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Energy loss of H" fragments arising from dissociation of fast H,* ions under glancing-angle
incidence on a SnT€001) surface
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Energy losses of H fragments repelled parallel and antiparallel to the beam direction at dissociation are
measured for a glancing-angle incidence of 0.15-0.6-MeV/agifuiehs on a clear{001) surface of SnTe.
The sum of the energy losses of the specularly reflected fragments is larger than twice that of protons of the
same velocity reflected from the surface. For the interpretation of the vicinage effect on the stopping power of
the surface, the energy losses of the pairs of fragments resulting from the dissociatiphartHalculated at
the glancing-angle scattering. The contribution of single-electron excitation to the energy loss of the pair is
calculated with the harmonic-oscillator modél Basbas and R. H. Ritchie, Phys. Rev2% 1943(1982] and
that of collective excitation by the superposition of surface wakes of two protons. A dependence of the
vicinage effect on the distance from the surface is found from the calculated stopping powers, where the
pronounced effect becomes weak as the distance decreases. The calculated energy losses of the reflected pairs
of protons agree fairly with those measured. The agreement of the calculated energy losses with those mea-
sured supports the calculated dependence of the vicinage effet&650-294{@7)07810-4

PACS numbsg(s): 79.20.Rf, 34.50.Gb, 34.78¢, 34.80.Gs

I. INTRODUCTION power for the pair of protons differs from twice the stopping
power for individual protons due to the superposition of
The investigation of dissociation of energetic molecularwake potentials induced by both fragments. Following that
ions incident on a solid is of considerable importance in astudy, several experimental and theoretical studies have been
number of applications, e.g., cluster fusion and cluster iorperformed[5-18]. In the theoretical studies, the vicinage
deposition. When a MeV or sub-MeV 4 molecular ion  effect has been treated as a result of interference in excita-
impinges on a foil, a binding electron of the,His stripped  tions of the target due to the closeness of the fragments. The
off rapidly by a collision with the target atom and the re- jnterference occurs not only in collective plasmon excitation
maining two protons dissociate via a mutual Coulomb forceyt aiso in the excitation of a single electron in the inner-

in the solid. This is referred to as “Coulomb explosion.” ghe|i orbital of a target atom and those excitations cannot be
The laboratory system velocities of fragments shift from theyigcerned experimentalfl4—18.

velocity of incidence due to the Coulomb explosion. Since
the velocity shift is a function of the angle between the mo-
lecular axis and the incident beam direction, thé fiag-
ments arising from the breakup of randomly orientegl H
ions form a ring pattern in a joint distribution of energy and
angle[1-3].

At a glancing-angle incidence of a MeV,H ion to a
single-crystal surface, the projectile dissociates to a pair of
fragments at a few angstroms from the surface atomic plane.
As the pair approaches the surface, the internuclear distance
becomes large and the axis connecting the fragments be-

The energies of the two fragments arising from thecomes almost parallel to the surfaﬁﬂ_sg,zq. The vicinage
breakup of a MeV K" ion in a foil, whose molecular axis effect may be observed for the'st'opplng power of the surface
tilts by an angle® with respect to the beam direction, are for the pair of fragments. The vicinage effect may depend on

given by the internuclear vector between the fragments. The effect
would also depend on the distance from the surface. Thus
E = %MpVZJr M Vv .co® —AE,, one may expect to study the dependence of the vicinage ef-
1) fect on the distance from the surface.
Er=3M IOV2— M Vv .coP —AEr, In this paper, the energy losses of the specularly reflected

leading and trailing Hl fragments at a glancing-angle inci-

whereE, andE; are the energies of the leading and trailingdence of (0.15-0.6-MeV/amu H* ions on a clean
fragments, respectivel , is the proton mas/ is the pro- ~ SnT€001) surface are measured at various angles of inci-
jectile velocity, v is the asymptotic center-of-mags.m)  dence less than 12 mrad. The energy losses are compared
system velocity of the fragment acquired by the Coulombwith those of H ions at H incidence with the same veloc-
explosion, andAE,,=AE, + AE; is the energy loss of the ity. The energy losses are calculated using a classically ob-
pair of fragments. For MeV K projectiles,V is more than tained stopping power and approximated trajectories of frag-
100 times larger than. ments. From the calculated stopping power for a pair of

Since the work by Brandt, Ratkowski, and Ritcli, it ~ fragments, the dependence of the vicinage effect not only on
has been known that the energy loss of the pair is not givethe internuclear distance but also on the distance from the
by twice that of the individual proton. This nonlinearity surface atomic plane is discussed. The calculated energy
arises from the so-called vicinage effect, where the stoppingpsses are compared with the experimental ones.
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| 0.4 MeV/amu HS on SnTe (001) observed in the energy spectrum, which were due to the H
| e :6 =4 mrad fragments of H* formed by the dissociation in collisions
g 1000 L - 6 =8 mrad with residual gas molecules in the beam transport. The three-
) | Trailing 4 : Incident Fragments | peak structure is characteristic of the energy spectrum of
% ) ] fragments at b -gas collisiond23]. Although the yields of
= d ' Central these peaks were negligibly small compared to that of the
T L . Leading 1 undissociated ki ions, the half energy of the incident,H
%S 500 : * N . ions was determined from the central peak of kns to
T L % e % Outer - avoid experimental error arising from tuning the magnetic
;__3 L : . 2 gA F field. In order to compare the energy loss of the fragments
S \’!w?w 2 1 with that obtained at F-ion incidence, a similar experiment
- ‘ .\.— 5 was performed at an incidence @.15-0.6-MeV H™ ions
%85 390 395 200 205 on the same surface.

