoboundalyconditionsappropriate
totheexperimentalaITangementofinterest.

Thepumoseofthispaperistopresentacriticalanalysisゴ

oftheelementarytheolyofdispersion,whichfbnns the
basisfbrmostworkonneutronoptics、andabriefnon-

technicaldiscussionoftherigoroustheolyofdispersion
thatmustbeusedinsituationswheretheelementarvtheorv

isinadequate. Thetheolyofrenection、 refraction、and
dimactionisdealtwithinReflandwillnotbediscussed

hlrtherhere.

§.2.ElementaryTheoryofDispersion母

§､2.ノ Op""/pore""αノ

Intheelementarytheolyofdispersionitisassumedthat

theopticalpotenUalisgivenbytheequilibriumvalueofthe
FemUpseudopotential:

（¥』竿'‘‘『馴） “”し(r)=

inwhich"1 is theneutronmassandIﾉ(r) theopUcal
potential thatrepresentstheeHectiveinteractionofthe

neutronwiththesystem.TheneutronwavefimcUon"r)

iscalledthecoherentwaveandprovidesafbnnallyexact

descriptionofmecoherentelasticscatteringand､hence,all

neutronoptical phenomena・ Theopticalpotential is

complex,anditsimaginarypartdesclibestheattenuaUon
ofthecoherentwave inthemediumbvbothdiHilse

scatteringandabsolption(e.9.radiativecapture).

ItisimportanttorecogmzethattheopticalpotentialI/(r),

andhence thecoherentwave呪r), are lnacroscopic
thennodynamcquantities. Thus､ thesequantitiesdepend
onlyonthevariables (temperature,pressure, etc.) that

define themacroscopic stateof the systemandare

independentoftheinstantaneouspositionsofUleatomsof

whichthesystemiscomposed. InoUlerwords, thesystem
behaveslikeacontinuousmacroscopicmediumasfaras

Ule coherent elastic scattering is concemed. Ina

homogeneoussystem(suchasagas, liquid,oramorphous

solid)Iﾉ(r)isconstant, independentofr､whileinacrystal

ﾘﾉ(r)isaperiodichlnctionofrwiththesameperiodicityas

thelattice.Outsidethesystem,ontheotherhand, Iﾉ(r)=0.

Here, I7 isthepositionoftheノ-thatom,6j isitsbound

coherentscatteringlength,andtllebrackets<…>denotea

thennodynamicaverage.Forahomogeneollssystem(such
asagas, liquid,oramorphoussolid), theopticalpotential
thenhasaconstantvaluegivenby

(2．2）

inwhichpisthenumberofatomsperullitvolumeandbis
theaverageboundcoherentscatteringlengthperatom.
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Ingeneral,thescatteringlengthiscomplex,

6＝6'一必"． （2．3）

Sincetheimaginalypartoftheopticalpotentialdescribes
theattenuationofthecoherentwaveinthemedium, it is

necessa'ythatb''≧0.Ontheotherhand,therealpartofthe
scatteringlengthmaybeeitherpositiveornegative. It is
ibundexpenmentallythatb'>0fbrmostnuclei,which
meansthattheopticalpotentialisusuallyrepulsive.

〃〃 (2．ユユ）

Usingtheelementaryexpression(2.7) fbrtheindexof
refraction,wefindthat

／

割。,=（ 6''， (2．12）

whereK'="'kistherealpartofthewavevectorinthe

medium. This result isclearly incorrectbecause the

right-handsideoftheequationismerelythe$1/vlaw' fbr
theabsomlioncross section,whileoi shouldinclude
contribuUonsfiombo山absorpdonanddiHilsescattedng.

Thus,heelementarytheoryofdispersionviolatesthe

optical theoreminthesense that itonly includes the
altenuationofthe coherentwave in themediumby

absorption and neglects the ofienmore important
contributionfromdiHilsescattering. Inaddition,sincethe

elementaly theolygives thewrong answer fbr the

imaginalypartoftheindexofrefraction, itpresumablyalso
givesthewonganswerfbrtherealpart.ThesedefbcIsare
overcomeinmerigoroustheolyofdispersionwhichis
discussedinthenextsection.

