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Experimental energy straggling of protons in SiO2
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The energy straggling of proton beams in SiO2 has been measured in the energy range from 30 to 1500 keV
using the transmission, nuclear reaction analysis and Rutherford backscattering techniques. The experimental
results are compared with theoretical models. We observe that at energies around 200 keV the values obtained
are larger than theoretical estimations. The straggling effect produced by the electron bunching in molecular
media was calculated and it was found to be a possible cause of these differences at intermediate energies.
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I. INTRODUCTION

The slowing down of fast light ions in matter is main
due to interactions with the target material electrons. Due
the different energy transfers involved, and the dispersio
the number of interactions, the energy loss experienced b
ion-beam traversing matter is a statistical process wh
leads to an energy straggling in the case of pure elemen
well as compound materials. The energy broadening of
ion beams arising from this phenomenon has technolog
implications such as the spatial dispersion of implantat
profiles. Usually the energy straggling is characterized by
mean square deviationV2 of the energy distributions.

At low energies only the valence electrons participate
the energy loss and straggling while at higher ion velocit
the atomic core electrons also contribute@1,2#. This means
that when considering compound materials the energy st
gling is affected by chemical bounds at low energies. Due
the fact that the stragglingV2 is essentially determined b
the processes of larger energy transfer, at higher energie
chemical bound effect plays a minor role due to the incre
ing participation of atomic core electrons. In this case a fi
order approximation toV2 can be calculated by adding th
V j

2 values of the composing elements considering the
ichiometric proportions. That is the so-calledadditivity rule.

In an earlier paper Bohr@3# gave a simple expression fo
V2 of single elements valid at high energies where all
target electrons contribute to the energy loss

VB
254pZ1

2e4Z2N^x&, ~1!

whereZ1 and Z2 are the projectile and target atomic num
bers, respectively,N is the target atomic density and^x& is its
thickness. This Bohr value is frequently used as a refere
value. It can also be calculated for compound mater
through the additivity rule.

In this paper we present energy straggling measurem
and calculations for proton beams in SiO2, a compound ma-
terial of great technological interest for which almost no d
are available. The experimental determinations cover the
ergy range from 30 to 1500 keV and has been perform
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employing different experimental techniques. A comparis
with recent theoretical predictions for oxides@4# is included
as well with other theoretical values@5# obtained through the
additivity rule.

When considering metals or more generally conducto
the literature shows a great effort in studying the ion-be
energy lossDE, while the energy straggling is investigate
in a lesser extent because of experimental difficulties. In
case of insulators the measurements are even more tro
some, and therefore scarce.

Compared with the energy-loss experiments, the deter
nation of the energy straggling sets more severe requirem
to the spectrometric methods and the target preparation.
the two most widespread experimental methods, i.e.,
transmission and the backscattering methods, the tar
must be as smooth and as homogeneous as possible,
target inhomogeneities and roughness introduce an impo
additional energy straggling. In the case of insulators pro
sions have to be made in order to avoid target charge buil
effects, or at least keep them within negligible limits.

In the following sections the experimental methods a
described, the results are discussed, and followed by the
ical considerations.

II. EXPERIMENTAL PROCEDURE

The present straggling determinations were made emp
ing the transmission method at lower and intermediate e
gies at the Centro Ato´mico Bariloche’s~CAB! Atomic Col-
lisions laboratory~30–200 keV!, and the nuclear reaction
analysis~NRA! and Rutherford backscattering~RBS! tech-
niques between 150 and 1500 keV at the Instituto de Fı´sica
of the Universidade Federal do Rio Grande do Sul~IF-
UFRGS! laboratory.

