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Abstract. Precision measurements of the energy of keV electronssedttelas-
tically’ over large angles from solid films or gas-phase males show that these
electrons have lost some energy. In particular scattermg &1 system that con-
tains hydrogen and carbon reveals two well-separatedefzestks. The amount
of energy lost in the deflection of the electron depends nigt@mthe mass of the
nucleus the electron scattered from, but also on the momrenfuhis nucleus.
We make an estimate of the cross section for these elasti®sSiog processes.
These cross sections do not reproduce the observed imndsngty well, in par-
ticular the observed hydrogen intensity is for the solid férperiment smaller
than expected. With increasing energy loss the time-sddteeaollision process
decreases. The decrease of the hydrogen cross sectiorsislpalsie to quantum
correlation effects of the proton at the short timescaldefdollision.

1. Introduction

It is well known that the region probed in a scattering experit depends on the momentum
transferq. The intensities originating from sources separated by- 1/g add incoherently.

If r < 1/qone has to add the intensity coherently, leading to phenarsaoh as diffraction.
At very large momentum transfer there is no structure lefthe target, at a scale of/q
and we have binary collisions from either a nucleus or anteledn the system. Thus in
an electron scattering experiment at very large momentanster, one scatters from either a
single electron or a single nucleus (i.e. a binary collisidhone scatters from an electron a
significant fraction of the kinetic energy is transferred @imese scattering events are studied
in, e.g.,(e,2e) experiments. Here we restrict ourselves to electronseseatfrom nuclei.
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If one assumes that the target (mas$ is initially at rest (momentunp;, = 0), then a
momentum transfer of an amouqtimplies that after the collisiom, = g and hence it has
an energyg?/2m. This energy transfer should be reflected in a decrease imewé the
elastically scattered electron. The question is, whichsngshould we consider: the mass
of the whole solid or molecule or that of an individual nude&xperimentally it was shown
by Boerschet al [1] as early as 1967 that at large momentum transfer the gresg of the
scattered electron is consistent with scattering from dividual nucleus.

If the target nucleus (mass m) has initially a momentpynthen the energy transfes
to the target is

oo (Pt P3G Pod 1)
2m 2m  2m m

Thus if the mass of the scatterer is known the measuremeasivVessa component of the mo-

mentum of the nucleus in a similar way as Compton scatterir@nof-ray from an electron

resolves a component of the electron momentum.

In spite of the work of Boerscht al it was generally believed that the energy transfer
of an electron scattered from a nucleus was too small to besune@. It was realised that
the momentum distribution of nuclei in materials (in pastar the zero-point motion of the
nucleus in its ground state) was determined by the strenigtheobond, and hence was of
fundamental interest. A technique was developed usingoesito measure these momentum
distributions, usually referred to as Neutron Compton &ciaiy (NCS) [2]. The theory behind
these neutron scattering experiments is well establishegl ().

In the next section we present electron scattering datadtr thin films and gas phase
targets. The signal of electrons scattered from carbon gdobben atoms is well separated,
and the effect of target motion is resolved. There appeae forbblems reconciling the mea-
sured hydrogen intensity with the theoretically expected for the thin film targets. We will
explain that in the high-energy limit the electron scaftgrexperiments are described by the
same theory as the NCS experiments and compare our data withekjgg®iments. Target
properties obtained by neutron are in good agreement witketobtained from electron scat-
tering experiments. For both probes a smaller hydrogerakipan expected was found. We
will stress that these experiments probe the target on ashest time scale. It is argued that
the shortfall in proton-derived intensity could be due t@woum correlations in the proton
wave function at these short time scales.

