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We describea methodfor measuringhe forward-scatteringamplitudefor electroncollisionswith atomsor
molecules.Our schemeusesa gascell in one arm of an electroninterferometerand measureghe resulting
attenuationand phaseshift of the electronmatterwave. The complexindex of refractionof the gasis deter-
mined along with the forward-scatteringamplitude.Calculationsof the scatteringof electronsby atomsare
performedusinga self-energypotentialobtainedby treatingthe atomasaninhomogeneouslectrongas.The
resultsindicatethat the proposedexperimentsare feasible.[S1050-294{@9)50902-5
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I. INTRODUCTION

The quantum-mechanicaheory of scatteringof particles
predictsthe amplitude and phase,whereasmost scattering
experimentsyield only the modulusof the scatteredwave
function. One possibility of measuringhe phaseof the scat-
teredwaveis to useinterferometrictechniquesas hasbeen
successfullyappliedin neutron[1,2] andatom/moleculaop-
tics[3,4].

Information aboutthe scatteringlength for neutroncolli-
sionswith a mediumhasbeenobtainedfrom the analysisof
measurementef the complexindex of refraction[1] using
neutron interferometers Recently, atom interferometry[5]
hasbeensuccessfullyappliedto measuringthe index of re-
fractionfor atomicsodium(3,4] andmolecularsodiumdimer
[6,7] matter waves passingthrough a noble-gasmedium.
With the application of multiple-scatteringtheory [8—10]
theseexperimentgprovidethe capabilityfor directly measur-
ing the forward-scatteringamplitudeof an atomic collision.
In the presentwork, we extendtheseideasto the use of
electron interferometry for measurement®f the forward-
scatteringamplitudefor electroncollisions with atomsand
molecules.

Electroninterferometryandelectronholography[11,12,2
are well establishedtechniquesusedin fundamentalmea-
surementsas well as solid-statephysics experiments.The
first electron interferometerswere built using microfabri-
catedgratingsin 1953 for electrons[13] and a biprism for
electronsn 1955 14]. Thelatter provedto be very versatile,
and electroninterferenceexperimentsvere carriedout with
electronsgrangingin energyfrom a few tensof eV to 1 MeV
[11,12. In someof theseexperimentsthe two interfering
electronbeamswere separatedby over 300 wm anda physi-
cal barrier was insertedbetweenthe beams[15], achieving
parameterssimilar to or even more favorable than those
achievedn the original atomforward-scatteringxperiments
[3,4,7. Thereforeit should be possible to measurethe
forward-scatteringamplitudefor electroncollisionswith at-
omsandmoleculesusing electroninterferometers.

For the proposectlectroninterferometrymeasurementsf
theforward-scatteringgmplitudef(k,0), the electronwaveis
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split into two partsand allowed to propagatealong physi-
cally separatepathsbefore being recombinedfor the inter-
ferencemeasuremer(seeFig. 1). If the separatiorof thetwo
pathsof the electronis large a physical barrier can be in-
sertedandone pathcaninteractwith anatomicor molecular
gas, whereasthe other path propagatesn a vacuum.The
final interferencefringes then allow a measuremenbf the
phaseshift A¢ introducedby the electron-atomcollisions.
The phaseshiftis proportionatlto therealpartof the forward-
scatteringamplitude

27N

Ap= X

Ref(k,0), D

whereN is the numberdensityof the mediumandk is the
momentumof the electron.The attenuatiorof the amplitude
of the transmittedwave can also be measuredlt is propor-
tional to the imaginarypart of the forward-scatteringampli-
tude f(k,0) andis relatedto the total crosssectionthrough
the optical theorem

4
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FIG. 1. Schematicsnot to scale,of a biprism electroninterfer-
ometer[14,15 adaptedto measurethe forward-scatteringampli-
tude.Chargedwires actsasbiprisms.The negativelychargedwires
split/recombinethe beamandthe positively chargedwire redirects
the two beamsbacktogether.The refractiveindex of a gasis mea-
suredby insertinga gascell or a gasjet in onearm of theinterfer-
ometer.
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By analogyto light optics, the index of refraction of the
effectivemediumis givenin termsof the forward-scattering
amplitudeby

27N
nk)=1+ 7f(k,0). (3)

By measuringooth the phaseshift A andthe amplitude
of the interferencepatternone can obtain a direct measure-
ment of the forward-scatteringamplitudefor electronscol-
liding with atomsor molecules.As in the caseof atomin-
terferometry[3], the experimentwould be sensitiveto the
ratio of the real to imaginarypart of the forward-scattering
amplitude,

_ Ref(k,0)

~imf(k0)’ @

but not sensitiveto the numberdensityof the medium.

II. CALCULATIONS

In orderto assesshe feasibility of our proposedscheme,
we calculatedelectron-atomscatteringamplitudesby treat-
ing theatomasaninhomogeneouslectrongas[16]. Theuse
of electron-gasnodelsin the theoreticaldescriptionof low-
energy electron diffraction and extendedx-ray absorption
fine structurehas beenwell documented17-19]. For the
choiceof scatteringpotential,we follow the derivationgiven
by LeeandBeni[19]. Whenthe electrondensityof the atom
is slowly varying on the scaleof the local de Broglie wave-
lengthof the incidentelectron,the usualDysonequationfor
the electron propagatorreducesto a Schralinger equation
with a complexself-energy.The plasmonpole approxima-
tion [20] may be usedto replacethe elementaryexcitations
of the electrongasby a single pole. The self-energyactsas
an effective potentialthataccountdor the exchangeandcor-
relation effectscausedy the electronsin the atom,with the
imaginarypart correspondingo emissionand absorptionof
plasmons.Inelastic processedhat arise from the plasmon
pole approximationcorrespondphysically to excitationsof
atomic bound states,although a preciseconnectionis not
possiblewithin theinhomogeneouslectrongasmodelof the
atom. The accuracyof the approximationin describingthe
electron-atorrscatteringhat givesrise to extendedk-ray ab-
sorptionfine structure,however,is known to be quite good
[19,21,27 for electronenergiesabove50 eV, andwe expect
theapproximatiorto be atleastasaccuratdor estimatingthe
ratio R at theseenergies.The self-energypotentialis given
by [19,20