§.3.RigorousTheoryofDispersion

§､3.ノ EwQ/de9"α"o"s

The rigorous theolyof dispersion'－4) begins by
consideringthemediumfromamicroscopicpointofview
asasvstemofatomsinvacuo.Whenaneutronwitllwave

プ

vectorkisincidentonthesvstem､eachatombecomesthe
〃

sourceofasphericalscatteredwave.Hence,thetotalwave

fimctionatanypointinsideoroutsidethesystemisthesum

oftheincidentplanewaveplusthescatteredwavesfromall

theatoms.TheesSentialpointtonoteiSthatthe!localfield'

thatgenerates thescatteredwavefromanyoneatom
includes,notonlytheincidentwave,butalsothescattered

wavesfromalltheotheratoms.Thisrepresentsaproblem

inthemultiplescatteringofwaves,andisdescribedbyaset

ofcoupledequations that areanalogous to theEwald

equationsinordinalyoptics.

§､2.2 肋火xQ/'噂"αc"o〃
Theindexofrefifactionisdefinedas

"=K/k, （2．4）

wherekis thewavevector inthemediumand"the

correspondingwavevectorinvacuo. Energyconservation

thengiveS

E=iml+y="li （2．5）フ

2" 2加

sothat
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″ (2．6）

Usingtheexpression(2.2)fbrtheopUcalpotenUal,wethen
obtainthefamliarresult

",=!-閤成 (2．7）

Althoughtheabovederivationmayseemplausibleto
thosealreadyfamiliarwiththeFermipseudopotential in
thecontextofBomapproximaUontreatmentsofthennal
neutronscatteringincondensedmatter, itsvalidiWinthe

presentcontext isbynomeansobvious. Infact, the
expression(2.7) fbr theindexofrefractionhas some
seriousdefects,whichwillbecomeclearinthenextsection.

§､2.3 の"cα〃方eo'で耐

Supposeabeamofneutronswithwavevectorkisincident
onaslabofmaterialofthicknessd. Itthenfbllowsquite

simplyfromthesolutionoftheSchrOdingerequation(l.1)
thatthefractionofincidentneutronsthataretransmittedbv

theslabisgivenbytheexpression

T=exp(一"), （2．8）

inwhichtheattenuationcoeHicientisofthefbnn

"=2ル〃"7 （2．9）

wllere〃〃istheimaginalypartoftheindexofrefracIion("

＝〃'十j"")．Ontheotherlland,wealsoknowthat

f32 Er""c"o"rlleoだ"’

Thecentralproblemintherigoroustheolyofdispersion

istoprovetheextinctiontheoremwhichassertsthatQn
averagethescatteredwaves insidethemediumintelfere
witheachotherinsuchawayastoextinguishtheincident

waveandreplaceitwithanewwavethatpropagateswitha
di丘erentwavevectorKThisnewwaveisthecoherent

wavethatweintroducedearlier,andthefluctuationsoftlle

totalwavefilnctionaboutthisaveragerepresentthedinse

scatterlng.

The extinction theorem is provedby finding an

appropriateselfEconsislentsolutionoftheEwaldequations,

andlheconditionibrselfconsistencyisthattheindexof

refractionisgivenbytheexpression

(2．10）"=po!,

whereoi is,bydefinition, thetotalcollisioncrosssection

peratom.AcomparisonoftheabovetwoexpressionsfbrﾒZ
thengivestheopticaltheorem 閤成"2=1+ (3．1）
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whereFisthescatteringamplitudeperatominthefbrward
direction.

Thequantib/Fismosteasilycalculatedbytreatingthe
systemasastaticconfigurationofatomsandthentaking
theappropriate thermodynamicaverageoverall such
configurations.Withinthisstaticapproximationonethen
findsthatfbramonatomics)'stem,

ノー－6＋ﾉﾙ62+O(Ar2) (3.7)

TheftennincludestheeHEctive-rangecorrectionfi･om
thes-wavephaseshiftplusananisotropiccontribution

fromthep-wavephaseshift.With6=6'一/6''and

l=／'十y",wetl'enge(‐，wethenge（

／'＝－6'十ﾙ(26'6'')+O("2),
（3．8）

／''＝6''＋ル(6'2-6''2)+O("2)
／

F= （3．2）
’一J，

wherejisthefbrwardscatteringamplitudefbra

isolatedatomandJisthelocal-fieldcorrection,

Accordingtotheopticaltheorem(3.5),thetotalcollision

crosssecUonofanisolatedatomisgivenby
single

（判/"=(割Of=="lexp("r)G(r)Ig(r)-1]di･+O(/3)ﾉｰ〃exp(泌r)G(r){g(r)－1]”+O(/3）
（3．3）

Here,g(r) isthepaircorrelationfimctionandG(r) the

retardedGreenfimction,

jkr

G(r)=且一 （3．4）
7

6''+4"(6'2-6''2)+O(k)