Energy (keV)
Ill. EXPERIMENTAL RESULTS
FIG. 1. Example of energy spectra of thé lftagments arising
from dissociation of 0.4-MeV/amu H ions at the SnT@01) sur- An example of the energy spectra of Hragments scat-
face. The angle of incidence is 4 mrad and the angle of scattering #&red from the surface of SnTe obtained at the 0.4-MeV/amu
8 mrad. The energy spectrum of the incident fragments arising froni, " -ion incidence is shown by closed circles in Fig. 1. Two
dissociation in collisions with residual gas molecules is also shownpeaks that correspond to the leading and trailing fragments
are seen in the energy spectrum. The yield of the trailiig H
Il. EXPERIMENTAL PROCEDURE fragments is larger than that of the Ieading*.rHagments.
This represents an effect of surface wake induced by the
The main part of the experimental setup is described elsdragmentg24]. In the energy spectrum of the incident frag-
where [21,22), so the experimental procedures are brieflyments shown by triangles, three peaks are seen. The peak at
mentioned here. Th¢0.15-0.6-MeV/amu H* ions from 400 keV is the central peak and the other two peaks are the
the 4-MV Van de Graaff accelerator of Kyoto University outer peaks arising from the collisions of, H projectiles
were collimated to have a maximal angular divergence of 0.with gaseqd23].
mrad and be incident on a cle@01) surface of SnTe with The energy losses of the leading and trailing fragments
glancing angles of incidence less than 12 mrad. The SnTgre obtained from the peak energies of the energy spectra of
which is a narrow-gap semiconductor of a NaCl-type crystakcattered fragments relative to that of the central peak of the
structure with a lattice constant 6.32 A, is preparedrbgitu  incident fragments. The examples are shown in Fig. 2: Fig.
evaporation on a KQD01) surface under 10 Torr ultra-  2(a) shows the energy losses for 0.2-MeV/amu ion incidence
high vacuum conditions. The azimuthal angle of incidenceand Fig. Zb) shows those for 0.4-MeV/amu ion incidence.
was carefully adjusted in order to avoid surface channelind=or comparison, the energy losses of kbns measured at
of the ions. The neutral fraction of the reflected fragmentsH™ incidence are also shown. These energy losses were mea-
was less than 1. sured a few times with different samples and averaged. The
The energy spectra of Hfragments scattered in the scat- errors were estimated to b&0.2 keV, which may arise
tering plane(the plane containing the incident beam direc-mainly from the measurements of the energies of the incident
tion and the target normiaht the angles for specular reflec- beams. It can be seen in Fig. 2 that the energy losses of the
tion, which are twice the angles of incidence, were measurettagments do not depend so much on the angle of incidence.
by a 90° magnetic energy analyzer. The acceptance angle #he independence is also observed for the energy losses of
the aperture placed before the analyzer wak1 mrad. The H™ ions shown in the figures.
ion detector was a microchannel plate position-sensitive de- Figure 3 shows the sums of the energy losses of the lead-
tector (PSD and the position spectra on the PSD were col-ing and trailing H fragments and the ratios of the sum of the
lected in a multichannel analyzer. The energy resolutiorenergy losses of the fragments to twice the energy loss of
AE/E of the analyzer was about 18, An anomalous elec- individual H" ions. Figure 8) shows results for 0.2-MeV/
tric signal from the PSD due to the simultaneous collision ofamu ions and Fig. ®) for 0.4-MeV/amu ions. The sums of
two protons could not be found. This suggests that the obthe energy losses of the fragments are about 1.05-1.15 times
served fragments are singles of the pairs and that the angullarger than twice the energy losses of the individualibhs.
deviation during the glancing-angle scattering is too largeThe ratios are almost independent of the angle of incidence
compared to the acceptance angle of the magnetic analyzdar both incidence energies. Figure 4 shows the incidence-
+0.1 mrad, to detect both fragments of the pairs. energy dependence of the energy losses and the energy-loss
The energy losses of the fragments were determined bsatios. The energy losses shown are averaged ones for a
the shifts of the peak positions of the fragments in the energyange of the angle of incidence, (&:90.1)6.,, whereé,, is
spectra from that of the half energy of the incident Hons,  the characteristic planar channeling angle for protons be-
which was determined as follows. Having removed the targetween (001) planes of SnTg25]. The energy-loss ratios
crystal from the beam and rotating the 90° analyzer to detecthown are taken between the averaged energy losses. The
the incident beam of ions, the energy spectrum of incidenenergy losses and ratios do not depend on the energy of
ions was measurethn example of the energy spectrum is incidence within the experimental errors.
shown by triangles in Fig.)1 Three peaks of Hions were The energy-loss differences between the leading and trail-



2920 Y. SUSUKI 56

10— o
+ + v 20 — T
| (8) 0.2 MeV/amu Hz and H™ on SnTe (001) ] < I(a) 0.2 MeV/amu H} and H* on SnTe (001) { &
s i Ry = 1.25 A Se(H:) = 1.4 X Se(H") % [ Ry = 1.25 A —_1.5 ﬁ
I (o]
E o N 315 _ { b ~
= Trailing g 0 — ] =
6 ] 20t bete 1 4
3;’ B T B (=]
S, 210 -
= @ - x
gﬁ I _ §o . o053 220 2 1 %
s & F Jos 3
2 — N 2 5 :' T gﬁ
=] b Bt
Leading ] w | 1 &
0 L 1 1 1 | 1 L 1 Il 1 1 1 I t I -
0 5 10 15 UEJ 00 1 1 1 1 5I 1 1 1 ' 1I0 I 1 1 " 1;)
Angle of Incidence 0; ( mrad ) A
Angle of Incidence 6; ( mrad )
12 I . : I T T . ! I ;
L (b) 0.4 MeV/amu H; and H® on SnTe (001) - L L A I L N R
1 =~ (b) 0.4 MeV/amu Hz and H' on SnTe (001) &
10 | Rp = 1.25 A Se(H3) = 1.4 X Se(H) w ot A LS =
- | ] 3 20k Ro = 1.25 i -
E 8 B Bl : .
= Trailing 1 g } § i R
S-S, = r i El
o 6F 58 s, . ] | § 1
4l H* Incidence B S T 1 2
i A . £ 10L i
& A S S £10 \_’~CT4/_/ 3
[ B T ® | T o
& 2f \___\U/D/__D/( ] & 5 o o 0 g H053
) o F 1,
r (=R ] < | . %"
0 Leading - s | _ LS
1 L 1 1 1 1 L ! ! 1 ! e
0 5 10 Eol »— o+~ v
@n 0 5 10

Angle of Incidence 6; ( mrad )
Angle of Incidence 6; ( mrad )