2. Experimental Results

The electron scattering results for the polyethylene (RE) Were obtained using the ANU
electron momentum spectrometer [5]. Thin, free-standgagmples £ 10 nm thick) were
obtained using a method derived from the procedure destblgeCranfill [6] and the one
described by Godovsky and Magonov [7]. The polyethylene aissolved in xylene at 100
°C (0.1% by weight). A microscope slide was partly submergpethis solution, and after it
was thermally equilibrated, it was slowly (0.5 - 1 cm per nt@)pulled out of the hot solution,
leaving the slide coated with a thin PE film. After cooling doand drying the microscope
slide was slowly submerged in distilled water with a 10-2digle between the microscope
slide and water surface. The PE film separates from the ntiopesslide and floats on the
water surface. This film was then transferred to the samgiehacovering many holes.
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Figure 1. Energy loss spectra of polyethylene. Spectra are obtained for incoteictnom energies as
indicated. Besides the major elastic peak (attributed to electrons scattareddribon) there is a sec-
ond, small peak (shown astaon the 50 times expanded scale) at larger energy loss values(attributed
to electrons scattered from hydrogen). The separation of this pedikedmthe main peak is propor-
tional to the incoming energy. The background is shown as a dashed ki, &ls a full line and the
background subtracted hydrogen peak as open squares.

The energy loss spectra, obtained for a scattering anglé&oadd electron energies
between 15 and 30 keV, are shown in Fig. 1. As the precise zen@g-loss position of the
spectrometer is difficult to determine we aligned the ensgle in such a way that the main
peak position corresponds to the energy loss expecteddtiesiag from a single carbon atom.
The spectra all show a smaller peak at larger loss valuesisypesed on a background. The
background is due to electrons that have scattered eldstican a carbon atorrand have
created an electronic excitation in the film. The shape obtekground should resemble the
energy loss spectra as measured in the forward directiopaticular this shape should not
change with the energy of the probing electron. As the smpéek is at an energy loss value
proportional to the incoming energy, it can not be due to astal deflection plus electronic
excitation. Indeed its position is what one would expectdoasi-elastic scattering from a

target| © Eo la | Ay | AEcqc | Tops | Teac | Tuile | latle
deg.| (keV) | (a.u.)| (eV) | (eV) | (eV) | (eV) | obs. | calc.
PE | 45 30 | 359 | 86 | 875 | 3.1 | 3.2 |1.249| 1:18
PE | 45 25 | 329 | 7.1 735 | 3.1 | 29 | 1.244]| 1:18
PE | 45 20 | 29.2 | 56 5.8 25| 26 | 1.29 | 1:18
PE | 45 15 | 25,6 | 44 | 445 | 24 | 23 | 1:25.1| 1:18
CH, | 100| 2.0 | 186 | 215 | 24 1.7 | 1.7 | 1:110.1| 1.9

Table 1. A summary of the measured and calculated separation of hydrogen framaihepeak, full
width half maximuml™ of the hydrogen peak and the intensity ratio of the hydrogen peakd main
peakl
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Figure 2. The left panel shows the quality of a polyethylene spectrum obtained in twatesiand the
decomposition of the signal (dots) in background (dotted line) and progmals(full line, magnified
part. A series of two minute measurements was performed. The deperaféhe®Rep/Reonv (Mea-
sured hydrogen peak area relative to the expected peak area)radiarfwf accumulated beam charge
is displayed in the right panel. THRyp/Reony ratio decreases slowly with dose. However this decrease
is much too slow to explain the observed anomaly.

single proton. The spectra were fitted by two Gaussians aradyagmial background. The
results of this fitting procedure is summarised in table 1.

The width of the proton-derived elastic peak is clearly miacher than the width of the
carbon peak (and even the carbon peak is wider than the engr@ial resolution [8]). This
extra width is due to Doppler broadening induced by the nmotibthe nucleus (see Eq. 1).
Thus we have here a clear signature of the proton momentunbdison. For a proton in an
isotropic, harmonic potential the momentum distributisiGiaussian, and the observed width
is conveniently expressed in terms of the recoil energy aedmean kinetic energy of the
atomsE,. The standard deviatiom of the observed Gaussian is given by [9]:

[4__
0= éEkEh (2)

with E; the mean recoil energy. As a first approximation all C-H bonitide rather similar. If
we take ethane (§;) as an example it has a calculated zero-point energy of 2 emplecule
[10]. Half of this will be kinetic energy. Most of the kinetienergy will be in the lighter
atoms, so we expect around 0.15 eV kinetic energy per prétmnhydrogen in hydrogenated
amorphous carbon Mayers et al measure 146 meV using NCS [dd]theey estimate on
theoretical grounds energies between 156 and 183 meV foobgd in C-H bonds. Using Eq.
2 and a mean proton kinetic energy of 0.15 eV one obtains timaate of the full-width half
maximum given in table 1. The agreement between the obsanedalculated values of the
carbon-proton peak separation and the proton peak widthte gatisfactory.