イコ ql
1菅■一ノ

Wealsoknowfromquanmmmechanicsthatthescattering
crosssectionisofthefbnn

[1-2k6''+O(A2)}(3'0)o‘＝4万|/|ユー4"'61ユ

Hence, theabsorptioncrosssectionisgivenbyTheintegral(3.3)fbrthelocal-fieldcorrectionexpreSses

theinterferencebetweentheincidentplanewaveexp(ik.r)

andthesphericalscatteredwaveG(r),andthisinterference

eHectvanishesonlyinasystemsuchasanidealgaswhere

thepositionsoftheatomsarestatisticallyindependentand

g(r)=1.

(¥j6"{'-2ﾙ6''+o("2)1oα＝ぴr－ぴS==

（3．11）

Notethat,atleasttoorderf, theabsorptioncrosssection
dependsonlyon6''､andob=0if6"=0.

1ngeneral,6'-うmand"-4A-! fbrthennalneutrons.
SinCe喝≦毎fbrmostnuclei, itfbllowsthat

§.3.3 0p"cα〃力eoだ'〃

Whentherigorousexpression(3.1) fbrtheindexof

refractionisusedintheopticaltheorem(2.ll)with

F､=F+/F',weget 6''／6'≦ル6'－2×10-4,
（3．12）

肋''≦(肋')2－4×10-8.

Thus, itisclearthatfbrmostpracticalpurposes,

''＝－6'、
（3．13）

'''＝6''＋肋'2

･=㈲ F'', (3．5）

whereK'="'AEisagaintherealpanofthewavevectorin

themedium・ Thisisnowthefamiliarfbmloftheoptical
theoreminquanmmmechanics.

and
§.3.4 Sbq"e("gα"Ip/""たve庵““α"e""gﾉe"g"’

Theneutronscatteringcommunityofienusesthetenns

iscatteringamplitude'and$scatteringlength'asiftheywere
synonymous. Infact, theyarediHerentquantitiesand, in

thepresentcontext,weshall seethat it isnecessalyto

diStinguiShvelycarefUllybetweenthem.

Ingeneral, thescatteringamplitude/isdefinedasthe

amplitudeofthescatteredwave(3.4)fromaSingleisolated
atom. Thescatteringlengthbisthendefinedintennsof

thelow-energylimitof/bytherelation

〃

３
７
ハ
〃

ベ
ノ
ー

”
判

４
ｒ
ｌ
、

α
里

(3．14）

ItisevidentthatfbrthermalneutronsthemaindiHerence

betweenthescatteringamplitudeandthescatteringlength
iSintheirimaginaryparts. Thequantity6"onlydescribes

theattenuationofthewavefUnctionbyabsorptionwhile/''
describestheattenuationbybothabsolptionandscattering.
Inthederivation')oftheFennipseudopotential(2.1)itis
assumedthat/=-6.Wenowseethatthisis,infact,an

excellentapproximationfbr/', tlleerrorbeingtypicallyof
theorderoflO-8,butitisaverybadapproximationfbr/"
becauseArb'2isusuallyat leastaslargeasb"andisofien
muchlarger.

lim/=-6
A－>0

(3．6）

Itisibundexpenmentallytllattherealpartof/､isnegative
fbrmostnuclei. Asaresult, itisconventional inneutron

physicstoincludelheminussignin(3.6)sothatb'willbe

predominand)'posilive.