A. Transmission experiments

The self-supported foils used in the transmission meas
ments were made by evaporation under clean vacuum
ditions on a very smooth plastic substrate@6#, which was
subsequently dissolved to a limit to make eventual resid
undetectable in energy-loss experiments. The mean
thicknesseŝx& were 12.2 nm and have been determined
©2003 The American Physical Society03-1
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energy-loss measurements and comparison with 200
stopping-power values from Ref.@7#. To characterize their
inhomogeneity we employed an ion-beam analysis using1

and He1 beams@8#, which allows the determination of a
upper bound for the standard deviations of the foil thick-
ness distribution. The resulting upper bounds for the rou
ness coefficientr5s/^x& ranged from 10 to 14 %. Thisin
situ analysis has been compared with atomic force mic
scope studies in previous measurements showing small
ferences.

The proton beam for the transmission method was ge
ated by electrostatic acceleration of ions produced in a rf
source. Electrostatic focusing, magnetic mass selec
stages, and collimation defined the final beam. Up to ten f
were mounted on a movable holder which allowed chang
the targets and removing them from the beam path during
operation of the accelerator. The energy analysis was
formed by an electrostatic analyzer with 0.3%~full width at
half maximum—FWHM! resolution, positioned in the for
ward beam direction. The particles were detected by a
crete dynode electron multiplier followed by a convention
pulse counting electronics. Spectra were recorded by a m
tichannel scaler with channels switched synchronously w
the energy analyzer plate potential.

Foil thickening of the self-supporting foils by beam bom
bardment@9# was held within negligible limits by using a
low ion current density of;1029A/cm2, and irradiation
times of less than 2 min per spectrum. In this way no cha
in foil characteristics could be detected during the time
measurements.

Target charging up was avoided by introducing a lo
energy electron shower in the target chamber. At the ener
of this experiment and with the employed foil thickness
the transmission experiment spectra were nearly Gaussia
typical spectrum is shown in Fig. 1. This made it possible
obtain theV values determining the FWHM from the me
sured spectra and dividing them by the conventio
A8 ln 252.355 factor for conversion to standard deviatio
The precision of the straggling determinations is;50 eV.
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FIG. 1. Energy spectra of a 180.12 keV proton beam before
after traversing a 12 nm SiO2 foil.
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B. NRA and RBS experiments

For both types of experiments, the samples were prepa
at the IF-UFRGS by thermal oxidation of Si wafers in an O2
atmosphere. Transmission Electron Microscopy revealed
films roughnesses to be less than 0.4 nm.

At 151 keV, the measurement of proton straggling in Si2
was carried out by Nuclear Reaction Analysis~NRA!
through the 18O(p,a)15N resonant reaction at 151.2 keV
This reaction has one of the narrowest resonancesG
550 eV) among the resonant charged particle nuclear re
tions, which implies an excellent depth resolution. In order
obtain the excitation curve corresponding to the SiO2 film,
we have changed the energy of the impinging proton be
and detected, under similar conditions, the alpha partic
product of the nuclear reaction. In this way, one is able
determine the excitation curve corresponding to the film a
function of the projectile energy by comparing the actu
beam energy with the one corresponding to the resona
Once the excitation curve was completed, we transform
the energy scale into depth scale by using the well-kno
stopping power of protons in SiO2, in this way, it is possible
to determine the thickness of the SiO2 film.

The ion beam was provided by the 500 kV ion implan
of the Instituto de Fı´sica, Universidade Federal Rio Grand
do Sul, Brazil. Thea particles emitted in the reaction wer
detected by a large Si surface barrier detector (600 m2)
placed at 30 mm from the target.

In Fig. 2, we display the excitation curve obtained usi
protons from a 7.0 nm-Si18O2 film. The apparent straggling
that would be extracted out of the excitation curve co
prises:~a! the width of the nuclear resonance (G550 eV);
~b! the Doppler broadening caused by atomic vibrations
the target;~c! the energy spread of the analyzing beam; a
~d! the energy straggling. We have fitted the excitation cur
with an algorithm that performs a numerical convolution
the above distributions and leaves the energy straggling
free parameter. The probability distributions associated w
effects~b!, ~c!, and~d! were assumed to be normal where
the one connected with~a! is a Lorentzian. The contribution
of the effects~a!, ~b!, and ~c! to the NRA spectra were ex
perimentally determined by measuring the front edge o
thick Si18O2 film. The edge width results of the convolutio
of the resonance width, the Doppler broadening, and the

d
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FIG. 2. Nuclear-reaction analysis spectrum corresponding to
18O(p,a)15N reaction (Er5151 keV) using a 7 nm Si18O2 target.
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EXPERIMENTAL ENERGY STRAGGLING OF PROTONS IN SiO2 PHYSICAL REVIEW A 68, 042903 ~2003!
ergy spread of the analyzing beam were used as input in
fitting algorithm.

