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Ion neutralization and high-energy electron emission in He+ scattering by a highly
oriented pyrolitic graphite surface
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We report results of ion neutralization of low-energy positive He ions interacting with a surface of highly
oriented pyrolitic graphite as a function of the impinging energy. We found a neutralization probability close
to unity for a wide energy range. This behavior is reproduced by our theory only if we take into account the
electronic correlation introduced by the He first excited states considered as possible neutralization channels. The
finite occupation of these excited states opens the Auger deexcitation process as a source of emitted electrons.
The calculation of this electron emitted spectrum is complex as it requires the knowledge of the energies
and occupations of the atomic configurations as a function of the ion trajectory. Our calculation shows the
presence of high energetic secondary electrons contributing to the Auger electron emission spectra of this system
[N. Bajales, L. Cristina, S. Mendoza, R. A. Baragiola, E. C. Goldberg, and J. Ferrón, Phys. Rev. Lett. 100, 227604
(2008)].
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I. INTRODUCTION

The final charge states of ions scattered by a surface as
well as the associated electron emission provide abundant
information about the details of the surface electronic band
structure and the interacting atoms’ correlated states [1–14].
This fact has motivated the development of new theoretical
proposals that, following feedback with experimental data,
allow for a deep understanding of the underlying physical
mechanisms.

The high neutralization of helium positive ions colliding
with a highly oriented pyrolitic graphite (HOPG) surface has
been extensively discussed from a theoretical point of view in a
previous work [15]. It was found that the correlation between
the ground state He (1s2) and the excited states, (1s2s) and
(1s2p), through their interaction with the surface band states,
notably strengthens the neutralization to the ground state.
Furthermore, Auger deexcitation, following neutralization to
the excited states, additionally contributes to the total neutral
fraction of He atoms in the ground state [1,16–19]. There is
plenty of experimental evidence [20–23] showing a practically
full neutralization of He+ projectiles scattered off a HOPG
surface. However, a systematic and direct measurement of the
energy dependence of neutralization with its corresponding
comparison with theoretical results [15] is still lacking. In
addition, the large reported experimental errors so far have
not allowed for the detection of potential slight dependences
of the neutralization with the energy. Simultaneously, the
He ions colliding with the HOPG surface, at different
energies, induce the emission of high-energy electrons (up
to 35–40 eV) whose origin is not completely understood
[24,25].

In this work, we present experimental results of neutral
fractions of He+ impinging on a HOPG surface obtained by
using the low-energy ion scattering spectrometry technique
with time-of-flight analysis (LEIS-TOF) [26]. Our measure-
ments were performed in a backscattering configuration (135°
scattering and 90° exit angle) in the 1–8 keV energy range with
1 keV step. In all cases, neutral fractions were obtained with

a relative error lower than 2%, being higher at lower energies.
A slight but still detectable dependence with the energy was
found. The theoretical neutral fractions show a satisfactory
agreement with the experimental results only when excited
He states are included as possible neutralization channels
[15]. In this way, the idea of an Auger deexcitation process
as an alternative source of electron emission is reinforced.
The variation along the ion trajectory of the energies of the
active atomic configurations and their occupation probabilities
allow for a calculation of the secondary electron spectra
within a semiclassical approximation of the Auger decaying
process.

This work is organized as follows: in Sec. II, we present
a brief discussion of the theoretical calculation of the neutral
fraction since a more exhaustive discussion can be found in
Ref. [15]; in Sec. III, we depict the experimental details of
the neutral fraction measurement, and a comparison between
both, theory and experiment, is performed in Sec. IV. The
calculation of the emitted electron spectra and comparison
with experimental results are discussed in Sec. V. Finally, the
concluding remarks are presented in Sec. VI.

II. THEORETICAL CALCULATION
OF THE NEUTRAL FRACTION

The He ion neutralization model we are testing here has
been fully developed in a previous work [15]. Since an
extension of the model is necessary to study electron emission,
in the following we offer a summary of the theoretical
framework employed.