Itcanbeshownfromthepartial-waveexpansionofthe

scattcringamplitudethatfbrsmallk,
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equation. Powderdimaction(i.e. Braggscattenngin

powder samples) andd)･namcal di缶action inperfect

clystalsbothdependontheabsolutevalueoftheunit-cell
structurefactor，

§.3.5 Loca/弓/7e/dcoﾉﾂｾc"o〃
WeSawinSec､ 3.2that,asaresultoflocal-fieldeHects,

thescatteringamplitudeFofanatominamaterialmedium
isdiHerentfromthescattelingamplitude/ofanisolated
atom. Itwillbeseenlaterthatthelocal-fieldcorrectionJ

≦10-4.Hence, itfbllows廿om(3.2)that, tolowestorder,

F'=-6'(1+J'), （3．15）

6e2;n(ﾉLr-AJ･-ﾉｰ）Fﾙ卿=Z (4．1）

Here, (力たりaretheMillerindicesoftheBraggplanesthat
areusedinthemeasurements. b istheboundcoherent

scattennglengthofanatomwhosepositionintheunitcell

is(x, .y,z),andthesumnmsoveralltheatomsintheunit
cell. It isevidentfrom(3.12)山atthemeasuredvalueof

|","lonlyallowsadeterminaUonof"

and

F''＝6''＋ル6'2－6'J''， (3．16）

inwhiCh

J=J'+"''=p6'lexp(雄,)G(r)[1-9(')1"
（3．17）

TheimaginarypartofJcanbeexpressedinthealtemative
fbrm4)

ノ"-¥li'-s('ﾙjQ, (3.18)
whereS(q)isthestaticstructurefactor,

S(W)='+plexp("r)[g(')-']dk (3J9'

Date Quantity･ Acc. (%)Method

mlTorrenection

transmssion

powderdiHraction

small-anglescattenng

gravityrefractometIy

dynamicaldimaction

Christiansenfilter

pnsmrefifacnon
interferometlV

1946

1947

1948

1931

1965

1968

1969

1971

1974

1

0．1

1

3

0.01

0.03

0.1

0．03

0.1

〃ノ

〃〃

|易剛｜
〃タ

刀

旧,"|
〃

〃’

〃F

Table1. Neutron-opticalmethods fbrtheexperimental
determinationofboundcoherentscatteringlengths.Column

2givesthedateswhenthesemethodswereintroduced,column

3theprimaryquantitiesthataredeterminedfromthe
measurements,andcolumn4theaccuracythatcanbe
obtainedunderfivorableconditions.

§､4.2 Z,ocaﾉ弓/ie/dcorrec"o"

Tblowestorder,thegeneralexpression(3.1) fbrthe
indexofrefmctionreducesto

Here,q=ko-kisthemomenmmtransfbrinunitsofﾉi in
acollisionwheretheincidentandscatteredwavevectors

arekoandk,andthescatteringiselastic(Lo="). The

integral(3.18)isthentakenoveraUdirectionsofk.
Usingtlleresults(3.16)and(3.18),wenowfindthat,to
lowestorder, theopticaltheorem(3.5)gives

q-(¥)F"-(¥)'"ゞ"2Is(4)dQ
(割p6'(1￥ﾊ半i(ga"2=1一 (4．2）

（3．20）

Here,thefirsttennonmeright-handsideistheabsorption

crosssecUon,andthesecondtennisthetotalcoherent

scatteringcrosssectioninthestaticapproximation.When

theeHectofspinandisotopediSorderistakenintoaccount,

thenght-handsideof(3.20)alsoincludestheincoherent

scatteringcrosssection.4) Thus、 therigorousexpression
(3.1) fbrtheindexofrefractiondescnbescorrectlythe
attenuationofthecoherentwaveinthemediumbvboth

‐

absorptionanddiHilsescattering.

§.4． ExI)erimental Determination of Neutron
ScatteringLengthS

§.4./ A企『方o飾可"'e“"だ"Ie"r

Oneofthemostimportantapplicationsofneutronoptics

is in theexperimental determinationof theneutron

scatteringlengthsoftheelementsandtheir isotopes.''5)
ThevariousmethodsthathavebeenusedarelistedinTHble

I.Mostofthesemethodsarebasedonthephenomenaof

renectionandrefractionatinterfacesand,hence,depend

mainlyontherealpartoftlleindexofrefraction"'andlead
toadeterminationoftherealpartofthescatteringlength

b'・ Transmissionmeasurementsdependonﾉ7",andhence

ono7,andallowonetodetermineboth6'andb''byfitting
thedatato (3.20),or toageneralizedversionofthis

InpractiCe､ theimagina巧' tennin(4.2) isusuallyvely

smallandcanbecalculatedusingvaluesofoiobtained
directlvfromtransmissionmeasurements. Thus､asstated

ヴ

in the previous section、 neutron reflectometry
measurementsarenonnallvusedtodetennineb'.