For now we used a crude model for the cross section, assunmrgysthat at these
momentum transfers the cross section is equal to the Rutdemfoss section. From the known
composition of polyethylené—CH,—)n and these cross sections we can make an estimate of
the ratio of the carbon-hydrogen peak areas. We use a polghfihof the background as
indicated with a dashed line in Fig. 1. Using the Rutherfoassrsection for electrons and the
known composition of the target we can calculate the expleetito of the hydrogen to carbon
peak. We call this rati®Ron,. The observed rati® . of the hydrogen peak relative to the
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Figure 3. The spectrum of 2 keV electrons scattered over’f6m methane. Again two peaks are
visible, consistent with electrons scattering from either C or H. The measumteis fitted with two
Gaussians and a constant background (subtracted in the figurellieestéd by the full line (dashed
line in the 20* magnification).

carbon peak is smaller than the calculated rRfgp,. It appears as if some (about 25 %) of the
protons are invisible.

In electron scattering experiments one has to be careflleasléctron beam may cause
a change in composition of the film. The impinging electroas break a chemical bond and a
hydrogen atom may subsequently desorb, leaving a carbbrfidm behind. In order to test if
radiation damage is the cause of the smaller than expectddmn peak area, we studied the
signal as a function of electron dose. By keeping the carlyoindgen peak separation fixed
at the established value in the fitting routine, as well ashgdrogen and carbon peak width,
we could obtain reasonably accurate peak areas for spak#a with a low dose of electrons.
We found a small dependency Bf,./Rconv ON electron exposure (see Fig.2), however this
dependency was too weak to explain the observed discrepancy

These results are intriguing. Are similar measurementsiplesusing gas-phase targets?
This would truly eliminate the problem of radiation damaggjn these effusion experiments
the target is continuously replenished. Also the targesiignvill generally be low enough
that multiple scattering effects are absent, i.e. we do metho subtract a poorly known
background.

For this purpose we made preliminary measurements using¢tMAHRES spectrome-
ter at McMaster University[12]. The maximum incoming ene(d keV) and scattering angle
(100) attainable in this spectrometer were chosen. The signalweak, and a constant back-
ground had to be subtracted. The results are shown in Figg&8in&he main peak was aligned
with the expected energy loss for electrons scattered fiammon under these conditions (0.2
eV). There is indeed again a broader satellite now at theggrless of just over 2 eV, but
now there is no background increasing with energy loss. pketsa could be fitted using two
Gaussians and a constant background term. The fitting sestdtsummarised in table 1 as
well. The peak width and separation is in good agreementtivitftalculated one. Preliminary
indications are that the carbon to hydrogen peak area satioser to the theoretical expected
one than in the polyethylene case.
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Figure4. The differential cross section, as calculated in using partial wavegfl8function of energy
at 45 and 100 for carbon and hydrogen atoms (left panel) as well as their ratio (righelp. The
calculated cross section ratio (open symbols) approaches with incremsngy the value ofZ, /22)2
(presented by the full line) as predicted by the Rutherford cross sedirperimental cross section
ratios are plotted as well, represented by filled symbols

3. Theory

In the previous section we assumed that the cross sectiaidiciron scattering was just pro-
portional toZ?, and the width was proportional to the momentum componeth@froton
alongk. This is a simple picture, relying completely on classidajgics. Itis just like Ruther-
ford backscattering, using electrons, rather than ionk@gpitobing particles.