At higher energies~above 400 keV!, the well-known Ru-
therford backscattering technique was employed. The i
dent protons backscattered by the SiO2 film were detected by
a Si barrier detector of 7 keV electronic resolution placed
an angle of 170° with respect to the incident beam. T
thickness of the targets were determined by measuring
energy loss suffered by the projectile in its trajectory bef
and after the backscattering process has occurred. Fur
more, by using the H stopping power in SiO2 it is possible to
transform the energy into depth scale, which allows the
termination of the thickness of the film. In the present ca
we have used the stopping-power values from theSRIM pro-
gram @10# whose values agree within 2% with those of R
@7# employed in the transmission experiments. The targ
were tilted at angles between 30° and 70° in order to
prove the depth resolution of the experiments. The thi
nesses determined in this way were 96 nm and 194
respectively, with typical errors of the order of 5%. The i
beams were provided by the 500 kV ion implanter and th
MV tandem accelerator of the Instituto de Fı´sica, Univer-
sidade Federal Rio Grande do Sul, Brazil.

Figure 3 shows a spectrum obtained for 700 keV prot
backscattered from a sample with a SiO2 film of 96 nm oxi-
dized on a Si wafer, tilted at an angle of 70° with respec
the beam direction. Going from higher to lower energi
three steps are seen: the first one, around 610 keV, is du
protons backscattered from Si atoms at the SiO2 surface. The
second step, around 578 keV, corresponds to protons b
scattered from Si atoms at the SiO2-Si interface. Finally, the
hump on top of the spectrum comes from protons backs
tered from the O atoms of the SiO2 film. As can be observed
the width of the edge corresponding to the backscatterin
protons by Si atoms at the Si/SiO2 interface~rear edge! is
larger than the width of the edge determined by proto
backscattered by Si atoms at the surface~front edge!. The
rear-edge width is the result of the convolution of the ene
straggling, detector resolution, beam spread, geomet
broadening due to the finite detector acceptance angle,
multiple-scattering contributions, whereas the front-ed
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FIG. 3. Typical spectrum of a 170° Rutherford backscatter
measurement from SiO2 oxidized on a Si-wafer tilted 70° with
respect to the proton beam.
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width is due to the system detector resolution, beam spr
and partial geometrical factors. In order to obtain the tot
energy stragglingV t

2 in the SiO2 film, we fitted both edges to
error functions and afterwards deconvoluted the width of
front edge from the one of the rear edge. In this way
detector resolution and beam spread were subtracted. In
ing so we assumed that the involved distributions follo
normal statistics. The geometrical broadening due to the
tector acceptance~4 deg! and the multiple-scattering effec
was subtracted following the procedure of Ref.@11#.

Because of the energy loss in the backscattering collis
the varianceV t

2 corresponding to the energy straggling
given by @12#

V t
25K2sin

2 N
^x&

cosu1
1sout

2 N
^x&

cosu2
, ~2!

whereN is the SiO2 density of the target,̂x& is the SiO2 film
thickness, sin

2 N(^x&/cosu1) and sout
2 N(^x&cosu2) are the

variances associated with the inward and outward paths
spectively, andK is the kinematic factor for backscattering o
protons by Si. Owing to the relatively large kinematic fact
(K50.8668), we may takesin5sout[s(Ē), whereĒ is the
mean value between the energies before and after the c
sion at the interface.

The CAB and the IF-UFRGS results fors(E) are pre-
sented in Fig. 4 and will be discussed in the following se
tion.