ThemaindiHerencebetween(4.2)andtheelementaly

expression (2.7) is the presence of the local-field

correction・Thecorrectiontennisgivenby(3.17),andath

=0itcanbeexpressedas

J'=6'/F6, （4．3）

whereroisoftheorderofthenearest-neighbordistance

whenthesampleisasolidorliquid､orthemeanfreepath

whenitisagas. Thevalueof､/' fbrsolidsandliquidsis

typicall)'betweenlO-4andlO-5・ It istherefbree,･ident
fromThblelthat, inpractice、 Khelocal-fieldcorrectionis

importantmainlyingravityrefmcIomet,ymeasurements.6)

§乳3 E/ec"ひ'"αg"e"CCC"ec"o〃

TheScatteringofthermal neutrons innon-magnetic

matenalsisduealmostentirel,･ tothestrong(i.e・nuclear)

interactionbetweentheneutronsandthenuclei,andthe

primaryroleofelectromagneticinteractionsisinmagnetic
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fbrwarddirecUon,where9=0.Thus,thescattennglength
in(4.2)is6'(0).Ontheotherhand,thescatteringlengthin
(3.20)is6'(9) andshouldtherefbrebeputinsidethe
integralwhenlheelectromagneticcorrectionisincluded.

Thescatteringlengthintheexpression(4.1)fbrtheunit-

cellstmcmrefactorisalsob'(9)where9nowequalsthe
magmtudeofthereciprocal latticevectorcorrespondingto
theBraggplanes(ﾙﾙ/).Thenetresultisthatthemethodsin

Thble l that dependon"' detenmne b'(0) directly.

However, themethodsthatdependon""or 1","|mustbe
correcledfbrelectromagneUc interactions inorder to
determne"'(0).

ThiscorrectionrequiresaknowledgeoftheatOmcfbrm

factor49).ThelntemationalThblesfbrCrystallography'o)
listaccuratevaluesofthisquantitythathavebeenobtained
fromrelativisticHartree-Fockcalculationsfbralltheatoms

andchemically important ions in theperiodic table.

Altemalively, sincethecolTectionissmall, it isofien

suHicienttousetheapproximateanalyticalexpression8,'')

1

'(

maにrials,wherethemagneticdipoleinteractionbetween

tlle neutrons and themagnetic electrons gives a

conmbuUontothescatteringamplitudeofanatomtllatis

nonnallycomparableinmagnitudetothatfromthenuclear

interaction. NeveITheless, even in a non-magnetic

material, there exist other kinds ofelectromagnetic

interactionsbetweentheneutronsandtheatomsthatgivea

smallbutnon-negligible9-dependentcontributiontothe

totalscatteringamplimde.7,8)
Although, Strictly speaking, the electromagnetic

interactionsgiveacorrectiontothescatteringamplitude/;

weshallfbllowconventionalpracticeandtrcat itasifit

wereacorrectiontothescatteringlength6. Thus, the

eHecUvescatteringlengthfbrthecollisionofaneutron
"thaboundatomofatomcnumberZisofthefbnn

6(9)=6(0)-6eZ[1-'(9)], 〈4．4）

whereb(0)andbeareconstants,and49)istheatomicfbnn

factor(i.e. theFouriertransfbrmoftlleelectronnumber

density)andisnonnalizedsuchthat40)=l.

Themaincontributionto6(0) is fromthenuclear
interacUonbetweentheneutronandthenucleusbutthereis

alsoasmallelectrostaticcontribution(≦0.5%)arising

fromtheneutronelecmcpolarizability. ThecoeHicientbe
ismainlvdue totheFoldv interaction､9)whiCh isa

ご "

relaUvisticquanmmeHect that gives rise toa scalar

couplingbetweentheneutronmagneticdipolemomentand

theeleCtricchalgedensib' intheatom・However, thereis

alsoasmalladditionalcontribution(-10%)to62 fromthe

intrinsicchargedismbutionoftheneutron.