Nowadays elastic scattering of electrons from atoms isllystiaated as potential scat-
tering. The potential is due to the charge of the nucleussgmted as a point charge, and
the charge density associated with the electron wave famctAt low momentum transfer
the screening of the target electrons is crucial as it cartbel long-range tail of the nuclear
Coulomb potential. At high momentum transfer the scatteorurs in a much smaller region
around the nucleus and screening should become less impoviithin potential scattering
theory there is no energy transfer from the electron to thgetaand thus we can not distin-
guish electrons scattered from different nuclei. Hence arermmot completely describe these
measurements by just replacing the spherically symmenitierpial of an atom by a molecular
potential of lower symmetry.

The scattering at large momentum transfer happens closauclaus, where the elec-
tronic structure is similar in the molecule compared to ttoera We assume thus that for large
momentum transfers scattering from an atom in a molecultheissame as scattering from
a single atom. This can be treated by standard potentiaksicaf theory. If the momentum
transfer is so large that in a volume with radiys|around the nucleus the total electron charge
density is small the approximation of the potential by a Cmblgotential should become rea-
sonable. Hence the differential cross section should @gbrthe Rutherford value. In order to
investigate this further we calculated the differentialstic cross section for isolated atoms us-
ing the partial wave formalism. We used the code written dy&@and Mayol [13]. Exchange
and relativistic effects are included in this code but pektion effects are not considered. In
Fig. 4 we plot the differential cross section as a functiomrioérgies for scattering angles of
100 and 45 degrees, as well as the ratio of the carbon anddsmlicoss section. This ratio
approaches at higher energy the ratio predicted by the Cdutooss section within a few
percent.

Of course the charge distribution in molecules is modifieshgared to the free atom.



The main influence on the cross section at high momentumfénangl be due to the carbon 1s
electrons, as these electrons are most effective in scigemhese electrons are not expected
to change significantly due to the chemical bond. Thus we lodecthat under the present
conditions errors introduced by assuming scattering fr@&doalomb field to be of the order of
a few percent, an order of magnitude smaller than the obdeligerepancies.

In the previous section we use potential scattering themrglitaining the cross section,
and we derive the energy loss of the scattering event fromassidal argument based on the
finite mass and momentum of the target. For weakly interggimobes such as neutrons we
can describe the scattering experiments in the first Bornoxppation and a single quantum
theory has been developed that describes the observeditgtand energy loss distribution.
Here we quote some of the results of this theory, a full dpon can be found in the neutron
literature [2, 3, 4]. In the first Born approximation it can bewn that

d?c

fode = AS@.©) ®)
P k,

A RE (9)

W(q) = (/exp(iq-r)V(r)dr)z.

Heremis the mass of the projectil&, andk; the momentum of the scattered particle be-
fore and after the collision, and(r) the particle-target interactior§(q, w) is the dynamical
structure factor, a target property.

S(q, w) is the Fourier transform in space and time of the pair distidm functionG(r,t)

S(q, w) = %/é(q"‘“‘)G(r,t)drdt &)

with N the particle density [3]G(r,t) is generally a complex function, but is real for classical
particles. Then it is simply the density distributionraand timet as seen from the point=0
where a particle passedtat 0. G(r,0) is the (real) pair distribution function and is probed in
truly elastic scattering (e.g. diffraction).

For largeq andr (corresponding to different atom positions) the integrianEq. 4
is rapidly fluctuating and will not contribute much to thedgtal. ThusG(r,t) is probed
over a regiorr ~ 1/g and hence at large values we have essentially binary collisions with
single atoms. (This is in the neutron literature referredddhe incoherent approximation.)
The characteristic width 0§(q, w) is proportional topgg/m with Pg the root mean square
momentum component of the target atom algrgee Eq. 1). There is no structureSfq, w)
at a smaller energy scale. That means that the longest ¢haséc time scale of interest in
the Fourier transform is= m/(pqq) [2]. This time is considered to be the scattering timét
decreases with increasing valuesjofor the current experimental conditions< 10-1° sec.