FIG. 2. Measured energy losses of thé Hagments as func- . .
. L L . FIG. 3. Sum of energy losses of the leading and trailing frag-
tions of the angle of incidence of projectiles. For comparison, the . . : - .
: - L ; ments and their ratio to twice the energy loss of individudlibhs.
energy losses of Hions at the incidence of individual Hions are

. .. Th mbols are the experimental results and the lines are calcu-
also shown. The lines are calculated energy losses for the indj- e symbols are the experimental results and the lines are calcu

. ; - : ated ones, where the square of the effective charge,ofiehs is
vidual, leading, and trailing H, where the square of the effective 22 —1.4. Results are shown féa) 0.2-MeV/amu ions andb) 0.4-
charge of H" ions isz2,=1.4. Results are shown f¢a) 0.2-MeV/ eff ' '

amu ions andb) 0.4-MeV/amu ions. MeV/amu ions.

ing H* fragments[referred to as the energy separation
Esed i) in the following] for the incidence of 0.2- and 0.4-
MeV/amu H," ions are shown in Fig. 5. The energy separa-
tions are smaller than those calculated by @g¢introducing
®=0° and v, obtained by the Coulomb explosion in free
space, which are shown in the figure by horizontal dotted
lines. The reduction of the energy separations has been ob-
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served also for HeH projectiles[20,24,2§. The incidence- o2 ©
energy dependence of the energy separation is shown in Fig. s naivicaal Proton 08
6. The closed circles are the averaged data for the same range [~ * -
of the angle of incidence as in Fig. 4, where the energy I ]
separations for all the incidence energies investigated do not T Y S v S —
depend on the angle of incidence. The dotted curve is based Energy of Incidence ( MeV/amu )
on the same calculation as those shown in Fig. 5. The mea- .
FIG. 4. Incidence-energy dependence of the sum of energy
sured values are smaller than the calculated one.

losses of the leading and trailing fragments and their ratio to twice
the energy loss of individual Hions. For comparison, the energy
IV. THEORETICAL STOPPING POWER OF SnTe (001) losses of H ions at the incidence of individual Hions are also
FOR A MeV PROTON shown. Symbols show experimental data averaged for the angle of
incidence 0.8.,< 6,<0.50., and lines show the calculated data av-
Before discussing the energy loss of a pair of protonseraged for the same region, whetg=7.65; *? (mrad) ancE; is
resulting from the dissociation of F, the position- the incidence energy per proton of the projectiles in MeV.
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(b) 0.4 MeV/amu H; on SnTe (001) . dence 0.83.,=<6,<0.50.. The dotted line is calculated for a free
S sl Ro = 125 A - : Coulomb | Coulomb explosion and the solid line is calculated using @8),
| 7T : 2s0g + Coulomb which is averaged for the same region of the angle of incidence.
c —— : with Multiple Scattering
=] L i
® 6 e @ nucleus. Assume that the proton is deflected only slightly in
8 //J_;_T—i\ 1 the collision. The equation of motion of the electron is given
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o .
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wherem is the electron mas$ is the impact parameter of

FIG. 5. Energy separation between the leading and trailing H the collision, and the electron is bound to the nucleus with
fragments. The closed symbols are the experimental data and tt@ngular frequencw. Whenb is larger tharr, the variation
lines show the calculated data. The dotted line is for a free Coulomlof the electric field on the position of the electron may be
explosion, the dashed line is obtained by the trajectory calculatiomeglected and the energy transfer from the proton to the atom
using the 3cg state for the initial excitation, and the solid line is a after the collision is obtained 427]
result calculated by Eq23). In the calculation of Eq(23), we have
usedv,(6;) obtained from the dashed line aAd( 6;) obtained by

the energy-loss calculation. Results are showr(d@0.2-MeV/amu et » . 1 2
H," ions and(b) 0.4-MeV/amu H* ions. OEp(b)=— j dt € Vi ———
2m | J - |I’—Vt—b| To
dependent stopping power for a specularly reflected MeV .. 2
single proton at th€001) surface of SnTe is calculated. A e’ q d?Q 66
Cartesian coordinate frame fixed with respect to the surface - 2 72mV2 f RE € ' @

of crystal is considered, where tlg plane is parallel to the
surface and the axis is parallel to the surface normal. The

total stopping power of the surface for a proton moving paryhere = w/Vx+Q, X is the unit vector along the axis,
allel to the surface at a distance from the surface atomic

i [ and(§ is the wave-vector transfer in thye plane. According
Planez s writen as to Basbas and Ritchie, the upper limit of the integration with
Se(2)=Sp(2)+Sp(2), 2) respect taQ in Eq. (4) is
whereS;(z) is the stopping power for a proton due to single- |(§m(w)| — W Ky 2MVI:. 5

electron excitation of a target atom aBf(z) is that due to
collective excitation of the surface electrons. . R

The stopping power due to single-electron excitation isThey integrated theSEp(b) term of Eq.(4) overb and Q
calculated by the following method by Basbas and Ritchieand obtained the stopping cross section of the electron for a
[16]. First, the collision of a proton moving with velocity ~ Proton. Since the impact-parameter dependence of the en-
parallel to thex axis and a single-electron atom is consid- €9y transfer is needed to carry OJH this work, integration of
ered, where the electron is harmonically bound to thehe energy transfer in Eg¢4) over Q only is carried out as



2922 Y. SUSUKI 56

2e* [w? [ [Qm@dQ Q J(Qb)\? ws ,
5Ep(w,b):W IV ( JO W) wgez Vive §Jo(v {2|z |)
p(2)= V2 f iz d¢
Qn(«)dQ Q?J1(Qb))? 0
RS op 1,
wle? (Vi ' 1—30(7 {2|z |)
* TJ 1+ 2 d¢

whereJ, andJ, are the zeroth- and first-order Bessel func- 0
tion of the first kind. The right-hand side of E¢6) is a XO(—2'), (10)
function of w; thus §Ep(b) is denoted bySEp(w;b) in the
following.

