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Abstract

Electron momentum spectroscopy (EMS) measures the spectral function of electrons in matter directly, provided that multiple scattering
effects are negligibly small. Even for the thinnest films this is not the case and one has to correct for multiple scattering effects in order to
retrieve the spectral function. Both elastic and inelastic scattering effects affect the measurement. Elastic scattering is expected to increa:
greatly with increasing atomic number, much more so than inelastic scattering. For this reason EMS was thought to be of limited value for
heavy targets. Here, we present data for carbon, silicon and gold and show that they are affected in different ways by multiple scattering. Th
gold sample has poor count rate, but in the spectra the multiple scattering affeerrather minor. Carbon and silicon on the other hand
have good count rates, but the spectra are strongly affected by multiple scattering. Monte Carlo simulations are used to try to understand the
effects. Rather surprisingly the EMS spectra for heavy elements are of comparable quality to those of lighter elements.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tumkg is the recoil momenturg of the target:

Electron momentum spectroscopy (EMS) is a scattering g = kg — k1 — ko (2)
experimentthatis able to determine the electronic structure of
matter[1]. In this experiment an incoming electron with sev- The frequency with which a coincidence event is observed

eral keV energy has a binary collision with an electron in the with a certaine, ¢ combination is proportional to the mag-
target. Because of the energy transfer in the collision the tar- nitude of the spectral functiod (e, g). In an independent
getelectronis ejected and both scattered and ejected electronparticle approximation the measured intensity,at is pro-

are detected in coincidence (for this reason the technique isportional to the probability that a target electron has binding
often referred to as (e,2e) spectroscopy). The difference ofenergys and momentum-q.

the sum of the (measured) energy of the outgoing electrons This technique works beautifully for gas-phase targets
(E1.2) and that of the incoming electrof§) is the ionisation where the target density is low, and the (e,2e) event is vir-

energye: tually always the only scattering evdit2]. For condensed
matter the probability that additional scattering events occur
e=Eo— E1— E> 1) before and/or after the (e,2e) event is significant, even for

) the thinnest film. If the incoming electron, or one of the out-
In the same way the difference of the sum of the momenta of 44ing electrons is deflected by a nucleus (elastic scattering)
the outgoing electronk( + k2) and the incoming momen- s momentum changes and the wrong recoil momentum of
the (e,2e) event is inferred. By the same token if one of the
incoming and or outgoing electrons excites the target electron
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As the probability of interaction of the incoming and out- for the incoming beam. Applying this theory for the outgo-
going electrons decreases with increasing energy one caring electrons is complicated as our slit detectors measure a
minimise the probability of multiple scattering by increasing range of outgoing electrons (with varying diffraction condi-
the energy of the incoming and outgoing electrons. Hence, tions) simultaneously. Also uncertainties in sample thickness
our present spectrometer operates at relative high energiesand orientation (e.g. due to a slight wrinkling of the film
(Eo = 50keV, E1 2 =~ 25 keV)[3] and the multiple scatter-  of 100A thick over the 0.1 mm beam area) result in an
ing effects are small, at least for the thinnest films and low Z uncertainty in the input parameters for the calculation. In
targets. The main quasi-particle structure is well resolved andthis approach the momentum of the incoming and outgoing
can be compared directly to band structure calculations, butelectrons can change only by a reciprocal lattice vector.
the data contain more information than just the dispersion.  Diffraction effects (shifting of intensity by areciprocal lat-
Good agreement between the experimental data and theoryice vector) have been observed in EMS spectra [€0) but
is only obtained, if one corrects the experiment for multi- from the smooth background intensity distribution observed
ple scattering and one uses calculations that go beyond thén EMS measurements it is also clear that incoherent (or
independent particle approximatipf+6]. thermal diffuse) scattering is important as well. These latter