In the previous paragraphs (e.g. in the derivation of Eqg. 4 pasume that we can treat
the collision between an electron (neutron) with a nucleus eollision between two free par-
ticles. This is usually referred to as the impulse approioma If the impulse approximation
appliesS(q, w) simplifies to [4]:

—) (5)



and hence we can measure a projection of the momentum distntof the nucleus.

Does this approach apply as well to the present electrotesiceet measurements? The
validity of the Born approximation is not as easily justifiext trongly interacting particles
such as electrons as it is for weakly interacting neutromshe high-energy limit the interac-
tion of an electron with a single atom becomes weak and Eq.oGldlbecome a reasonable
description of the experiment. From measurements of nadegwe know that the differen-
tial elastic cross section af 40 keV electrons from argon is well described by the first Born
approximation but the approximation breaks down for highspecies such as xenon [14, 15].
Hence we expect the first Born approximation (and hence therfaation of Eq. 3) to pro-
vide a reasonable description for 25 keV electrons scageuasi-elastically from molecules
composed of light elements, such as carbon, oxygen and dggdrdut it may fail at lower
energies and/or if heavier elements are involved.

The only part of Eq. 3 that depends on the probing particleegptrojectile-target inter-
actionV(r) and the projectile mass. As these quantities are known for both neutrons and
electrons we can compare neutron and electron scatterpegiements to test explicitly if Eq.

3 gives a consistent description of both experiment. A caatpee study, using polyethylene
as a target has been described extensively in [16] and we ats&the main points here.

In order to have similar momentum transfer as in our electeattering experiment one
has to scatter neutrons with energies around 20 eV. These kiggBiments were done at the
Vesuvio beam line of ISIS and use a pulsed neutron beam in io@tndn with filters with
sharp absorption dips to determine the neutron energy lpagime-of-flight technique [17].
Let us first compare the proton momentum distribution as oreasby electron and neutron
scattering. This is displayed in the left panel of Fig. 5. ndgsEq. 1 or Eq. 5 we can cal-
culate from the measured energy transfer distribution téop momentum distribution. In
the left panel of Fig. 5 we plot the width of the proton momentdistribution as a function
of momentum transfer. The proton momentum distributiomdeed independent of the mo-
mentum transfer, and within the spread of the measurentengsame results are obtained for
protons and neutrons. In the right panel of Fig. 5 we ploRljg/Reonv Values found for both
technique as a function of momentum transfer. For neutroescan calculate the same ratio
R,ps/ Reonv based on the known neutron cross sections of H and C [18]. dtarddectrons and
neutronsk , ./Reonv iS systematically less than 1 by a similar amount. For neuscattering
these effects are known from a large group of proton comtgimaterials [19, 20, 21]. Thus
also the anomalous neutron scattering cross section seebesreproduced by the electron
experiment. Similar agreement between the electron anlamremeasurement was found for
formvar, a different polymer [22].

In summary at high-enough incoming energy and momentunsfegamwe expect the
results of electron scattering to be directly comparabtl tie neutron data. These conditions
are probably well full-filled at the high energies describede (30 keV) but more questionable
for the 2 keV experiment. Indeed in the comparative studyenftron and electron scattering
experiments of polyethylene good agreement was found leetleth techniques.

In reality the nucleus is bound as it is part of a molecule. ®hergy transfer to the
proton is of the order of the bond energy. However the impajgeroximation can still be
valid, even if the energy transfer is less than the bond gthef2]. One way of explaining
the working of the impulse approximation under these camnitis to say that during the
interaction time the nucleus moves over such a small disttrat it does not feel any change
in potential. The interaction time is inversely proportébmto the transferred momentum. It
does not relate to the ‘velocity’ of the scattered particldste that the velocity of a 25 keV

8



q(AY qA™

20 40 60 80 100 120 20 40 60 80 100 120
o T T T T T < 1 T T T T T
<5 i I w
S LI [ 1 3 0.8 I 1
g ° Ig§&%§§%51%131£ rhr I idess Hg‘%ﬁ %{' f
S 45 S % o6r % Il ] i
o o
5 o L, 2 < SHRRREEIERE
£ 35 S « 04T 7
3 . o I neutron
g L5l Polyethylene (-CH2-) 1*° £ 92 | & electron 1

2 | | | | | 0 L 1 | 1 |

10 20 30 40 50 60 10 20 30 40 50 60

q(a.u) q(a.u.)