This atomic model is generalized to one consistingé! where the distances andz; are measured from the surface

harmonically bound electrons with thi¢h electron having ©f @ sémi-infinite homogeneous mediua, and w are the
oscillator strengthf; and resonant frequenay; . Since the ~Pulk- and surface-plasma angular frequencieg, is the
electrons in the atom are assumed to be mutually indeper-6"Mi Vvelocity of solid electrons, an@(—2) is the unit
dent, harmonically bound classical electrohsmay be set step function, wh.|ch shows that the second term is needed
equal to unity{28]. Then introducingy;, which is the num- when the proton IS inside the surface. _

ber of electrons having the resonant frequengyin the jth '_” the, calculation of Eq(8), w; was approximated by
shell, and the oscillator strengfy=n;/Z® corresponding w;=1; /%", wherel; is the ionization energy of thith shell

to this transition, the energy transfer expressed b an electrons of the S.r.' a_m_d Te at_orf&l]. The choice of the
be written by 9y P W& surface of a semi-infinite medium at 0.5 monolaybi.)

(1.58 A) outside the center of th@01) atomic plane of the
surface of SnTe has been succeeded in explaining the energy
loss of specularly reflected iof82]. The plasmon frequen-
SEW(b)=ZNY) f8Ep(w;;b), (7)  cieswsandw, and the Fermi velocityr of SnTe, calculated
! from the density of valencés and 5 shellg electrons of
five electrons per atom, agree with experimental {2834

. . . and have been successful in the analysis of dissocif2ién
where the superscripA) denotes the atomic species and theWith these parameters and the use of E85.(8), and(10),

summation is carrled qut Eor eleé:trcz)mc shells where the eIec,Ehe total stopping powes,(z) of the (001) surface of SnTe
trons can be excited, i.ekp,=wj/V-. is calculated

Now consider a surface of a sin_gle crystal that is pgrallef The results of the calculation for a 0.2-MeV proton are
to thexy plane. For a proton moving parallel to theaxis  shown in Fig. 7 as functions of the distance from the surface
over the surface, the energy loss per unit path length due toy,mic plane, where the stopping power due to single-
single-electron excitations of the surface atoms is defined byjectron excitation, that due to the collective excitation, and

the total stopping power are shown. The stopping power due
. to single-electron excitations has an oscillatory structure,
S‘E‘,(z)=2 N(A)J SEX(b)dy, (8)  which is due to the oscillation of the Bessel functions in the
A —oo energy transfer expressed by K@), and its period is mainly
determined byQ(w;). Since theQ(w;)’s do not depend
so much on the shellg.g., 10.2 A'* for 4s-shell electrons
whereN™® s the areal density oA atomic species on the and 10.7 A for 5p-shell electrons in the Sn atgmthe
surface and=(y*+2%)*2. oscillation in the energy transfer is not smeared by the sum-
The stopping power due to the collective excitation ofmation over shells. The stopping power due to single-
valence electrons for a proton moving at a distameez,  electron excitation becomes smaller with the increasing dis-
from the surface atomic plane is given by tance from the surface, while the stopping power due to
collective excitation becomes dominant as the distance be-
comes large. The experimental stopping power shown in Fig.

c au p(F,zO) 7 was obtained from the measured incidence-angle depen-
p(2)=e — — : (9 dence of the energy loss of protons with the use of the analy-
x=0y=0z=2, sis reported in Ref.32]. It can be seen that the theoretically

obtained total stopping power agrees with the experimental
R one within a factor about 2.

whereUp(r,zg) is the surface-wake potential induced by the  The calculated energy loss of an individual proton ob-
proton moving at(0,0z,) parallel to the surface of a semi- tained by the integration of the stopping power along trajec-
infinite homogeneous mediuf29,30. The analytical for- tories of protons scattering at glancing-angle incidence on
mula forUp(r,z,) is expressed in Ref24]. Substituting the the surface is shown in Fig. 2. Here the trajectory of the
formula shown in Ref[24] into Eq. (9), the stopping power proton is calculated under the surface continuum potential
of the surface due to the collective excitation for a protonderived from the Moliee approximation for the screening
moving at a distance from the surface atomic plane is ob- function of Thomas-Fermi type. The experimental results for
tained as the individual proton are fairly reproduced by the calculation
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10° — internuclear vectors are in thez plane, wherep is the scat-
0.2 MeV/amu H* tering angle measured in a plane parallel to the surface. A
on SnTe (001) discussion concerning these assumptions will be carried out
in Secs. VIl and VIII A.
In analogy with Eq.(2), the total stopping power for a

2 -
10 i pair of protons moving parallel to the surface at the distance
from the surface, with the internuclear distariReis written

