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DEEP INELASTIC SCATTERING FROM QUANTUM FLUIDS
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A simpleandgeneralargumentis givenfor thedeepinelasticbehaviorof the dynamicstructurefunctionof quan-
tum fluids at zero temperature.Theresultinghigh-energytail is shownto givea reasonablefit to existingneutrondata
for liquid

4He.

Inelasticneutronscattering[e.g.1] from quantum mentaryexcitationsare notimportant,theback-
fluids at low energytransfershasbeenusedextensive- groundof S(k,w), which arisesfrom realmultiexcita-
ly as a directmeasureof theelementary(density)ex- tions, is givenby scatteringfunction
citationscharacteristicof the quantumfluid. At higher
energytransfer,morecomplicatedfeaturesassociated X(k, w) = ~ii~I(4)~

0I
26(w— O)~~), (2)

with multiexcitationsappearandthe simplepicture ~1

of elementaryexcitationsbreaksdown.At evenhigher wherethesum is over theset of multiexcitationsn).
energytransfer,it might be expectedthat the response Thebackgroundregioncanbe divided into the quasi-
of the quantumfluid would becomeindependentof free regionw k2/2m andthe deepinelastic region
its elementaryexcitations,long-rangeorder,particle w ~‘ k2/2m.The deepinelasticregion is of interest
statistics,etc.,andwould beunderstandablein terms here.
of a universalpicture.Thepurposeof this note is to Thematrix elements(4)nO satisfythe equations
proposesucha simpleandgeneralpictureof scatter- ( t) = k(Jt) (3)
mg at highenergytransferfrom quantumfluids at nO ~k nO k nO’

zerotemperature. .+
w (j’) =[Hj 1 (4)

The linearresponseof a quantumfluid to a densi- nO k nO k nO

ty probelike neutronscatteringis givenby thedynam- where(3) is thecontinuity equation,(4) is theequa-
ic structurefunctionS(k,w) definedas tion of motion for the longitudinalcurrent4, andH

is themany-particlehamiltonianfor thequantum
S(k, w) = ~ I(p~)~I2~(w— w~). (1) fluid. In the longwavelengthlimit k-÷0,[H,4] van-

ishesasa consequenceof translationalinvariance.The
The summationis over a completesetof normalized leadingk dependenceof [H,41 canthenbe obtained
energyeigenstatesIv) with totalmomentumk (11 = 1); by a straightforwardpowerseriesexpansion:

Ii’) is coupledto thegroundstateIO>by densityfluc- ~H,~ = m1~k + 0(k2), (5)
tuations withmatrix elements and WvO = k

w
0 is theexcitationenergy.Since theelemen- wherem is theparticlemass,and thek-independent

taryexcitationsIi> exhaustthef sumrule in the long operator4) is exhibitedbelow. It follows from (2)—(5)
wavelengthlimit, it is useful [2] to divide Iv> into that the leadingk dependenceof X(k, w) is givenby
elementaryexcitationsIl) andthe remainingmulti- k

4 -

excitationsIn). In theregion ink, w spacewhereele- X(k,~ = 2 4 ~ 1(4))noI2~~’— WnO)~ (6)
m w ‘~
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wherea termin 4) that vanishesupon actingon 10)

s 0.8relativeto thefth, r1~~~ Uis theinterparticlep0-
12Ktential,andLt(x) dU(x)/dx. >.. 300

hasbeenomitted,r~is the positionof theith particle 400
Eqs.(6) and(7) are valid for smallmomentum 200

transfer.To reduce(6) further,it is necessaryto in-
z

troducea specific form for WflO. At highenergytrans- —

fer, themultiexcitationenergyis like thatof free par -___________

ticles, e.g.,w20 = ~k—q+ where q~/2mandq 0 ~—~—~- I

0 10 20 30 40 50 60 70is the intermediatemomentum.The contributionto
NEUTRON ENERGY LOSS (K)

X(k,w) from pair excitations2) canthenbewritten
(V is thevolume) Fig. 1. Thehigh energytail in theintensityfunction of inelas-

tic neutronscatteringfrom liquid
4He ata fixed momentum

X
2(k, i.,) 2 vf 14)2012~(W_2Eq)~ (8) transferk andtemperatureT. Thedotsrepresenttheneutrondatafrom ref. [4], theverticalarrowdenotestheelementarym w’