In this paper we want to explore these multiple scattering processes can be simulated using a Monte Carlo approachand
effects, especially the possibility of EMS from heavy targets. this approach was successfully applied to the interpretation of
We compare the case of a light element and a heavy elementEMS spectrgl1]. In this approach the elastic scattering cross
Changing the atomic number Z changes elastic and inelas-sections used for atoms in solids are usually those obtained
tic scattering cross sections, but the quality of the observedfrom calculations for isolated atoms. This is justified because
spectra remains surprisingly very similar. Only the coinci- elastic scattering occurs mainly when the electron is sub-
dence countrate decreases with increasing Z. We also explorgected to a strong electric field, i.e. close to the nucleus. Here,
the relationship between sample thickness, coincidence counthere is little difference between the potential of an isolated
rate and spectral shape. The spectral function obtained experatom and of an atom in a solid. Fig. 1, we plot the differ-
imentally for a heavy target such as Au reveals the electronic ential elastic cross section as calculated using the program
structure clearly, in spite of its large cross section for elastic PWADIR of Mayol and Salval12].
and inelastic scattering. Itis immediately clear that the elastic scattering cross sec-
tion from carbon is about an order of magnitude smaller than
that of Au. Moreover, the deflection for scattering from Au
will generally be larger than that for scattering from carbon.
In Table 1 the total cross section obtained from this calcula-

There are two approaches used to describe the effects otion is given, as well as the transport cross section. The larger
elastic scattering of electrons in solids. One approach is basedransport cross section reflects again the fact that scattering
onthe dynamical theory of diffraction. It stresses the coherent from Au generally involves larger angles than scattering from
nature of waves scattering from different atoms. This theory, C. The elastic mean free path) is inversely proportional to
as applied to the case of EMS, is outlined by Allen et al. the total cross section and the density of scatterers in the target
[7] and Matthewg8]. Actual use of the dynamical theory of N: Agl = 1/(0eN).
diffraction to interpret EMS experiment has been limited to In contrast to elastic scattering, inelastic scattering is a pro-
one studyf9] and this work deals only with diffraction effects  cessinthe solid, rather than near a nucleus. It depends, among

2. Elastic and inelastic scattering cross sections
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Fig. 1. The calculated differential elastic scattering cross section for 25 keV (dashed line) and 50 keV (solid line) electrons scattering fyo&i C<€lefal)
and Au (right panel). Note the difference in the vertical scale of the three plots. The dotted line presents the (scaled) probability distritaug&rkeha
electron scatters over an anglétegrated over all azimuthal angles.
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Table 1
A summary of the relevant elastic cross section, transport cross section and elastic and inelastic mean free paths based on an approximadpetula dev
for XPS[13] and an approximate formula developed for EHIL8]

Element E (keV) oel (A2) o, (A=2) hel (A) AEPS (A) AEELS ()
Graphite 25 5 x 1072 1.3x 104 353 421 310
Graphite 50 Bx 102 36x107° 680 775 630
Silicon 25 88 x 1072 6.0 x 1074 227 356 299
Silicon 50 48 x 1072 1.8 x 1074 416 654 510
Gold 25 46 x 107t 1.2x 102 37 170 188
Gold 50 31x 101! 41x10°3 55 310 322

other things, on the valence electron density in the solid. elastic mean free paths decrease dramatically, whereas the
Unfortunately little information is available for the present inelastic mean free paths decreases much more modestly.
energy range (25-50keV). We calculated values using the

semi-empirical expression given by Tanuma et[8B] for

electrons with energk (in eV) andx (in A): 3. Coincidence count rate for extremely thin samples

).~ E/[EgpIn(yE)] (3) Our spectrometer, outlined Fig. 2, has two electron anal-
ysers, each equipped with conical slit input lenf&sand
positioned at 44.3 Incoming electrons have an energy of
50 keV, momentum 62.07 a.u. (we will often work in atomic
unitsi = m = ¢ = 1, multiply momentum values by 1.89 to
convert a.u. in&‘l), the scattered and ejected electron have
. @n energy near 25keV (momentum 43.36 a.u.). The analy-
sers use channel plates/resistive anode detector combination
atthe exit planes and, at a mean pass energy of 400 eV, detects
electrons over a 70 eV range with a resolution of 0.6 eV.
It is instructive to investigate how the count rate in each
detector (often referred to as the 'singles count rate’) changes
~ 106FE @) as afunction of energy (keeping the incoming energy constant
Em IN(28E/Em) at 50keV). This is shown ifrig. 3 for an extremely thin
carbon film. The count rate shows an approximately Gaussian
with E = 7.42%36,5 = | /E,/E andF arelativistic correc-  distribution (on a background) with a maximum near 25 keV.

with Ep the plasmon energy and y tabulated parameters
[13]. This formula was developed for XPS energies (up to
2 keV), and the current extrapolation to 50 keV is pushing the
limits as, for example, relativistic corrections become signif-
icant at 50 keV.