Thequantityb@ isusuallycalledtheneutron-electron

scattennglengthbecauseitdescribesthescatteringofa

neutronbyasingleelectron.However, thistenninologyis

slightlymisleadingbecausebe isnotapropertyofthe

neutron-eleCtroninteractionperse.Rather, itiSentirelya

propertyoftheneutronandcharacterizes its interaction

withanyelecmcchargedistribution､andnotsimplythatof

theelectron・ ThuS､ thetenn-6cZin(4.4)representsthe

electromagnetic interactionof the neutronwith the

nucleus, while the tenn beZ49) represents the

correspondinginteracUonwiththeelectrons. Theatomic

fbnnfactorinthelattertenndescribesthescreeningofthe

nuclearchargebytheelectrons.At9=0､wherethefbnn

factorequalsumty, thescreeningiscompleteandthe

electromagneticcontributiontothescatteringlength(4.4)

vanishes・ Inmelimitq→",ontheotherhand, 49)→O

andtheneutronseesthefUllunscreenednuclearchargeso
that

9)＝ (4．6）p

１
Ｖl+3(9/90)2

with90=>Z'/3.Thevalue7'=l.90±007A~!providesa
goodfittotheHartree-FockresultsfbrZ≧20.

§.5.ConclusiOnS

Thekeytoresolvingtheproblemswiththeelementaly

theoryofdispersionthatwerediscussedinSec.21iesinthe

recognition, firstly, thatasaresultoflocal-fieldeHectsthe

scatteringamplimdeF､ofanatominamaterialmediumis

dimerentfromthescatteIingamplimde/ofanisolatedatom

and, secondly, that fbrafimtevalueof"thescattering
amplitude/diHersfromthescatteringlength6bymore
thantheconventionalminussign. Thesedimerencesare

ignoredintheelementalytheolyofdispersionwhereitis

tacitlyassumedthat戸＝′=-6. Thisisnormallyagood

approximationfbrF'becauseJ'≦10-4,but it isabad
approximationfbrF､"becauseall山reetennsin(3.16)are

usuallyofaboutthesameorderofmagnitude.

Atpresentitisonlyinworkofthehighestexperimental
precision,suchasinthemeasurementofneutronscattenng
lengths bygravity refractometly; that the local-field

correctionin (3.15) is larger than the experimental
uncertaintvinb'. Ithasbeenshown'2) thatthelocal-field

tenncould、 inprinciple,produceanon-vanishingFizeau
eHEct ibrneutrons. However、 theeHect iscurrentlvtoo

ご

small toobsel-ve.

When electromagnetic interactions are taken into

account,tlleeHectivescatteringlengthofanatombecomes

9-dependentandisgivenby(4.4). Theessentialpoint to

notehereisthatitisb(O)thatisnonnallylistedintablesof
neutrondata,5'13)butilisb(9)thatdeterminesthecoherent
scalleringof!hermalneutrons incondensedmatter. Tb

interprelthennal-neutronscatteringexperiments,where9
>0, anexplicilcorrectionfbrthesecondtermin(4.4)

shouldtherefbrebemade. Inthepast,experimentershave

tended to ignore thiscorrection, apractice thatwas

certainlyjustifiedintheearlydaysofnelltronscaltering
whentheexperimentaluncertaintyinb(0)wasmuchlarger

6(")=6(0)－6eZ. (4.5)

Theexperimentalvalueoftheneutron-electronscaltering
~

lcngth6'is-1.32×10-'finwhileb(0)-5fm.Thus,fbrall

butthelightestelements, thecorrectiontermin(4.5)isin

therangeO.5%to2%.WeseefromTnblelthatthisisoften

one to two orders ofmagnitude larger than the

experimentaluncertaintyinthescatteringlength. Inthis

sense,therefbre,theelectromagneticcorrectionin(4.4)isa

largeeHect.

Accordingtotheexactexpression(3.l),theindexof

refractionisdetenninedbytllescatteringamplitudeinthe
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thanthevalueof6eZ.However,fbrmostelementsthisisno

longertruetoday, andtlliscorrectionshouldbemade
routinely in all experiments where an accurate
detenninationofthescattered-neutronintensitvovera

widerangeof9valuesisimportant. Failuretomakelllis
correctionwillintroducesystematicerrorsofO.5%to2%in

thescatteringlengthsatlarge9,andcorrespondingerrors

of1%to4%inthescatteringcrosssections.
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