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Calculation of ion-surface collisions for a wide range of scattering geometries
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A theoretical calculation that accounts for a fairly complete description of the resonant charge-exchange
process occuring in the Hscattering by metal surfaces is presented. Realistic trajectories defined by the binary
collision model are considered. The interaction with nuclei and electrons of the all surface atoms that the
projectile can see along its trajectory is calculated within a mean-field approximation, and in this form the
contributions of the short-range interaction terms to the energy level shift are well contemplated. The long-
range contributions and the motion of the projectile respect to the surface reference frame are also taken into
account to define the level shift. All these ingredients are incorporated into a quantum mechanical description
of the time evolution. The negative ion fractions calculated in this form show an excellent agreement with the
experimental data for three different incoming energies and for a wide range of exit angles.
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[. INTRODUCTION covering from 2° to 35° respect to the surface plane. As the
measurements performed with both land H™ beams give
In ion-surface collisions and taking the scattering angle apractically the same negative ion fractions, it is possible to
a relevant parameter we can distinguish three regifies:  state that the memory of the incident-ion charge is lost due to
large scattering angle that in the backscattering condition ina very efficient resonant neutralization in the incoming tra-
volves almost normal collisionsii) a small scattering angle, jectory.
or the grazing collisions regime; ar(di) the intermediate Several theoretical approachg$ '®have been applied to
scattering angle involving nonspecular collisions in generalreproduce these experimental data. All of them use the semi-
The large angle regime in the backscattering condition haslassical rate equation which accounts only for the second
been analyzed for many different projectile-targethalf of the collision when the atorfion) leaves the surface,
combinations:—® The theoretical approaches based on the inand the initial charge state in this case is a parameter that has
teraction between the projectile and only the scatterer atorto be introduced in the calculation. For large values of the
at the surface are able to reproduce the experimentaderpendicular component of velocity or large exit angles, the
trends®® On the other hand, grazing-angle collisiohs results are different depending on the initial charge state as-
have been described by using the resonance properties of tekamed (H or H™), and it is found a better agreement with
projectile level in front of the surface, position and width, experiment for H as the initial charge condition. This is
and justifying a semiclassical rate equation for the calculadiscussed in terms of the collisions with surface atoms at
tion of the projectile-state population based on the broademnsmall impact parameters occurring in the scattering with
ing of the electron distribution caused by the parallel com—rather large exit angles. The authors say that in such violent
ponent of the velocity? collisions one can expect that any Hormed in the incom-
The interest now resides in the search of an appropriating trajectory would lose its outer electron, justifying in this
theoretical description of collisions occurring between thesdorm the neutral initial condition. Finally, two important con-
two limit conditions and this is the aim of the present work. clusion from these works are that for this large range of
Here the collisions with small impact parameter are expectedollision angles:(i) a better description of the surface, in-
to be important, and then, a quantitative approach in this casguding its crystallographic structure; afig) a quantum me-
requires a good description of the surface, including both, thehanical calculation of the charge transfer process that ac-
electronic and crystallographic structures. The projectile incounts for the violent collisions more properly that the semi-
teracting with the nuclei and electrons of the surface atomslassical rate equations are required.
along a trajectory that is determined by the binary collision In this direction, Merinoet al!® take into account the
with one atom at the surface, is a good approximation to thehort-range interactions for calculating the position and
single scattering process. This picture points to the oppositeidth of the projectile level. The starting point is a many-
limit of the grazing collision regime where scattering is body Hamiltonian written within a second quantization lan-
dominated by large atom-surface distances and a jellium deguage where the terms involving four different state-indexes
scription is possible. are neglected. Then, an effective Hamiltonian is obtained by
Maazouz and co-workels!* have measured the Hfor- performing a local density-like-approach to the two-electron
mation in collisions of H and H" ions of 1,2, and 4 keV terms; and the ionization and affinity levels of the projectile
against Al surfaces for a scattering angle of 38°, being thare calculated from total energy differences. The negative ion
emerging ion fractions investigated in an exit angular rangdormation in collisions of 1-4 keV positive hydrogen ions
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with Al (100 surface is then calculated in a very similar way encouraging for future applications of this model calculation
to that in Ref. 12. In the case of positive hydrogen fractionsfo a great variety of atom-surface collisional systems.