An alternative approach is to use mean free path va
ues obtained in the literature for electron energy loss spec-
troscopy (EELS) and extrapolate these to smaller energies.
Here, a semi-empirical formula was proposed by Malis et al.
[14] for A in nm andE in keV.

tion factor: This is a Compton profile of the target electron momentum
_ 1+(E/1022) B
@+ (E/510)P 1

The similarity between Eq¢$3) and (4)seems to suggest
that a unified approach should be possible. Some numeric
values are given iflable 1 Plitzko and MayetlS] measured
recently for silicon a mean free path of 880at 120 keV
whereas the semi-empirical formula Ed4) gives values
near 10048 [14]. K,
A different approach to the problem is to consider the
ratio of the elastic cross sectiog to the inelastic cross sec-
tion oi. Egerton16] derived a simple approximate formula:
oin/0en = rel/Ain ~ 17/Z where we used = 1/No with N
the number of atoms per unit volume . Thus, for C the inelas-
tic cross section is larger than the elastic cross section, for Si
both are of the same order and for Au the elastic cross section

is considerable larger than the inelastic one. Inspection of the X

ratios of Agi/Ain in Table 1show that the values for Au are

in reasonable agreement with this formula but for Si and C =
the obtained valugg|/Ajn is smaller than 17Z . In summary v

there is some uncertainty in the inelastic cross sections in
our energy range. In going from light to heavy elements the Fig. 2. Schematic representation of the spectrometer.
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distribution (and this type of measurement has been used torig. 4. A representation of an EMS experiment as a combination of two
study momentum densities in an electron microscope, see e.gcompton experiment, as explained in the text.
[17]). The energy loss of the incoming electron (momentum

ko) after scattering from a target electron with momengim yser) Fig. 4, left, top panel). These electrons are within the

is given by disc intersecting the Fermi sphere Fiig. 4 The width of
K2 K-q this disk Ak is determined not only by the range of elec-
AE = . + —, (5) trons energies (70 eV) that are detected simultaneously in the
m