III. RESULTS

The complete set of results measured at CAB and
UFRGS are shown in Fig. 4. The measurements at C
range from 30 to 200 keV. As can be observed there is q
a good agreement between the transmission and NRA re

g
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FIG. 4. Experimental normalized energy stragglings(E) data
points together with theoretical calculations and estimations. S
circles, transmission experiments; open circle, NRA value; d
monds, RBS experiments; cross, experimental value from Ref.@14#;
solid line, dielectric function calculations@4#; dotted line, theoreti-
cal values based on Ref.@5#; dashed line, asymptotic limit derived
from Bohr formula; dot-dashed line, calculated bunching effect c
tribution; dash-double-dotted, dielectric function calculation p
bunching effect.
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DOS SANTOSet al. PHYSICAL REVIEW A 68, 042903 ~2003!
for 150 keV. On the other hand the RBS measurements c
the upper range of the present measurements going bet
400 and 1500 keV. In the same figure several other stragg
estimations and calculations are shown:~a! the values result-
ing from Bohr’s high-energy formula@3# using the additivity
rule and the separate Si and O straggling values,~b! previous
calculations by Chu@5# combined also according to the a
ditivity rule, and ~c! recent calculations by Abrilet al. @4#
based on Mermin fittings of dielectric functions. One c
observe that at energies above;100 keV, in the region
around 200 keV the experimental values are somew
higher than these theoretical predictions. Possible expla
tions of this difference will be discussed below.

The present experimental data up to 200 keV data
corrected for the foil roughness using the formulaV2

5Vexp
2 2r2DE2 @13#, whereVexp is the measured stragglin

andr5s/^x& is the ratio of the standard deviations of the
foil thickness relative to its mean thickness^x&. As men-
tioned before in place ofr we used upper bound values fo
this standard deviation determined by anin situ beam-foil
method@8#. In doing so, some overcorrection of the data m
arise. These values of the corrections were depicted in f
of asymmetric error bars whose lengths are determined
the upper bounds to ther coefficients. The combined energ
spread due to spectrometer resolution and the beam en
spread were separately determined for each energy and
tracted from the measuredV2 values leading to the exper
mental stragglingVexp

2 . In this range the roughness effect
more important than the statistical errors.

At the higher energies corresponding to the IF-UFR
measurements the influence of the roughness effec
smaller, and the error bars in the data points represent
statistical errors. One can observe the dominating role of
target roughness effect at the low-energy range, wherea
wards higher energies the contribution of the energy str
gling inherent to the energy-loss process increases over
due to the roughness effect, becoming dominant at the u
range covered in this work.

The only previously published experimental data po
@14# is also included in the figure. In comparing the valu
shown in this figure we observe a good agreement with
theoretical predictions in the low-energy range up
;100 keV. However, differences beyond the experimen
error bars are observed at higher energies.

In the following section we analyze the effect of targ
electron density bunching as a possible reason for these
crepancies. The result of the calculations are depicted in
4, showing the isolated bunching contribution~dotted line! as
well as the convolution with dielectric function calculation
of Abril et al. @4#. As can be seen the bunching effect
expected to be largest at energies around 100 keV, and
creases towards higher energies. Therefore it seems to
possible cause of the observed discrepancies.

IV. THEORETICAL CONSIDERATIONS:
THE BUNCHING EFFECT

The experimental results for the energy straggling at l
energies show a reasonably good agreement with the t
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retical estimations. However, we find discrepancies with
theoretical values at intermediate energies. We have sear
possible causes to explain these differences. One pos
source of additional straggling is the effect of charge st
fluctuation. This effect is expected to be more important
energies around the stopping-power maximum~i.e., some-
what below the region of the largest observed discrepanc!.
Additionally, previous estimations by Besenbacheret al. @13#
indicate that the effect of charge state fluctuation on the
ergy straggling are expected to be negligible for protons
solids.