We perform a quantum-mechanical calculation that in-
cludes the resonant neutralization to the ground state and to
the first excited He ion states. We start with the extended
Anderson’s Hamiltonian [27],

Ĥ =
∑
�k,σ

ε�kn̂�kσ + Ĥion +
∑
�km,σ

(
V̂ σ

�km
ĉ+

�kσ
ĉmσ + H.c.

)

+ [Auger terms], (1)
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where ĉ+
�kσ

and ĉ+
mσ denote the creation operators of the

conduction electron and the localized electrons in the atomic
orbitals m with spin σ, n̂�kσ is the occupation number operator
for the band states, and V̂ σ

�km
are the couplings between the

conduction and localized electrons in the atomic orbital m.
Ĥion corresponds to the atomic system including the one-
and two-electron interactions between the different orbitals,
defined as

Ĥion =
∑
m,σ

ςmn̂mσ +
∑
m

Umn̂m↑n̂m↓

+ 1

2

∑
m�=m′,σ

Jmm′ n̂mσ n̂m′−σ

+ 1

2

∑
m�=m′,σ

(
Jmm′ − J x

mm′
)
n̂mσ n̂m′σ

− 1

2

∑
m�=m′,σ

J x
mm′ ĉ

+
mσ ĉm−σ ĉ+

m′−σ ĉm′σ , (2)

where U and J are the direct Coulomb intra-atomic inter-
actions, while J x is the exchange one. The first term is
related to the kinetic energy and electron-nuclei potential,
and the fifth term, related to spin-flip processes, restores the
invariance under rotation in spin space. The atomic part of
the Hamiltonian, considering many states in the ion projectile,
requires applying the configuration interaction method within
the time-dependent collision process, which is easily achieved
in this work by using the projection operator approach.

After an analysis of the energy levels of the He atom
interacting with the HOPG surface as a function of ion-surface
distance [15], we found that the atomic configurations that
can be probable neutralization channels of He+ (1s) are
the ground-state |1s↑1s↓〉 and the excited configurations
|1sσ2ασ 〉 and |1sσ2ασ̄ 〉, corresponding to a total spin compo-
nent Sz equal to 0 and 1, respectively (α = s,pz). By projecting
the Anderson’s Hamiltonian into these configurations, we
obtain [15]

Ĥion = E(1s↑)
∑

σ

|1sσ 〉〈1sσ |

+E(1s↑1s↓)|1s↑1s↓〉〈1s↑1s↓|
+

∑
σ,α=s,p

E (1s↑2α↑) |1sσ2ασ 〉 〈1sσ2ασ |

+
∑

σ,α=s,p

E (1s↑2α↓) |1sσ2ασ̄ 〉 〈1sσ2ασ̄ |. (3)

The Auger terms in Eq. (1) are, in principle, related to Auger
ground-state neutralization and to the Auger deexcitation of the
populated He excited states. The first one can be neglected in
this case because of the more efficient resonant mechanism
occurring due to the energy position of the projectile level
within the surface valence band. The Auger deexcitation
process is assumed to start when the occupation of the excited
states by the resonant mechanism has practically occurred
[16]. In this form, the energy distribution of the Auger emitted
electrons is calculated in a second step by using a semiclassical
approximation, as described in Sec. V.

The interaction term in Eq. (1) related only to tunneling
processes is projected into the selected atomic configurations,
thus leading to the expression

Ĥint =
∑

�k

[
Ṽ�k1s ĉ

+
�k↑ |1s↓〉 〈1s↑1s↓| + H.c.

]

−
∑

�k

[
Ṽ�k1s ĉ

+
�k↓ |1s↑〉 〈1s↑1s↓| + H.c.

]

−
∑

�k,σ,α=s,p

[
Ṽ�k2αĉ+

�kσ
|1sσ 〉〈1sσ2ασ | + H.c.

]

−
∑

�k,σ,α=s,p

[
Ṽ�k2αĉ+

�kσ̄
|1sσ 〉〈1sσ2ασ̄ | + H.c.

]
. (4)

In Eq. (3), E(.) represents the total energy of each atomic
configuration; in Eq. (4), Ṽ�k1s = V�k1s/

√
N and N accounts for

the spin degeneration N = 2. The first two terms in Eq. (4)
account for the spin statistic in the interaction of the ground
state of the He atom with the surface states; the remaining terms
describe the interaction of the atom excited configurations with
the band states.