detector (70 eV corresponding to 0.06 a.u. in our case) but
with m the electron mass arld = kg — k1 the momentum also to the finite slit width of the analyser (0.5 and 150 mm
transfer, which has a magnitude close to 43.36 a.u. in this away from the target) resulting in a (small) range of scatter-
experiment. The distribution has a maximum at an energy of ing angle®. The combined effect is a momentum resolution
25keV and here only electrons wikh- g = 0 contribute to to aboutAk ~ 0.1 a.u. Similar considerations hold for sin-
the count rate. For a free electron gas with the same elec-gles detected by analyser 2 and its corresponding momentum
tron density as graphite the Fermi sphere radius would betransferk? (Fig. 4, central, top panel) but the direction of
1.25a.u. and the base width of the Compton profile is then K? is nearly perpendicular t&?*.
2|K|ki/m = 2.9 keV, and even this rough model is in reason- If we would position the second analyser at an arbitrary
able agreement with the experiment. Note that the Comptonangle we would generally see no coincidences, as there is a
peak is on a rather constant background. The origin of this well-defined relation between the direction of propagation of
constant contribution is not understood. Under (e,2e) condi- the scattered and ejected electrons (segBY.In the cen-
tions about half the singles counts will be due to Compton tral row of Fig. 4we show the momenta of the incoming and
scattered electrons. outgoing electrons of the three experiments, as projected in
Now, we want to understand the relation between the sin- the g, — g, plane. In this plane we have for our choice of
gles count rate and the (e,2e) count rate (or coincidencescattering angles and energi&s:= k; + ko. Thus coinci-
count rate), by comparing the phase space that is accessidences can only occur for target electrons wgithr~ g, ~ 0
ble in a singles (electron Compton) experiment and an (e,2e)(Fig. 4right, central panel). In the third row &ig. 4we show
experiment. As electrons are indistinguishable particles we a projection of the experiment in thg — ¢, plane. As the
do not know if an electron detected in an electron Comp- detector have slit lenses extending alongyttrection each
ton experiment is either the scattered or the ejected electrondetector can measure electrons with a rangealues. The
However, if we do two Compton experiments simultaneously momentum transferred to the target in the (e,2e) egest
we can detect coincidences only if the scattered electrondirected along they axis and has magnitude is proportional
is detected in one analyser, and the ejected electron in theto ¢1 — ¢>.
other. An (e,2e) experiment can be seen as a combination of two
The Fermi sphere is displayedfig. 4. By detecting elec-  Compton experiments. The momentum transfer of the second
trons in analyser 1 with energies very close to 25keV we Compton experiment is perpendicular to that of the first (see
select target electrons with a momentum component alongFig. 4 (top, central panel)). Coincidences can only occur for
the momentum transfer directidd® smaller than 0.1a.u.  electrons in the overlap of the two Compton disks. It has
(for all electrons within the 70 eV energy window of the anal- (for carbon) a volume of 2{k)%ks= 0.025 a.l?, i.e. about 20
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10 . . . . . 10 tance are those events that, in spite of small deflections and/or
) energy losses, still lead to a coincidence event, but for which
i i I,_-_}.:g\\ e 18 g the subsequently inferred binding enetgnd/or momentum
E § ke o Jg g g as obtaingd using Eqgél) and (2)is'wrong'. This compli-
%’L P o T ::aiﬁs IolrI thl_cker satr_nples a (_:Icl)rr_1par||st()nt r\]N|th 1n;[hetonf/ grelﬁltly.
T4 g Jax n the following section we will simulate the effect of multi-
2 : ) ‘_) § ple scattering for the case of silicon, and see how the ratio of
2 2 \\\‘e 122 inelastic and elastic mean free path changes qualitatively the
@ . . . . . . . 5 = outcome of the simulation.
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5. Shape of the observed spectra for silicon crystals
Fig. 5. The singles and coincidence count rate for C (solid circles) and Si \yith different thicknesses
(open circles) samples of different thicknesses.

The optimum thickness for an (e,2e) experiment does not
times smaller than the volume that can cause a singles countorrespond to the thickness with maximum coincidence count
in each detector. rate. Elastic and inelastic multiple scattering do not affect the
In Fig. 5 we show the dependence of the count rate for temporal correlation between the two emerging electrons. For
carbon films on thickness. The thicknesses are the nominalthe thicker samples a large fraction of the coincidence events
values quoted by the supplier, butthe linear dependence of theare contaminated by multiple scattering. This fact is dramat-
singles count rate on sample thickness confirms these values|ca||y illustrated inFig. 6 for the case of silicon. Here, we
The coincidence count rate has a maximum near 2004300 present spectra at zero momentum and momentum densities
For the thinnest carbon samples the coincidence count rate isat the valence band maximum. For the thickest samples the
100 times lower than the singles count rate. This correspondsmeasured intensity increases with increasing binding energy,
to about 1 coincidence count per 50 Compton-peak relatedand these spectra contain very little information about the
singles events. The very simple model sketchedrig 4 electronic structure. Only for the thinnest sample does the
predicts 1 coincidence count per 20 singles events. The dif-yalence band become the most intense feature. The momen-
ference is mainly due to the fact that the disks-ig. 4are  tum densities at the valence band maximum are less affected
not measured with 100% efficiency. by the thickness, increasing thickness mainly causes a reduc-
tion in the absolute intensity. These measurements for the
(111 direction show clearly the effect of diffraction: the

4. EMS of samples of larger thickness main peaks att1.0a.u. is accompanied by minor peaks
at Oa.u. and near 2a.u., separations corresponding to the