they discuss the necessity of a quantum mechanical calcula- The work is organized as follows. In Sec. Il there is a
tion because of the finite bandwidth effetfsHowever, in  detailed description of the theoretical aspects, while Sec. IlI
any case they take into account realistic trajectories along thé devoted to a discussion of the results. Finally we present
surface accordingly with the experimental scattering geomeconcluding remarks in Sec. IV.

etries; they consider normal trajectories that include the in-

teraction with the nearest neighbor surface atéome atom Il. THEORY

in the top case and four in the center pne

In the present work the projectile trajectory is defined byizalt?o;h:z\?gie— f; '2 g\c;"'ig'rrlgs\g"qtgn?r\‘/vﬂ Stﬁgicjé:;i It?gr_m d
the binary collision with one atom at the surface, but the :

electronic processes involve the interaction vaththe sur- and a praqtlcally total neutralization 1S expected in the n-
face atoms inside a sphere of radius equal to 11 a.Foming trajectory. Then, the Hformation from neutral in-

o . L L
(neighbor-atom sphereentered at the projectile position in coming atoms provides a good approximation to_the’AI
each point of the trajectory. This picture assumes that thgolllsmn. A correct treatment of this prOb'e”? requires one to
elastic processes respond to a binary model while the inelaér—]trOduce the intra-atomic Coulomb repulsion tetin The

tic processes do not. The energy level of the projectile an&tatlsncal spin factors used in the rate equation appréach,

the hopping with the orbitals of each surface atom are calcu‘rfmd justified from an infinit&J limit approximation:” do not

lated by using the bond-pair mod&lthat is anab initio apply to a quantum time-dependent formalism Iike_the one
approagh to ?he atom-suFr)face interaction solved within ageveloped in this work. On the other hand, these spin factors

Hartee-Fock approximation to the many-body problem. There very important in the case of a two-fold degenerate state

bond-pair model allows to recover the Anderson—NewnsOf th_e inco_ming particle. _B“t in theT—Iformati_on from neu-
Hamiltonian where the on-site energy and hopping terms ar al incoming atoms, a first order perturbative treatment of
e correlation term given by the time-dependent Hartree-

defined up from both the local density of states of the surfac K S | b FAtaaking i
and the atomic properties of the one- and two-electron inter- OCK approximation results to be appropriatdaking into

actions. In Ref. 18 the interaction energy as well as the widtl‘l'f‘CC?unt .;[Ee energtyt Iotchat|c|):ns qflthellonlzailr?n an(: alffl'_T'ty
and shift of the adatom level for H adsorption on metal syr-cVe's with respect 1o the Fermi [evel, and the neutral 1 as
faces were calculated by using this model calculation, an(Bhe incoming particle, small changes of the initial spin-state
the long-range interactions were included through an imag ccupations are expected. Then, to freeze the occupation of

potential that resumes the collective effects involved in theéne first spin state to its initial valugif;)=1), and only to

surface response. In this form, it is obtained a good descripgons'der the variations of the average occupation of the sec-

tion of the interaction for a large range of atom-surface dis-2Nd SPin state(n,)) in the presence of the mean field pro-

tances that compares quite well with earlier approa&?]es.Vide_d by the first electr_on, _is finally a rath_e_r g%od approxi-
The same proposals are used in this work for describing th@1ation to the H formation in the H/Al collisiort _
dynamical collision process in which the time-dependence of I_n th's spinless approach, the expression of the Hamil-
the Hamiltonian terms comes from the classical atom trajecionan is
tory. The energy and hopping terms of the time-dependent

Hamiltonian correspond to those from the adiabatic atom-H(t)= > ¢.n+ >, e+ Ex(t)ng+ D [Va(t)Cs cy
surface interaction without charge transfer. The large dis- k c k

tance behavior of the projectile energy level is corrected by

the image potential contribution; and the dynamical effects +H.c]+ D, [Vad()Cl o+ H.cl, (1)
related with the Galilean transformation that takes into ac- c

count the projectile motion respect to the surface, are con- . . .

sidered only in the energy shift associated with the electrot/€re the indesxa refers to the active state localized on the
kinetic energy. The time evolution of the interacting systemProjectile atom with energiz,(t), while the indexe andc
within a quantum-mechanical description is obtained by ustefer to. the valgnce-banq and core-banq states of the solid
ing the Green's function method introduced by Keldg&h. respectively, with energies, and e.; being Vg(t) and

Therefore, the calculation presented in this work takes intd/ac(t) the respective hopping parameters. The time depen-

account the short-range interactions between the projectil@€nce of the parameters comes from the classical trajectory
and the surface atoms along the trajectory described in BR=R(t).