The physical quantities of interest are the occurrence
probabilities of the different atomic configurations: the ion
survival probability is given by nHe+ = ∑

σ 〈|1sσ 〉 〈1sσ |〉, the
probability of neutralization to the ground state is nHe0 =
〈|1s↑1s↓〉 〈1s↑1s↓|〉, the probability of neutralization to the
excited states (α = s,pz) with Sz = 1,−1, nHe0(1s2α,Sz=1,−1) =∑

σ 〈|1sσ2ασ 〉 〈1sσ2ασ |〉, and the probability of neutral-
ization to the excited states with Sz = 0, nHe0(1s2α,Sz=0) =∑

σ 〈|1sσ2ασ̄ 〉 〈1sσ2ασ̄ |〉. The time evolution of the occupa-
tion probabilities is calculated by using the equation of motion
method (atomic units are used),

dn̂/dt = −i[n̂,Ĥ ];

by considering the energy degeneration and the normaliza-
tion of the selected space of configurations, nHe+ + nHe0 +∑

α=s,p[nHe0
(1s2α,Sz=1,−1) + nHe0

(1s2α,Sz=0) ] = 1, it is only neces-
sary to calculate the motion equations of 〈|1s↑1s↓〉〈1s↑1s↓|〉,
〈|1s↑2α↑〉〈1s↑2α↑|〉, and 〈|1s↑2α↓〉〈1s↑2α↓|〉.

The atomic basis for the C and He atoms was taken from
Ref. [28]. The 2s and 2p Gaussian orbitals used for the He
atom [29] provide a good approximation of the energy of the
first excited state 3S of He (19.73 eV against the experimental
value of 19.82 eV) and also to the energy of the excited state
3P (20.5 eV compared with the experimental value 20.96 eV)
[30].

The kinetic-energy loss of helium ions according to the
experimental geometry (scattering angle of 135°) is taken
into account,Eout = 0.305Ein, with Ein(out) the incoming (exit)
kinetic energy of the projectile ion. In the calculation, the
He atom moves perpendicular to the surface with a constant
velocity vin(out), along a trajectory described by z = zrtp +
vin(out)|t |, with zrtp being the distance of closest approach to
the surface, obtained from the He-C interaction energy. The
vin(out) are the normal components of the ion velocity along the
incoming (exit) trajectory, in accordance with the experimental
setup. More details can be found in Ref. [15].
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III. EXPERIMENT

Neutralization experiments were performed in the LEIS-
TOF system available in our laboratory. Briefly, it consists of
(1) an ultrahigh vacuum (UHV) chamber with a base pressure
in the 10−9 Torr range; (2) an ion gun, that includes a Colutron
ion source, focusing lens, a Wien filter, and pulsing plates; and
(3) a time-of-flight (TOF) spectrometer.

The positive helium ions were produced in a discharge
source (Colutron). After they are accelerated to the desired
energy, a Wien filter is used to separate He+ from other types
of ions. In order to perform TOF measurements, a pulsed ion
beam is produced by applying a square-wave voltage to a pair
of deflection plates located in front of a rectangular slit. The
pulsed ion beam, of about 1 mm in diameter, collides then with
the HOPG substrate.

The HOPG sample was cleaved in air and cleaned in UHV
by annealing at 1300 K for several minutes. During the whole
experiment, the HOPG sample was kept at around 500 K to
prevent potential contamination with implanted ions. After
each set of experiments, the annealing process was repeated.

The scattered projectiles were detected by a channeltron
electron multiplier (CEM) placed at the end of the drift tube
(sample-detector distance: 137 cm). Deflection plates mounted
at the TOF tube entrance allowed us to separate ions from
neutral particles.

The ingoing and exit angles were selected to be 45°
and 90°, measured with respect to the HOPG surface plane
(total scattering angle: 135°; see Fig. 1). This geometry was

particularly chosen to ensure consistency with the theoretical
model assumptions and constraints.