as

Experimental

single electron excitation

10' b Su(R,2)=Sy(R,2) + S}(R,2), 1y

\ where Sy (R,2) is the stopping power for a pair of protons
~~~~~~~~~~~~ = due to the single-electron excitation of a target atom and
v (R,2) is that due to the collective excitation of the surface
electrons. The stopping power for a pair of protons due to
single-electron excitation is also calculated by the theory of
Basbas and Ritchigl6]. At the collision of a pair of protons
aligned with the beam direction and a one-electron atom in-
troduced in Sec. 1V, the equation of motion of the electron

must contain an additional teref/|r —Vt—b—RX on the
right-hand side of Eq(3). The energy transfer to the atom
FIG. 7. Calculated results for stopping powers for 0.2-MeV pro-from the pair of protons becomes
ton as functions of the distance from the surface atomic plane. The
5
1+co

ionization energies of the Sn atom used in the calculation are 9.761,
where SEp(w;b) is the energy transfer from a proton to the

7.060, 2.5262, 0.9192, and 0.4370 Ry fay, 4ip, 4d, 5s, and 5

electrons, respectively. The ionization energies of Te atom used are
htom given by Eq.6). The energy transfeE,,(w;R,b)
from the pair of protons at the collision with the atom con-

11.899, 8.921, 3.8208, 1.2594, and 0.6328 Ry fer 4p, 4d, 5s,
and S electrons, respectively. The areal density of the target S

sisting of Z(® harmonically bound electrons is
R
1+co

and Te atomdN©®"=NT9=N; is 0.0504 A2, the bulk and surface

plasma angular frequencies are 2<18D* and 1.55¢10% sec ! )

respectively, and the Fermi velocii=1.89x 1¢° m/s. For com-

parison, the stopping power obtained from experimental energy-loss

data for 0.2-MeV protons is also shown.

for both energies of incidence. The maximal deviation be- (13

tween the calculated and experimental results is about 20%
The calculated incidence-energy dependence of the en

ergy loss of a proton is shown in Fig. 4, which is averaged in

the same region of the angle of incidence as the experimenta

one. The agreement between the calculated energy loss and w0

the experimental one is good at an incidence energy less than Su(R,2)= E N(A)f 5E§j,*)(R,b)dy. 14

0.4 MeV/amu. However, the calculated energy loss decreases A -

as the energy of incidence becomes larger than 0.5 MeV/ . . o

amu. This decrease is related to the explicit velocity depen- 1€ StoPping power due to the collective excitation of

dence of the energy transfer described by E}.and the valence electrons at the surface for the pair of protons mov-
atomic shells of electrons, which can be excited as in(Bg. ing at a distance= z, from the surface atomic plane is given

Stopping Power Sp(z) ( éV/A )

collective excitation

10-1 RS B RS NV R SR |
0 1 2 3

Distance from Surface Atomic Plane (A)

SEy(w:R,b)=2

SEp(w;b), (12

SE{(R,b)= 2z<A>§) f] SEp(w;;b).

Thus the stopping power of a surface plane for a pair of
ahgned protons moving parallel to theaxis due to the ex-
|tat|0n of a single electron is

by
V. THEORETICAL STOPPING POWER OF SnTe (001 FOR . ﬁU(F, Zy)
A PAIR OF MeV PROTONS m(Rz)=e ——
X:0,y:0,z:zo
Although we have not been successful in detecting well- R
aligned pairs with the beam direction in the present experi- aU(r,zg)

mental conditions, where fragments scattered only at the +e X
angle for specular reflection are measured, our theoretical
treatment is only for the pair whose internuclear vector is
aligned with the beam direction. This treatment is based on
two assumptions: The first is that the fragments measured at
0=20, arise from pairs whose internuclear vectors are parSubstituting the formula for the wake potential into Etp),
allel to the surface, wheréis the scattering angle measured the contribution due to the collective excitation to the stop-
in the xz plane perpendicular to the surface. The second iping power for the pair of protons moving at a distarzge
that the fragments measureddat 0° arise from pairs whose from the surface atomic plane is obtained as

x=R,y=02z=2, (15)

U(r,zo) = Up(r,20) + Up(r —R% 20).



2924 Y. SUSUKI 56

10° ——————————————1
0.2 MeV/amu H3 0.2 MeV/amu H; on SnTe (001)

on SnTe (001)

£
//"

Vs
s

~ PRI R
- individual proton X 2 W i 1
=~ 10 R=1A) T 0 2= 25 i
> ( = ) s o Y
@ N
Z (R=2A) = .
- [ 0
N N
i‘% p
1 =)
“ 10 £
=3
: g
° &
~
op
= Oigg, 2
£ Nce
0 7
g' 10 Urfae, 0 ¢
= ® (4
5]

FIG. 9. Ratio of the calculated stopping powers for a pair of
protons to twice that of the individual proton as a function of the

(1 S SO S S S S internuclear distance between them and their distance from the sur-
0 1 2 3 face atomic plane. The energy of incidence of the projectiles is 0.2
Distance from Surface Atomic Plane (A) MeV/amu.

FIG. 8. Stopping powers for a pair of the leading and trailing nuclear distanceR) and the distance from the surfaca {s
protons with internuclear distances of 1, 2, 5, and 10 A for anshown in Fig. 9. The contour map of the ratio in Replane
incidence of 0.2-MeV/amu i ions. For comparison, twice the s also shown at the bottom of the figure. At a distance from

stopping power for an individual proton is also shown. the surface larger tla2 A in Fig. 9, the ratio monotonically
- oscillates along th® axis. Here the stopping powers due to
wsR| | wge excitations of the surface wake and electrons in teeabd
Su(R.2)=2 1+C°5< \V; ) V2 5p shells of Sn and Te atoms are dominant. The oscillation

corresponds to superposition of cegf/V) in Eq. (13) for

% (w_s §2|z’|) the 5 and 5 electrons and cosR/V) in Eg. (16). The
Vive 2V0\ v wavelength of the resultant oscillation is close to the wave-
o ng length of the surface wake,®//ws, Which is 24 A for
0.2-MeV/amu ions. At a distance from the surface smaller

wZPeZ than 1 A, the ratio has a complicated oscillatory structure
V2 around unity. Here the stopping power is mostly determined
by the excitations of the€} 4p, and 4 electrons of Sn and
wp ) Te atoms. The oscillation of the ratio corresponds to the
vivg ¢ 1—Jo(v {2|z |) superposition of cos{R/V) for these excitations. Because
><J > d O(-2'). the frequencies for these excitations are large compared to
0 1+¢ those for surface plasmon excitations, the wavelength of the
(16) oscillations is small compared to that of the surface wake.

wa
+2|1+cog —

\Y,

With the parameters used in Sec. IV, E¢E4) and (16) VI. ENERGY LOSSES OF REFLECTED FRAGMENTS
are calculated and the total stopping power for a pair of AT MeV H," INCIDENCE
aligned protonsSy(R,2z) is obtained in Eq(11). It must be

noted from Eqs(14) and (16) that Sy (R,z) =4Se(z) when A. Dissociation of H,™ during glancing-angle scattering

R=0. However,Sy(R,z) does not approachSg(z) at R The energy loss of a pair of fragments is calculated by
=o because no damping mechanism is introduced in thisntegrating the stopping power along the ion trajectory
model. whose initial internuclear distandg, was assumed to be

Figure 8 shows the total stopping powers calculated for &.25 A[35]. Thus a model for the trajectory, which gives the
pair of protons aligned with the beam direction with internu-internuclear distance as a function of the distance from the