1 (2ir)3 excitationpeak,andthesolid curveis thetwo-parameterfit
whichis valid in thedeepinelasticregion.To obtain (11)
theexplicit form of ~2O andhenceX

2(k,w), we ap-
proximatethe groundstate10) by Iö~),the vacuum
stateof a model systemof non-interactingexcitations, not valid and that a straightforwardsubstitutionof a
and approximate12>by k—q,q)‘—‘ P~_qP~IO)~Re- hardcore potentialinto (10) is misleading.Thesedif.
tamingonly the termswith the samelargeinterme- ficulties canbecircumventedin the limit of smallmo-
diate momentumq, we find mentumtransferby theuseof aneffectivepotential

2 3/2 U~ff ~(r), wherethe proportionalityconstantis un-
X2(k,~) = A ~ (i... ~2(\/~~) (9) earin thescatteringlength.It thenfollows from(9)

320~2~2 \mw) and (10) thatX2(k,w) k
4w712.The behavior

howeveris not expectedto persistat highenergies
~p(q) fd3r(4.P)2eW.PIrU’(r)I, (10) when thehardcore beginsto soften.Calculationof

X
3(k, w) showsthat thehigh-w dependenceof X3 is

whereA is a dimensionlessfactor introducedto take slower thanthat for X2. We thereforeassumethat for
into accountthe termsomittedin theapproximation a finite intervalin w, X,~>2=X — X2 is moreor less
leadingto (9). Sinceq in p(q) is takento be largein w-independentandforms a backgroundforX2(k, w).
(9), the interparticlepotentialat smallr is important In fig. 1 the intensityfunction1(w) of neutronscat-
in (10)and ther-integralcanbeeffectively cut-off at tering [5] from liquid

4Heat fixed momentumtrans-
larger. If the potentialis short-rangedat smallr, e.g., fer is plottedversusw. Thesolid curveis our two-
U(r) 6(r), then~(q) constantandX

2(k, w) parameterfit basedon (9), the effectivepotential
j4 ~~—7/2.If thepotentialis long-rangedat small r, Ueff 6(r), andthe assumptionthat Xn >2 formsa
e.g.,U(r) r~, thenIp(q) q

2 andX
2(k,w) ~‘- constantbackground:

as w -~o°.Both of theseresultsagreewith
1(w) = 1.4 X l0~w_

712 + 25, (11)previouswork [3, 4]. The presentargumenthowever
is moregeneralin that it is explicitly independentof wherew is measuredin K. Thefit is seento be fairly
theparticularelementaryexcitations,long-rangeor- good in therange25 K < w <70 K, which is encour-
der, andparticlestatistics. aging.

We shall now apply(9) and(10) to liquid 4He. The Withoutexplicit referenceto theparticularelemen-
dominantinteractionbetween4He atomsis thehard tary excitations,long-rangeorder,andparticlestatis-
core,which producesa groundstate 0> with, roughly ticsof a quantumfluid, we havearguedthat deepin-
speaking,excludedvolumes.On the otherhand,the elasticscatteringfrom a chargedquantumfluid dis-
model vacuumIa’> is onewithuniform density.It is play a high-w tail w~112whereasdeepinelastic
clearin this casethat the approximationlO) IO) is scatteringfrom a neutralquantumfluid, e.g.,liquid
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4He,displaysa tail w712over a finite high-w range. References

Hencethe relevantdistinction* is betweencharged
and neutralquantumfluids, and within eachclassthe Ii] A.D.B. Woodsand R.A. Cowley,Rep.Prog. Phys.36

deepinelasticscatteringis expectedto be universal, (1973) 1135.

barringcomplicationsfrom multiexcitationshigher [2] V.K. Wong,J. Low Temp.Phys.18 (1975)65.
[3] V.K. WongandH. Gould, Ann. Phys.(NY) 83 (1974)

thanpair excitations. 252;

DL. BartleyandV.K. Wong,Phys.Rev. B 12 (1975)
* The relevantdistinction in backflow is alsobetweenneutral 3775.

and chargedquantumfluids, asshownin ref. 12]. [4] I. Family,Phys.Rev.Lctt. 34 (1975) 1374.
[5] A.D.B.Woods,E.C. Svenssonand P. Martcl, Inelastic

neutronscattering(Inter. Atomic EnergyAgency,Vien-
na, 1973) p. 359.

456