o dg 4w W127
E(P,W)—_f(zw)37 2w (g)[w1(q) +W]

f(p+q)  imw)
€(q,W) 2w1(q) 15, Q)} )

with

I(p.@)=f(p+q) s(W—w1(q))
+H[1-f(p+g)]oW+wy(q)), (6)
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wheref(g) is the Fermidistributionfunction andw,, is the
plasmafrequency.The quantity w,(g) mustreduceto the
plasmafrequencyfor smallg andto the free-particleenergy
1g? for largeq. The choiceof plasmondispersiorrelationis

given by [20]
4 2 4
4/a)® (a)7]
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whereky is the Fermi momentumand e is the Fermi en-
ergy. The radial dependenceof the self-energy potential
comesfrom the plasmafrequencyand Fermi momentum

Wp(r) = [47Tpe(r)]1/2,
ke(r)=[3m2pe(r)]™,

where po(r) is the electron-charge-densitjunction. The
Thomas-Fermtdescriptionof the atomis usedto obtainthe
local energy

9)

2 2, 2
wi(g) =Wyt €g

(10

(11)

w(r)=3p?(r)=3k>+ eg(r), (12)
wherek is the free-electrormomentum.The full scattering
potentialis determinedoy addingthe self-energyto the elec-

trostatic potential

Vo(F):_

pe(’ )| (13)

— + — —
F |F—F'
whereZ is the nuclearchargeof the atomand p(F) is the

electron-charge-densifynction. The densityfunctionis ob-
tained by solving the relativistic Kohn-Shamequation[23]
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FIG. 2. Real,imaginary,andtheratio of realto imaginaryparts
of the forward-elastic-scatteringmplitude as a function of k for
electroncollisionswith neon.The scatteringamplitudesaregivenin
atomic units.
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FIG. 3. Real,imaginary,andtheratio of realto imaginaryparts
of the forward-elastic-scatteringmplitude as a function of k for
electroncollisions with argon.The scatteringamplitudesare given
in atomicunits.

using the local-density approximation. The Schralinger
equationfor the central potential V(F) = Vo(r) + 2 (p,w) is
solvednumericallyto obtainthe scatteringamplitude

1 oc
f(k,0)= ﬂrzﬁo (21+ 1)[exp(2i §,) — 1]P,(cosh),
(14

where §, is the Ith-orderphaseshift.

[1l. DISCUSSION

Figure 2 showsthe realandimaginaryparts,andtheratio
of therealto imaginarypart of the forward-elastic-scattering
amplitude as a function of k for electron collisions with
neon. The real part is slowly varying for k>2a.u. The
imaginarypart decreasesapidly with k and crosseghereal
partat aboutk=11a.u. The ratio appeardo belinearwith a
slopeof about0.08. Figure 3 showsthe sameplots for elec-
tron collisionswith argon.The ratio againincreasedinearly
with k with a slopeof about0.09. Figure 4 showsthe ratio
for severalotheratoms.The linearity of the ratio of thereal
to theimaginarypartof the forward-scatteringmplitudeis a
generalfeaturethatemergedrom our calculationdfor all the
atoms.The valuesof the ratiosof the realto imaginaryparts
of the scatteringamplitudearenot smallandtendto increase
with the overall size of the atom.

In generalexperimentswill be easiesif the ratioR is of
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FIG. 4. RatioR for severalatomicgases.

orderunity. Thenboththe attenuatiorandthe phaseshift can
be measuredn the sameexperimentlf R<1 the phase-shift
measuremenis more difficult becauseof the large attenua-
tion of thetransmittedelectronbeam.Neverthelesssincethe
interferenceexperimentsare sensitiveto the amplitude of the
transmittedwave, successfulexperimentscan still be done
for high attenuation,as shownin the atom interferometer
experimentg 3] in which the transmissionwas as low as
10 4, correspondindo a transmittedamplitudeof 10~ 2. For
R>1 the phaseshifts are easyto measureput the attenua-
tion is more difficult, especiallysincea reductionof the in-
terferencecontrastcan also stem from the final coherence
length of the electronbeam.As can be seenin Fig. 4, the
calculationspresentedhere point in mostof the casego the
favorablerangeof R~ 1. Significantattenuatiorwould only
occurat low energiesvherethe crosssectionsarelarge, but
as the energyof the electronincreaseghe attenuationbe-
comesless severe.Our calculationsshow that for energies
between50 eV and5 keV, theratio of the realto the imagi-
nary part of the forward-scatteringamplitude generallyin-
creaseswith energy,indicating that electroninterferometry
experimentsshould be feasiblewith high-energyelectrons.
Similarly it shouldbe possibleto obtain information about
the forward-scatteringmplitudesfor atomsin bulk material
from experimentdy insertinga very thin foil in onearm of
the interferometer.
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