clear distances of 1, 2, 5, and 10 A. For comparison, twicesurface, is needed for the calculation of the energy losses.
the total stopping power for the individual proton is alsoHere the trajectories of the pairs of fragments aligned with
shown. The stopping powers for the pair of fragments arédhe beam direction are approximated. The procedure of the
different from twice the stopping power for an individual trajectory calculation, which revises the trajectory simulation
proton. The difference depends on the internuclear distander the MeV HeH' incidence shown in Ref26], is as fol-
of the pair of protons and on the distance from the surfacdpws.
where the difference decreases as the distance from the sur- Assume that the center of mass of His on a trajectory
face decreases. z(x), which is defined by the angle of incidence of Hto

The dependence of the ratio of the stopping powers for éhe surface and the surface continuum potential described by
pair of protons to that for an individual proton on the inter- the Moliere approximation for the screening function of
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The distances from the surface obtained, where the exci-
tation of H,* and electron loss of Hfragments take place,
are shown in Fig. 10 for the incidence of 0.2-MeV/amyi'H
ions. Both distances slightly decrease as the angle of inci-
dence increases. The distances are comparable to our earlier
estimate§19,20,24,2% and they are comparable to the dis-
tance from the surface where the charge-exchange collisions
occur frequently[38]. The fragments approach the surface
atomic plane and are repelled from the surface, repelling
each other due to the interaction potential of the excited state
when one of the fragments is’Hind due to the bare Cou-
lomb potential when both fragments are" HThe closest
approach is shown in Fig. 10 for a comparison with the dis-
tances for dissociation and ionization.

B. Energy loss of a pair of aligned fragments

The energy loss of a pair of fragments is calculated by
integrating the stopping power for the fragments along the

the results calculated from electron density distributions obtaineqrajectory of the pair as

from the Molige approximation of the Thomas-Fermi potential,
where the Thomas-Fermi screening radius for the proton-SnTe col-
lision is 0.126 A, and the dotted lines show the results from the

7

Z,
f ° sp(z)ds+f S,(2)ds
traj: x=—o traj: z=zp

AEy =25

electron distributions obtained by the Hartree-Fock calculation of

single Sn and Te atoms. The closest approach to the surface atomic

plane is also shown for comparison.

Thomas-Fermi type. The dissociation of Hinto H" and H’

X=00
+f Su(r,z)ds (20)
traj: z=z)

wherezZ; is the square of the effective charge of the molecu-

occurs by the excitation that is caused by the collisions of théal Hy " ions and the stopping powers for thg Hions in the
projectile with electrons at the surface. The survival prob-ground state and excited states are approximatet{$(2).

ability P¢(z) of the H,* ions in collisions with the electrons
is given by

Z(x)
Ps(z)zexp( _O-thraj' X:%n(z)ds , (17

Since the stopping powers shown in Fig. 8 become larger as
the distance from the surface decreases and the electron loss
of the H’ fragments occurs at larger distances compared to
the closest approaches to the surface as shown in Fig. 10, the
stopping powers for the molecular ions contribute only less
than 10% of the total energy loss. For the square of the

where the curvilinear integral is performed along the trajeceffective charge of the ground-state, Hions, one experi-

tory z(x), op is the dissociation cross section of'H and

mental datum for 9.6-MeV/amu H ions in carbon foils

n(2) is the electron density outside the surface atomic plang39] and a theoretical prediction by Kaneko fop Hions in
which is calculated from the surface continuum potential.our energy regiofi17] can be referred. The measured square
For convenience of the following calculation, it is assumedof the effective charge for i ions in carbon foils and cal-

that all H,* ions dissociate into Hand H when the expo-
nent of Eq.(17) is — 1. Thus the positiorzy(xp) of disso-
ciation of H,* is defined by

zZp(Xp)
Op n(z)ds=1. (18
traj: x=—o

The positionz, (x,) for ionization of H fragments is deter-
mined by the same procedure as

zp (X)
oL n(z)ds=1, (19
traj: z=zp

where the integration is along the trajectory amd is the
electron-loss cross section of ldt the collisions with elec-
trons.

For the dissociation cross sectiof, , the proton produc-
tion cross section measured at the electron impact gh H

with the collision velocities equal to the present experiment
is chosen 36]. Similarly, for o, the electron-loss cross sec-

tion for H° is choser{37].

culated ones for carbon, Al, and Kr targets were compiled to
be 1.4-0.1[17,39. Thus z§ﬁ=1.4 is used in the present
calculation.

The calculated results for the energy losses of a pair of
fragments are shown in Fig. 3. Although the internuclear
distance at the surface depends slightly on the excited state
selectede.g., the 3o or 2po, state$, the resulting differ-
ence in the energy losses is negligible. The results shown are
calculated using the s&ry state for the excited state. The
agreement between the measured sums of the energy losses
and the theoretical sums for the pair of protons is good for
both incidence energies. The maximal deviation between the
calculated and experimental results is about 15%, except at
the largest angles of incidence. The calculated energy-loss
ratios are also shown in Fig. 3. The calculated ratio agrees
well with the experimental one for 0.2-MeV/amu ions, but is
slightly larger than the experimental one for 0.4-MeV/amu
ions.

Figure 4 shows the calculated incidence-energy depen-
dence of the energy loss of a pair of protons and of the
energy-loss ratio. The calculated results of the ratio are al-
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most independent of the energy of incidence. The indepen- (iii) The detection probability of the fragments arising
dence is consistent with, but slightly larger than, experimenfrom H," ions whose molecular axes are tilted by an angle

tal results. ¢ With respect to the incident beam direction is given by
Vow 2
VIl. CORRECTION OF MULTIPLE P01 d0)= 2082 J; VedV, | - dé
SMALL-ANGLE SCATTERING ) )
0,)singg+V cot] +[V,Si
The energy-loss differences between the leading and trail- X exp{ —[VC( |)sinéo V2 £ 0%] LV,siré] }
ing fragments shown in Figs. 5 and 6 are smaller than those o(6)
calculated by Eq(l) introducing® =0° andv, obtained by (22

the Coulomb explosion in free space. Shown in Fig. 5 are the
energy separations obtained by the present trajectory calcithere 6y is the experimental detection angle, which is 0.1
lation using the 8o, state for the initial excitation of jf ~ mrad,V, is the velocity of fragments perpendicular to the
ions. Although the calculated energy separations slightly delncident beam direction acquired by the multiple scattering,