TOF spectra for total (neutrals plus ions) and only
neutral particles were recorded using a multiple-stop time
spectrometer (Ortec MCS-plus). The elastic peak can be
straightforwardly determined from the TOF spectra. To obtain
the neutralization probability of ions scattered elastically from
the HOPG surface, we select a narrow TOF interval of 200 ns
(�E from 11 to 250 eV for incoming energies ranging from
1 to 8 keV, respectively) around the elastic peak. In order to
increase the precision of our results, five sets (20 spectra each)
of independent measurements were performed. Experimental
errors were calculated from the statistical error of the complete
set of measurements. In Fig. 1, we show a summary of the
experimental results. The neutral fractions are close to unity,
showing a slight decrease at the lowest and highest energies
of the experimental range. These results are in agreement
with those reported in Ref. [21] where the ion fractions
were indirectly determined from LEIS using an electrostatic
analyzer. In this work, the ion fractions were reported to be
lower than 0.003 in the 1 to 3.5 keV range. In Ref. [22], it
was reported that 500 eV incoming He+ ions, at nearly normal
incidence, are very efficiently neutralized after being scattered
by a HOPG surface. In Ref. [23], a total neutralization was re-
ported for 4 keV incoming ions backscattered using a specular
geometric configuration. Therefore, we are reporting a direct
and systematic measurement of the neutralization dependence
with the incoming energy of He+ ions backscattered by an
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FIG. 1. Experimental He+-HOPG neutral fraction energy dependence. An almost complete neutralization is obtained except for slight
departures at low and high incoming energies. TOF-LEIS spectra of total scattered (full squares, black) and neutral (full circles, gray) particles
are shown for 2 keV projectile incoming energy (inset, left). The striped area specifies the elastic peak width considered for the neutral fraction
calculation. The experimental geometry is shown in the right inset.

042702-3
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FIG. 2. Neutral fraction as a function of the ion incoming energy.
The contribution of the 1s2 fundamental state (open squares), the 1s2s

(full circles), and 1s2p (open circles) excited states are differentiated.
The total neutral fraction (the sum of the previous three contributions)
is represented by open triangles and compared with experimental
values (gray full triangles). For contrast purposes, the calculation that
only considers neutralization to the fundamental state is shown (full
squares).

HOPG surface, with the geometric configuration consistent
with the assumptions of the theoretical model used.

IV. COMPARISON BETWEEN THEORY
AND EXPERIMENT

In Fig. 2, we show the different contributions to the He+
neutralization provided by the ground and excited states. The

sum of all of them satisfactorily agrees with the observed
neutral fraction.

In this figure, the neutral fraction obtained by disregarding,
in our calculation, the excited states as possible neutralization
channels (solid squares) is also shown. We can see that in this
case, the neutral fraction becomes largely underestimated. The
correlation effects introduced by the He excited configurations
are responsible for the important increase of the ground-state
neutralization probability [15].

The Auger neutralization to the ground state is not consid-
ered in our calculation; the oscillatory behavior of the neutral
fraction with the incident energy found theoretically and not
observed experimentally can be a consequence of this fact.

V. AUGER DEEXCITATION: THEORY

A detailed analysis of the energy evolution, along the
trajectory, of the He excited states involved in the ion
neutralization leads us to think that the Auger deexcitation
mechanism may be a source of high-energy electrons. On the
other hand, the presence of high-energy electrons has already
been observed in He+-induced secondary electron emission
(SEE) spectra from HOPG [24,25].

The Auger rate for the deexcitation of the He excited states
(S = 0 and S = 1) has been calculated in a previous work for a
grazing motion of the ion, assuming a jellium model to describe
the metal surface [18]. In this work, the ion-surface distance
is large enough as to consider the ion level energy shifted only
by the image potential. In our work, the excited configurations
with Sz = 0 and Sz = 1 are populated during the backscattering
of helium positive ions by the HOPG surface. As large normal
components of ion velocity are involved, the distance of the
closest approach to the surface is small. Then it is necessary to
take into account the details of the HOPG band structure, the
occupation probabilities of the excited configurations, and the
level shifts introduced by the short-range interactions.