InFig. 5 we see that only for the thinnest samples the coin- smallest reciprocal lattice vectad(1 11| = 1.06 a.u.). The
cidence count rate increases linearly with sample thickness.smooth slowly varying intensity in between the main peaks
For larger thicknesses the coincidence count rate flattens outare due to incoherent (thermal diffuse) scattering. For more
and subsequently starts to decrease. However, the singles ratdetails on the identification of the diffracted contribution and
keeps increasing with thickness. The decrease of the coinci-the result for somewhat thinner films gd6,18]
dence count rate is a consequence of multiple scattering. To test our understanding of these processes we performed

If, for example, the scattered electron loses energy by oneMonte Carlo simulations, based on a code that has been
or more inelastic scattering events it may end up with an described previousljl1]. The main difference between this
energy that is outside the energy window of the analyser, earlier version and the current one is that energy distribution
and hence these processes lead a reduction of the count rat@f energy loss events is not taken to be a Gaussian distribu-
The same is true for elastic multiple scattering. The target tion centered around the mean plasmon loss energy, but an
electrons have a momentum of typically 1 a.u. which is much energy distribution of which the shape was determined in a
smaller than the incoming and outgoing electron momenta. separate energy loss experiment of the thinnest film avail-
Thus, given a certain directionkf thereisonlyasmallrange  able. These results are shown as wekig. 6. Qualitatively
of directions ok allowed. The position of detector 2 relative  the same tendencies are observed in the experiment and in
to detector 1 and the incoming beam direction are chosenthe simulations. The effects of diffraction are not incorpo-
in such a way that the coincidence count rate is maximised. rated in the Monte Carlo simulations, which assume that all
Changesitkg, k1ork, dueto elastic scattering willreduce the elastic collisions of different atoms are incoherent. The main
degree of correlation between the direction of the emerging discrepancy between experiment and simulation is that the
electrons, and hence again reduce the coincidence rate.  effect of thickness seems to be underestimated in the sim-

If either the energy loss due to inelastic scattering or the ulations for the energy spectra. A separate simulation was
deflection due to elastic scattering is large then the event will done with the inelastic mean free paths reduced by a factor
not contribute to the coincidence count rate. Of more impor- of 2. This simulation is indicated by a dashed lind-ig. 6
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Fig. 6. The dependence of the spectra at zero momentum and the momentum density at the valence band maximum on the thickness of a silicon sample.

Simulated spectra (thin line) uses the mean free path dalile 1 The dashed line in the left panel is for a simulation with the elastic mean free reduced by a
factor of 2.

and seems to follow the experiment more closely. A simi- low ones) will not contribute at all to the coincidence count
lar agreement for the spectra can be obtained by doublingrate as their binding energy is outside the accessible range,
the assumed sample thickness. However, this would reducebut they still contribute to the Compton profile (i.e. singles
the agreement in the momentum density profiles. Part of this count rate).
problem could be due to intrinsic satellites. These satellites It was thus surprising that an attempted measurement of
(due to electron—electron correlation, sometimes referred tothe electronic structure of Au was successful, even for sin-
as ‘intrinsic plasmons’) are included in the theory that was gle crystalline films. Au layers of 1000 thickness were
used as an input for the Monte Carlo simulations, butthe com- grown on an NaCl crystal. The salt substrate was dissolved,
putational scheme used seems to underestimate the intrinsi¢he film floated off, transferred to the sample holder with
satellite contribution. A comparison of spectra obtained for 0.2 mm diameter holes and subsequently sputter-thinned in
silicon, using thinner films, with the results of many-body situ. The thickness of the film, as estimated from the EELS
theory is given elsewhef@8,19] data, was 70-98, but the sample is not expected to have
a uniform thickness, due to the statistical nature of sputter-
ing. For 1pA incoming beam a singles rate of 5kHz was
6. EMS of heavy elements obtained and the corresponding coincidence rate was 0.25 Hz.
Clearly the ratio between coincidences to singles ratio was as
There are two factors that are unfavourable for EMS of expected much smaller than for thin C and Si samples. Some
heavy targets, e.g. gold films. The first factor is an expected examples of the momentum distributions and energy spectra
reduction in the elastic mean free path. Not only is the elastic obtained are shown iRig. 7. Surprisingly the experimental
mean free path about five times smaller in Au compared to data show a large contrast and the background due to mul-
Siand C, but also the average scattering angle in a deflectiortiple scattering seems to be not worse than that for lighter
is somewhat larger for Au (sefgig. 1). The second prob-  Z elements. Using the Monte Carlo simulation we can esti-
lem is the presence of many electrons in the sample with mate which fraction of the (e,2e) events is not accompanied
large momentum values, e.g. the 5d electrons have on averby additional elastic or inelastic multiple scattering events.
age a momentum with a magnitude of several a.u. Thus, theirOnly these events contain clear information about the elec-
extension in momentum space, as sketchdddn4is much tronic structure of the target. The results of these simulations
larger. This causes a reduction of the ratio of coincidences toare presented iffable 2 From this table we conclude that
singles. Moreover many of these core levels (even the shal-for carbon and silicon we can do (e,2e) measurements up to
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Table 2 ily affected by multiple scattering and the spectrum seems to
The percentage of all (e,2e) events that are it not affected by either elastic Orshift to higher and higher binding energies with increasing
inelastic multiple scattering, as derived from the Monte Carlo simulations thickness, due to inelastic energy loss processes. For high 7z