Figure 5. Results for a polyethylene film as obtained by neutrons and electronsmparson of the
dependence of the width of the Compton profile on the momentum transfenis shahe left panel.
The observed hydrogen-to-carbon peak area Rdjp divided by the calculated ratiBeon, based on
the calculated cross sections, is shown in the right panel.

electron is more than 1000 times that of the velocity of a 25ewutron. Thus the proposition
that the impulse approximation is independent of the vefaxfithe probing particle could be
tested in a suitably-designed experiment using both @estand neutrons.

G(r,t) is a function ofr (t): the Heisenberg operatexp(itH)r (0)exp(—itH). Hence for
t > 0, G(r,t) becomes complex [3]. The protons and electron wave funetiercoupled by
the Coulomb matrix elements and the system will not sepanatieel product of an electron
wave function and a proton wave function. For latdkee proton will have interacted with the
environment and the phase information is lost. Due to thecoderence the proton will have
lost the capability to interfere, and acts like a classieatiple, i.e.G(r,t) becomes real again.
For neutron scattering this theory is formulated in termdeafsity matrices [23], and proposes
that if the interaction time of the neutron with the targeatfisimilar order of magnitude as the
decoherence time, a reduced differential cross sectiandhbe observed in neutron scattering.
Similar considerations would apply to electron scatterimpus if the momentum transfer is
high enough the scattering time will become comparable ¢oddcoherence time, and the
measurement should probe the proton wave function in trengled proton-electron system.

In the impulse approximation the transfer of momentum tqotteeon does not affect the
electronic structure. The bond may break, leading to edaatrexcitations, but this happens on
a slower time-scale than the collision itself. Note thatlibad strength of a C-H bond i34.5
eV, larger than the energy transfer in the case of Qidt smaller than the energy transfer in the
high-energy PE experiment. For the correlated electromeprsystem the usual assumption
that momentum can be transferred to the proton, without aglidity of direct electronic
excitations, could turn out to be wrong. This could trangfiéensity from the proton peak to
the background and hence be the cause of the missing praemsity.

Electron-electron correlation gives rise to satellitegeij2e) measurements, reducing the
intensity of the main peak (see e.g. McCarttyal [24]). Electron-proton correlation could
have similar effects on the strength of the proton-deridadti scattering peak.



4. Conclusions and Outlook

We measured the energy distribution of electrons scattguedi-elastically from hydrocar-
bons both in the form of films and in the gas-phase. These impets reveal information
on the momentum distribution of the protons. There are atigrgoroblems reconciling the
signal strength of the proton derived signal compared t@#nbon derived signal for the solid
films. Similar problems are present in neutron scatterimgpaments operating at comparable
momentum transfer. Although there is currently not a fuddfied theory making quantitative
predictions it is suggested that these discrepancies ¢muttiie to the quantum nature of the
protons, probed at the short time scale of the collisions.

Especially the gas-phase measurement could provide kefegsiting ground of theory.
Here there are no problems with energy-dependent backdsamd/or radiation damage. Also
neutron scattering can not as easily measure these lovitgéargets. Extending these mea-
surements over a larger energy range could test the unagtlyeory (partial wave analysis,
polarisation effects, impulse approximation and the fmssjuantum effects) in a way not
easily accomplished by other means. The possibility ofsfieming kinetic energy to a sin-
gle atom within a molecule is a fascinating one, especidlthis energy is of the order of
the chemical bond strength. Unfortunately the cross sests@em to be too small to detect
molecular fragments in coincidence with the energy losstsagwhich would make the study
of the break-up of molecules under these conditions passibl
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