pend on the angle of incidence, they are nearly equal to thand ¢ is the angle betweeW, and the crystal surface. Here
Coulomb value. This shows that the calculated energy sepdbe asymptotic c.m. velocity of the fragment acquired by the
ration does not depend on the initial excited states. Thus théissociation is treated as a function @f.
experimental energy separation cannot be explained by the (iv) The final mean energy separation can be written as
choice of the stateg26]. w2

For the trajectory simulation of the glancing-angle inci- Esed i) =2MpVu( 6’i)fo D (o) P(6;, o) cOshod by,
dence of MeV HeH on SnTe shown in Ref§20, 26|, the
calculated distributions of Hfragments are convoluted with (23
a three-dimensional Gaussian distributionéing, andE in 2
order to take into account the multiple scattering and the D(¢0)d¢0:; déo,
energy resolution of the analyzer. FopHprojectiles, since
the angular spread by the Coulomb explosion is comparablehere D(¢) is the initial distribution function of the pair
to the full width at half maximun{3—5 mrad of the angular whose angle of the axis with respect to the incident beam
distribution of fragments caused by multiple small-angledirection is betweerby and ¢o+d¢yg.
scattering, the multiple scattering can reduce the energy The calculated energy separations for 0.2- and 0.4-MeV/
separation. In this work, the energy separation taking intamu H,"-ion incidence are shown in Fig. 5. The agreements
account the multiple scattering is calculated as follows. between the experimental and calculated results are good,

(i) The internuclear vectors connecting the explodingexcept at the angles of incidence larger than 8 mrad for 0.4-
fragments become parallel to the surface due to the effect dilevV/amu H" ions, where the multiple scattering due to
the surface continuum potentifl9]. Roughly, all of the collisions with thermally vibrating atoms cannot be ne-
fragments detected at the angle for specular reflection arglected[43].
assumed to arise from pairs whose internuclear vectors be- The calculatedp, distribution of the pair whose one frag-
come parallel to the surface after the dissociation startament is detected at the angle for specular reflection, i.e.,
Thus, before taking into account the multiple scattering, theD (¢o)P(8;,¢0)d¢g, is not sharply peaked atpy=0°.
change of c.m. velocity of fragments perpendicular to theHowever, it was found from the calculation that more than
surface is neglected and only the c.m. velocity parallel to thénalf of the detected fragments arise frabg<<15°. Applying
surface is considered. The components parallel and perpethe stopping power for aligned pairs, the energy losses of the
dicular to the beam direction of the c.m. velocity acquired byleading and trailing fragments can be written as

fragments can be written ag.(6;)cospy and v.(6;)Singy, AEy(6)) —Eqef 6)

respectively, where(#6,) is the c.m. velocity of a fragment AE (6)= 5 ,

acquired by dissociation ang, is the angle between the (24)
molecular axis and incident beam direction measured in the AEw(6;)+ Esed 6;)

plane parallel to the surfad®0,24,24. AE+(6)= 2 '

(i) The scattering angl@ and ¢ distributions are smeared
by Gaussian distribution due to the multiple scattering. Ap-respectively. The energy losses are shown in Fig. 2. The
plying the impulse approximation and neglecting the scatteragreement between the calculated and experimental energy
ing geometry concerning the surface to calculate the standatdsses of fragments is fairly good.
deviation of the Gaussian distribution, the standard deviation

is given by VIII. DISCUSSION

(&) IMAER(6)) (21) A. Calculated energy losses
o — _,
' ME; The maximal deviation between the calculated and the

experimental energy loss for protons is about 20%, as shown
where AEp(6;) is the energy loss of a proton afig is the  in Fig. 2. For the stopping power for a pair of fragments, the
incidence energy per proton. Here the correlation of the twapproximations made in the stopping power may cause an
fragments during the scattering is also neglected since it isrror as large as that for a proton. Further, several approxi-
expected to be a minor effept0-43. mations on the trajectories of a pair of fragments may also
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cause error in the energy loss of a pair of fragments. Discus 25 -—
sions concerning the reliability of the calculations and errors € r(a) 0.2 MeV/amu H; and H* on SnTe (001)
arising from changing the parameters used are made in tf i
following.

The stopping power due to the single-electron excitatior
of the target atom used in this model is based on Bohr's
harmonic-oscillator model. In this study, not all possible ex-

Ro = 1.25 A ]

f—
w
L

Energy Loss Ratio AEy / 2 AEp

g

-

)

g

=

=

g : ERUNS
citations are treated. That is, each electron of the target atol & 1 |
is approximated by a harmonically bound electron with only & L _ A
one resonant frequency; for ionization and cos¢R/V) = s 0.5
terms in Eq(13) superposed at a distance from the surface g " | e Moliere |
smaller than 1 A Ifw;’s for all pos_sible excitations of the = sy Hartree—Fock ]
target atom are introduced and cosine terms corresponding g | . ‘
. . 5 0 . L ) 2 . ' ' ' ' ) L s 0

these excitations are summed over, the structure of the rat & "~ 5 10 15

may change at a small distance from the surface, where tt
single-electron excitation is dominant. It is expected that the
ratio approaches unity by the superposition of many cosin
terms, except for the cases where masyare harmonic or
only a few cosine terms are strongly weighted. The preser
choice of one-fixed resonant frequeney may cause con-
siderable error in the stopping power for a pair of fragments
and in the stopping power ratio at the small distance from the
surface.

The stopping power due to collective excitation of the
surface electrons is expressed by a formula for the surface
wake potential induced by a proton moving parallel to the
surface of a semi-infinite homogeneous medium. Arista ha
shown that the results of the stopping power calculated fo
an ideal free-electron gas may give erroneous results in mar
caseg44]. A comparison of the stopping power for 0.2-MeV
protons shown in Fig. 7 with that obtained by the formula
derived by Kitagawa with the use of a dielectric function for
an inhomogeneous electron gas under the local-density a
proximation[32,45 has been made. Far-2.5 A, where the
relative contribution to the stopping power from the collec-
tive excitation is large, the stopping powers agree well with
each other. Thus the assumption of the homogeneous m
dium may not give a serious error for this work.

In the present calculation, the distances from the surfac
for dissociation and ionization are derived from the electror
density obtained by the Molie approximation for the
screening function of Thomas-Fermi type. The Madiap-

Angle of Incidence 9; ( mrad )

[\o]
<

—— T ———
[(b) 0.2 MeV/amu H; and H* on SnTe (001) -
Ry = 1.25 A 15

[
W
T
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Energy Loss Ratio AEy / 2 AEp