Element Thicknes#) Clean events (%)  target the count rate is low, even for thin films, but the spectra
Graphite 50 66 appear to be much less affected by multiple scattering than
Graphite 100 45 expected.

girli‘;r;'te 25000 5262 It is possible to simulate the effect of multiple scatter-
Silicon 100 33 ing semi-quantitati\{ely by .Monte Carlp. However, ger_1era||y
Silicon 200 13 the effects of elastic multiple scattering are overestimated,
Gold 50 95 whereas the effects of inelastic multiple scattering seems
go:g ;88 (1)513 underestimated in these simulations. The first problem could

)

be attributed to a failure of the incoherent approximation.

Especially for small scattering angles (when the momen-

thicknesses of 208 (at least 10% of the events are clean), tum transfer in the elastic scattering evégtis such that

but for Au anything above 58 appears prohibitively thick. |1/ kel| is of the order of the interatomic separation) one

The simulation overestimates the effects of elastic scatteringshould consider the effects of diffraction. Normally Monte

even at 5Q(seeFig. 7, right panel). A discussion of the mea-  Carlo simulations are used to calculate transport properties,

sured spectral density for the Au film will be published in a which are not severely affected by small angle deflections.

separate papg20]. However, in the EMS case small deflections cause a signif-
Finally, we show inFig. 8the spectra for a Au film over  icant change in the inferred momentupthat is associated

a wider energy range. These spectra were obtained from twowith the (e,2e) event. Hence, a more sophisticated approach

measurements over a different binding energy window, with is required incorporating both the coherent and incoherent

a significant overlap. The valence band features are muchelastic scattering processes.

stronger than the core levels. This is in strong contrast to  The fact that inelastic scattering appears to be worse in

XPS spectra that are dominated by the core levels. This isthe experiment compared to the simulation could be a conse-

a clear illustration of the difference between the ionisation quence of deficiencies in the spectral function used as input

process by photons and by binary collisions of electrons. for the simulation. For silicon the spectral function used

The very localised core levels have very diffuse momentum- incorporated an estimate of the intrinsic plasmons, whereas

space wave functions. Hence, the density at any given pointthis was not the case for Au. In both cases the simulation

in momentum space is small, resulting in low-intensity peaks underestimates the intensity at larger binding energies. Judg-

in the EMS spectra. Orbitals with high angular momentum ing from the experiments, intrinsic plasmons should be less

such as the 4f electrons have virtual no density below 1.5 a.u.,important for Au than for C or Si.

whereas the 5s electron has maximum density at zero momen-

tum. The momentum distribution of the 5p electrons is in

between that of the 4f and 5s. Note that the Au 5s peak Acknowledgments

is usually not observed in XPS spectra as its intensity is

dwarfed by the intense neighbouring 4f lines. The value usu-  The authors want to thank Erich Weigold for carefully

ally quoted for the 5s binding energy is 107.2fM] was  reading the manuscript. This work was made possible by a
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