A further effect that we considered is the momentum d
tribution of the inner-shell electrons. This yields a correcti
to the energy straggling, as predicted by the Bet
Livingston theory@15#, which produces an enhancement
high energies of the form

V2.VB
2F11

4

3

^K&

mv2
lnS 2mv2

I i
D G , ~3!

where^K& is the average kinetic energy of target electro
and I i is a mean excitation energy. This effect is predict
both for inner shells@15,16#, as well as for valence electron
@17#.

However, we note that this effect is included in the co
prehensive theoretical calculations in Ref.@4#, and that it
produces a slight enhancement of the straggling in the h
energy region~beyond 1 MeV!. The behavior of the experi
mental points at high energies appear to be consistent w
small enhancement effect predicted by the Bethe-Livings
model.

We considered here another possible contribution to
energy straggling coming from the so-called bunching effe
which is produced by the inhomogeneous distribution of
atomic target electrons participating in the energy-loss p
cess. Indeed, this is due to the fact that all the electrons
grouped in shells bound to the target nuclei~this correction
would vanish if all the electrons were distributed uniform
throughout the target!. It has been shown in previous pape
that this introduces an additional source of energy-loss fl
tuation, which is similar to the effect produced by foil roug
ness or target inhomogeneities@13,18#.

The bunching effect was taken into account according
the formulation developed by Sigmund@19# extended to all
subshells of Si and O atoms. A detailed description of
calculation is given in the Appendix. Here basically the sa
notation as in Ref.@19# will be used. In this calculation we
take into account the impact-parameter dependence of
energy loss through the functionQi(b), for each target atom
in the SiO2 molecules~and whereb is the impact parameter!,
so that the stopping cross sectionS may be represented b
S5*d2b( iQi(b). As shown in the Appendix, the energ
straggling may be decomposed into intra-atomic and in
atomic contributions as follows,

DW5DWintra1DWinter , ~4!

where the values ofDWintra andDWinter are given by Eqs.
~A13! and ~A14! in the Appendix.
3-4
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We have evaluated both contributions using theCASP

model @20# to calculate theQi(b) values for both Si and O
components of SiO2 ~see the Appendix for details!. We found
that the dominating term is by far the intra-atomic bunch
DWintra ~yielding more than 90% of the correction!.

As mentioned before, the magnitude of this effect appe
to be in reasonable agreement with the experiment at in
mediate energies.

V. CONCLUDING REMARKS

We have performed energy straggling measurement
protons in SiO2 in an extended energy range going from
keV to 1.5 MeV making use of a combination of experime
tal techniques: transmission energy-loss method, nuclea
action analysis, and Rutherford backscattering. The res
obtained from these various techniques are in consis
agreement.

Additionally, the results show the following features.
~a! A good agreement with published calculations by Ab

et al. @4# can be observed at energies up to;100 keV.
~b! At intermediate energies the experiment yield high

values than the theoretical curves.
~c! We discuss the possible reason for these discrepan

considering the influence of various mechanisms~charge ex-
change, inner-shell corrections, and bunching effect!.

~d! We calculate the bunching effect and find it to
important in the intermediate energy region, therefore be
the most likely origin of the observed discrepancies.

Based on these results, we estimate that similar eff
may be expected to arise in other elements with many sh
A systematic study of energy straggling in various oth
compound materials may be useful to elucidate the mec
nism of electron bunching as a relevant mechanism for
difference between oxides and pure elements.
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APPENDIX: THE BUNCHING EFFECT

The current estimation of the bunching effect for SiO2
follows the lines of formulation given in Ref.@19#.

Let us consider a solid target withz atoms~the extension
for different atoms as in SiO2 will be straightforward! in a
piece of volume penetrated by the ion beam. The atoms
labeled by Greek indices and the electrons in each subs
by italic ones. The atoms are then located atrWa with lateral
component given byrW a . Assuming a straight-line trajector
defined by an impact parameterbW , the energy loss in a given
trajectory is given by
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DE5(
a,i

D« i~bW 2rW a!. ~A1!

Here D« i is the fluctuating energy loss due to ionizatio
excitation of thei th electron and it is distributed according
its quantum-mechanical probability. Therefore, it has to
distinguished fromQi(b) that its mean value

Qi~b!5^D« i&QM. ~A2!