FIG. 3. The one-electron energy levels, defined in Eq. (6), as a function of the distance to the surface. Dashed black line is ε1s , gray solid
line is ε2s,1, dashed gray line is ε2s,0, solid black line is ε2p,1, and dotted black line is ε2p,0. In the left panel, the density of states of the HOPG
is shown. The zero energy corresponds to the Fermi energy, therefore the kinetic energy of the emitted electrons referring to the vacuum level
is E = Ẽ − φ, with φ being the HOPG work function.
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We use the following semiclassical approximation expres-
sion for the time derivative of the energy distribution of emitted
electrons:

dN(E,t)

dt
=

∑
nm,ij,l

�(t)ρnm,ij (ε1s − εl + E)〈nl(t)〉

× f≺ (ε1s − εl + E) . (5)

In Eq. (5), ρnm,ij (ε) are the elements of the density matrix of
the solid target (nm are orbital indexes; ij are site indexes),
〈nl(t)〉 is the time-dependent occupation probability of the
excited atom configurations, and f<(ε) is the Fermi function.
The energy ε�k of the occupied band state of the solid at
which ρnm,ij and f< are evaluated is determined by the energy
conservation requirement,

εl + ε�k = ε1s + E.

The final energy of the emitted electron is E; the one-
electron energies ε1s ,εl , corresponding to the ground and
excited states, respectively, are obtained from the difference
between the total energies of the respective electronic config-
urations in the following manner:

ε1s = E(1s2) − E(1sσ ),

ε2s,0 = E(1sσ2sσ̄ ) − E(1sσ ),

ε2s,1(−1) = E(1sσ2sσ ) − E(1sσ ), (6)

ε2p,0 = E(1sσ2pσ̄ ) − E(1sσ ),

ε2p,1(−1) = E(1sσ2pσ ) − E(1sσ ).

In Eq. (5), we have assumed that the transition rate time
dependence comes only from the variable position of the ion,

|〈φεk
(r)φl(r

′)|1/|r − r ′||φ1s(r)φE(r ′)〉|2ρf (E) ≈ �(t).

In Fig. 3, we can observe the distance variation of the
one-electron energies εl along the trajectory of the projectile
calculated in Ref. [15], contrasted with the density of states of
the HOPG [31,32], and in a schematized way the direct Auger
deexcitation process (DA) after the resonant neutralization
(RN).

Here we only consider the direct Auger deexcitation, i.e.,
the emission of one surface electron by the decaying process in
the atom. This mechanism is expected to be dominant for atom
location not very close to the surface and for distances along
the exit trajectory at which the resonant neutralization to the
excited states has practically taken place. In Fig. 4, we show the
probability of occupation for the different states as a function
of the distance to the surface along the outgoing trajectory
of the projectile. We consider that the Auger deexcitation
process is habilitated at a characteristic distance z0 at which the
neutralization by the resonant mechanism is already significant
and has achieved a practically constant value. By following this
criterion, we see in Fig. 4 that z0 decreases as the projectile
energy increases (z0 = 2.6, 1.8, 1.7, 1.7 and 1.6 a.u. for
incoming energies of 1, 2, 3, 4, and 5 keV, respectively).

Then, by integrating Eq. (5) from z0, we obtain

N (E) =
∫ ∞

z0

dz

v

∑
nm,ij,l

�(z)ρnm,ij (ε1s − εl + E)

×〈nl(t)〉f≺(ε1s − εl + E).

FIG. 4. (Color online) Probability of occupation of the different
He electronic configurations as a function of the projectile-surface
distance z and for various He+ incoming energies. Black (upper line
at z = 15 a.u. in main plots), red (third line from top to bottom at
z = 0 a.u. in insets), green (fourth line from top to bottom at z = 0
a.u. in insets), blue (upper line in insets at z = 0 a.u.), and magenta
(second line in insets from top to bottom at z = 0 a.u.) solid lines
correspond to nHe0 , nHe0(1s2s,Sz=1,−1), nHe0(1s2s,Sz=0), nHe0(1s2p,Sz=1,−1),

and nHe0(1s2p,Sz=0), respectively (see text in Sec. II). Negative
(positive) distances indicate incoming (outgoing) trajectories. Insets:
the contributions of the excited states to the neutral fraction during
the outgoing trajectory are zoomed in. The shadowed area indicates
the region where Auger deexcitation is expected.