Sum of the Fragments Energy Loss (keV)
=
T

Angle of Incidence 6; ( mrad )
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'(c)' 0.2 Me\i/arrllu II-I§ and H* on SnTe (‘001I) . S
I —1.
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Energy Loss Ratio AEy / 2 AEp

Sum of the Fragments Energy Loss (keV)

proximation is useful in the description of the elastic scatter- 5 -0'5
ing of high-energy ions by target atoms. The approximatior — Ry =125 A

is of simple analytical form and tends to come closer to the [ et Rg = 1.8 A ]
Hartree value at large distancizb]. Thus the present elec- ob— e
tron distribution on the SnTe surface for 0.55%<5 A is 0 5 10 15

not different by a factor 2 from that obtained by summation Angle of Incidence 6; ( mrad )
of the Hartree-Fock calculation for isolated Sn and Te atoms
[31]. The distances from the surface for dissociation and ion- £ 11, comparison of the calculated energy loss of a pair of
ization using the electron density obtained by the Hartreeagments and the energy-loss ratio with those obtained in other
Fock calculation are also shown in Fig. 10. These distancegonditions: (a) comparison with the results calculated using the
are small compared to those used in the present calculatiolectron density obtained by Hartree-Fock calculatidiss,com-
The differences in the distances contribute less than 2% tgarison with the results calculated usirfg=1 and 2, andc) com-
the final energy loss. The energy loss of a pair of fragmentparison with the results calculated by using initial internuclear dis-
and the energy-loss ratio calculated using the electron demanceR,=0.8 and 1.8 A.
sity obtained by the Hartree-Fock calculation are shown in
Fig. 11(a) and are compared with the results shown in Fig.eters. The assumed stopping power for the molecular ions
3(a). affects +7% of the total energy loss for<2z2,<2. The

In the present calculation, the stopping powers for theenergy losses of a pair of fragments and the energy-loss ra-
ground-state and excited-statg kbns are unknown param- tios calculated by usingZ=1 and 2 are shown in Fig. 14)
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and are compared with the results shown in Fig).3 creasing angle of incidence. The observed ratios shown in

The calculated results would also depend on the distribuFig. 3 are, however, almost constant for the angle of inci-
tion of the internuclear distance of,Hn the incident beam. dence.
The calculated results shown in Fig. 3 are those for the mean The independence of the ratio from the angle of incidence
value of the initial internuclear distancB{=1.25 A). Most is related to the dependence of the vicinage effect on the
of the distribution is considered to be within 0.8, distance from the surface. Since the ion trajectories are long
<1.8 A [23]. The calculated results for initial internuclear at the distance closest to the surface, most of the energy-loss
distances of 0.8 and 1.8 A are shown in Fig(d1The collisions are considered to take place there. Since the
differences in the energy loss are within 10%. Although theenergy-loss ratio does not increase as the angles of incidence
calculated results must be averaged by integrating after muincrease, the vicinage effect on the stopping power may de-
tiplying the distribution function oR,, the averaged values crease as the distance from the surface decreases. The quali-
are expected to be similar to the present values calculatei@tive picture is expressed in Fig. 9, where the ratio of the
using the mean value @%,. stopping power at a small distance from the surfégei-

Our treatment is only for the pair whose internuclear vec<cally smaller than 1 A shows a complicated oscillatory
tor is aligned with the beam direction, which depends on thétructure around unity. Because the typical internuclear dis-
assumptions described in Sec. V. These assumptions af@nce at the scattering closest to the surface is several ang-
based on our earlier experimental studies with computeptroms, the energy-loss ratio does not increase due to the
simulations[19,20,24,28 Tracing the trajectories of 0.2- oscillation of the ratio of stopping power, though the angle of
MeV/amu fragments using a computer simulatf@], it is  incidence increases.
found that most fragments detecteddat 26; arise from ex-
ploding pairs almost parallel to the surface whose initial IX. CONCLUSION
angles between the internuclear vectors and the beam direc-
tion in the xz plane are within 20°. Although other pairs

whose angles are larger than 20° also tend to be parallel t%rising from glancing-angle incidence ¢0.15-0.6-MeV/

the surface as they approach the surface, fragments arisify"" H; ions at a cleari00D) surface of SnTe are measured
from them are hardly detected at26, . With the estima- at the angle for specular reflection. The sum of the energy

tion of the multiple small-angle scattering described in Sec!0SSes is about 1.05-1.15 times larger than twice the energy

VI, it is estimated that more than half of the measured frag0SS 0f atomic H ions of the same velocity. By applying the

ments arise from pairs whose angles between their interndode! proposed by Basbas and Ritchie and using the
clear vectors and the beam directiéhijn Eq. (1), are within  Surface-wake potential, the energy losses of an individual
25° throughout their trajectories. The effect of the angle Proton and of a pair of protons aligned with the incident

on the energy losses of fragments has not been shown in thlps_eam direction were calculated. From_ t_he calculated stop-
work. A computer simulation taking into account the rotationPing power, the dependence of the vicinage effect on the

of the internuclear vector is needed for an accurate calculdliStance from the surface is discussed. Although the depen-
tion of the energy losses of fragments. dence could not be derived by the experimental data, the

agreement of the calculated energy losses with those mea-
sured supports indirectly the calculated dependence of the
vicinage effects.

Energy losses of the leading and trailing” Hragments

B. Incidence-angle dependence of the energy-loss ratio

The well-known vicinage effect on the stopping power,
which has been measured and ca!cullated fo.r fojl transmis- ACKNOWLEDGMENTS
sion of the fragments, decreases with increasing internuclear
distance, while it is less than the half wavelength of the The author is grateful to the members of the Department
oscillatory wakemV/w, [4,5]. The internuclear distance at of Nuclear Engineering of Kyoto University for the use of
the glancing-angle scattering is mostly determined by thehe 4-MV Van de Graaff accelerator. The author is indebted
time the projectile interacts with the surface. The internu-to Professor M. Mannami and Professor K. Kimura for the
clear distance at the scattering decreases with an increasinge of their experimental apparatus for the measurements.
angle of incidence. Therefore, one may expect from thelhe author would like to express sincere gratitude to Profes-
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