The average energy loss is found by taking the quantu
mechanical average as well as by randomizing the poin
impact

^DE&5
1

AE d2b(
a,i

Qi~bW 2rW a!, ~A3!

whereA is the cross-sectional area of the beam. If this are
large so that the integration is extended over the infinite
versal planebW , we will have

^DE&5
1

A (
a

E d2b(
i

Qi~b!5
z

A
S5NxS, ~A4!

whereS is the stopping cross section,S5*d2b( iQi(b), and
z5NxA. Thus, no bunching effect is found for the mea
energy loss~within the approximation that the energy los
D« i is not affected by the neighborhood!.

On the other hand, the mean-square energy loss read

^DE2&5
1

AE d2b(
a,i

^D« i
2&QM~bW 2rW a!

1
1

AE d2b (
(a,i )Þ(b, j )

Qi~bW 2rW a!Qj~bW 2rW b!.

~A5!

We can replace the integration variablebW by bW 1rW a in
each individual term. This yields

^DE2&5
z

A
W1

z

A(
b,i , j

8 E d2b Qi~bW !Qj~bW 2rW b!. ~A6!

The apostrophe indicates omission of the vector point
from one target nucleus on itself for the case ofi 5 j . W is
the usual~uncorrelated! straggling parameter,

W5E d2b(
i

^D« i
2&QM~bW !. ~A7!

The total energy loss straggling@using Eq.~A3! and~A6!#
will be given by

^DE2&2^DE&25
z

A
W1

z

A (
b,i , j

8 E d2b Qi~bW !Qj~bW 2rW b!

2
z

AE d2b(
i

Qi~b!
z

AE d2b(
j

Qj~b!.

~A8!
3-5
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The last two terms are related to the bunching effectDW

DW5
z

A (
i
E d2bQi~bW !

3(
j

S (
b

8

Qj~bW 2rW b!2
z

AE d2bQj~b!D ,

~A9!

which can be divided in intra-atomic and interatomic bunc
ing as

DW5DWintra1DWinter , ~A10!

with

DWintra5Nx(
i
E d2bQi~bW !(

j Þ i
S Qj~bW !2

z

AE d2bQj~b! D
~A11!

and

DWinter5Nx(
i
E d2bQi~bW !(

j
S (

rW bÞ0

Qj~bW 2rW b!

2
z

AE d2bQj~b!D . ~A12!

The sum between the parentheses in the above expressio
DWinter is directly related to the correlation pair function
the solid@19#.

Application to SiO2

Equations~A11! and~A12! are straightforwardly general
ized as
ta,

.

l.

ds

04290
-

for

DWintra5NSiO2
x (

atom51

3

(
i 51

natom E d2bQi
atom~bW !

3 (
j Þ i

natom S Qj
atom~bW !2

z

AE d2bQj
atom~b! D ,

~A13!

whereatom51 means Si and 2 and 3 means oxygen ato
natom is the number of electrons for each atom~14 for Si and
8 for O!. Here z is taken as one~one molecule! and A
5NSiO2

22/3.

For the interatomic bunching within a SiO2 molecule, the
bunching reads

DWinter5NSiO2
x (

atom51

3

(
i 51

natom E d2bQi
atom~bW !

3 (
atom8Þatom

(
j 51

natom8 S (
rW b

atom,atom8Þ0

Qj
atom8

3~bW 2rW b
atom,atom8!2

z

AE d2bQj
atom8~b!D .

~A14!

Finally the sum(rW
b
atom,atom8Þ0Qj

atom8(bW 2rW b
atom,atom8) was

averaged out over all directions considering interatomic d
tancesdSi-O51.66 Å and dO-O52.60 Å.

The dominating term is by far the intra-atomic bunchi
DWintra ~more than 90% of the correction!. The interatomic
bunching is very small~and also negative!, as was already
observed in some solids using the full pair correlation fun
tion @19#.
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