The results for N (E)E, shown in Fig. 5, are obtained
by assuming �(z) as an exponentially decaying function
given by exp[−(z − z0)/2]. This is not a completely justified
assumption but it is not a key factor in our model; the use
of other z dependences, for instance �(z) = const or the
asymptotic behavior 1/z3 calculated by using a linear response
theory in the case of helium moving parallel to an aluminum
surface [18], do not change the physics of our conclusions.

We see from Fig. 5 that the emitted electron spectra show
energetic electrons (E > 15 eV) that become more important
for larger incoming energies of helium ions. These more
energetic electrons mainly come from the deexcitation of
excited states at distances close to the surface, as can be seen
in Fig. 6. The results shown in Fig. 6 are straightforwardly
understood by considering the energy-level variations shown
in Fig. 3 and the occupation probabilities shown in Fig. 4.

From Fig. 6, we can see that the excited 1s2s and 1s2p states
have a finite probability of occupation in the region closest to
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FIG. 5. The emitted electron spectra as a function of the electron
energy for several values of the ion bombardment kinetic energy: 1,
2, 3, 4, and 5 keV.

the surface and the energy difference with the ground state
is the largest. Therefore, the highest-energy emitted electrons
come from this region. The intensity of this electron emission
is strongly modulated by the HOPG local density of states
close to the Fermi energy.

FIG. 6. (a) Contributions to the energy distribution of emitted
electrons from the different excited states for an ion bombardment
energy of 5 keV. (b) Occupation probability of the excited states along
the ion exit trajectory. (c) One-electron energy levels corresponding
to the excited states and also to the ground state (black dashed line);
the local density of states of the HOPG surface is also shown in this
panel. Gray lines correspond to the 1s2p excited states and black
lines correspond to 1s2s.

FIG. 7. The emitted electron spectra as a function of the electron
energy. Left panel: The measured and calculated spectra for 2 and
5 keV ion incoming energies. Right panel: The high-energy region is
zoomed in.

In Fig. 7, we compare experimental spectra with calculated
spectra for two different He+ incoming energies (2 and 5 keV).
Experimental spectra were obtained using a hemispherical
analyzer and measured spectra were published recently [25].

The true secondary electrons in the experimental spectra
(E < 7 eV) are mainly related to the electron cascade and
Auger neutralization processes, while the electrons emitted
with larger energies can be caused by other multiple processes
originated in the ion-surface collision: deexcitation of excitons
[24], pair electron-hole excitation, and the Auger decaying
mechanism of excited states of helium as proposed in the
current work. The calculated spectra only involve the energy
distribution of electrons generated by the Auger decay of the
excited states populated during the ion-surface collision. They
show an incoming ion energy dependence typical of Auger
processes for low-energy emitted electrons (E < 15 eV), but
we can see that this deexcitation process also contributes to the
tail of energetic emitted electrons and with the same ion energy
dependence of the experiment, i.e., the tail becomes more
prominent as the ion energy increases (right panel of Fig. 7).

VI. CONCLUSIONS

We present systematic measurements of the neutral fraction
of He+ backscattered from a HOPG surface, proving that a
practically full He+ neutralization occurs in a broad range of
incoming energies (1–8 keV). One of the goals of the present
work was to confirm experimentally that the first excited
configurations of the He atom are necessary to reproduce
the experimental results. The agreement with the experiment
supports our important conclusion about the relevance of the
correlation effects introduced by the first excited states of
He, which has also been observed in the scattering of He+

by an aluminum surface [11]. The other goal of our work
was the energy distribution of electrons emitted by Auger
deexcitation of the populated excited states of helium, which
can be calculated within a semiclassical approximation and
consistently with the neutral fraction calculation. We conclude
that since the excited states of the He atom are populated during
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the collision, the Auger deexcitation mechanism provides a
source of emitted electrons in the energy range between 0 and
25 eV. The electrons emitted with energy values larger than
15 eV show an impinging ion energy dependence consistent
with experimental results.
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