realistic way, the long-range interactions due to the presence

of a metal surface, and, finally, the energy shift of the pro- A. Quantum mechanical calculation of the charge exchange
jectile level due to its motion in the reference frame fixed at ) A ) )

the surface. This is a very complete and detailed description In the spinless approximatiafn,(t)) gives the probabil-

of the collisional process that allows for an analysis of eacHty that the projectile state is occupied at the time valiue
isolated effect, and also allows to infer the relevance of thel he other possibility for the projectile state is the empty state
time interferences along the whole trajectory in the chargevith probability given by 1-(n,(t)). The average occupa-
transfer process. The excellent agreement of our results wition number is calculated by using the following Green func-
the experimental ones of Maazouz and co-workéfd.is tion:
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Faa(t,t’)zi([c;(t’),ca(t)]>, 2) There exists the following relation between theand G
. functions att=t,, provided the occupation of the state is
where[ ] indicates the commutator, afd,(t)) is obtained either 0 or 1 at this time:

from this Green function evaluated at equal time values: ) )
an(to:t ):(an_l)an(tOut )

—iF 4ot ') =2(ng(t")) 1. (3 with ng=1(0) if the q state is occupiedempty at the time
The F,4(t,t’") function is calculated by solving its equation to- The motion equations for th functions are obtained in
of motion: a similar way as that for thE functions. The final results are
/ dF ., (t,t’ t
dFaa(t,t’) (1) dea(t) i%)zEa(t)Faa(t,t')Jr f dr(Zyp(t,7)
dt atlt nodt to
=i{leg (1), —i[H().caI]). (@) FST () Fas(mt)+ f"dmvb(t,ﬂ
to
Accordingly with expressioitl) for the Hamiltonian, Eq. ,
(4) results to be T Qeorelt, 7)) Gaal 7,t") 9)
and
dFgq(t,t")
g = Ea(OFas(tit)+ X ValDFia(tit)) 4G, (Lt") y
iT=Ea(t)Gaa(t,t’)+ Jt dr{22,(t,7)
* 2 VadOFeslt 1), © 4321 7)]Cal ), (10

where the new self-energies are defined as follows:

S5t =[25(7,0]*,

The new functiong=g,(t,t") (with g=k,c) are

Faa(t,t)=i([ca (t'),cq(D)]),
their equations of motion bein . .
q 9 Qy(t, 1) =i % (2ng— 1)V ag(t)Vga( 7) explieg(t—1)].
idF ga(t,t")/dt=gqFqa(t,t") +Vaa(D)Faa(t,t’).  (6) (11)
'Fl'he re,suE ]f)btain,ed by in'Froduci,ng the dphlase transforgnation Equations(9), (10) and (3) finally allow for the calcula-
qa(.t’t )= faa(t t )e’@["%(t‘t )]. an mtegratlng. 9 tion of the average charge state of the projectile given by
(6), is then replaced in Ed5). In this form, the equation of -~ . L
motion for F .,(t,t") is (n4(t)). In the case of self—energles and a projectile energy
level that are not dependent dn,(t)), the integration of
ARttt , t ; these equations is performed by considering the time walue
I—r ~Ea(UFad(tt)+ ft dr(Zyp(t,7) fixed at the final time for the collision process’{>x).
0 Then, the motion equation for the advanced Green function
+ 30 ore(t, 7)) Faa(7,t) [Eq.(10)] is integrated from=t" to t=t, with the boundary
conditionG,4(t’,t")=i. While in the case of the equation of
s _ , motion of theF function [Eq. (9)], the integration is per-
* ; Va(t) expl ~ie(t=to) [Fia(to,t") formed fromt=t, to t=t’, with the boundary condition
Faa(tOrt,):[2<na(t0)>_1]Gaa(t0at,)-
+ 2 Vac(t) expl —iec(t—to) IFealto,t),
¢ B. Calculation of the energy level and hopping terms

() The model proposed for the adiabatic atom-surface inter-
wheret, is the initial time for the collisional process, and the 8ction can be thought as a generalization of the interaction
retarded self—energieE;b(t,r) ands', (t,7) are defined as betv_veen two 'atoms, where one of them consists of a system

having a basis sdtp,} (including extended valencelike and
corelike band states® The description is based on the sym-
ST = =10t =72 Vag()Vqa(7) explieq(t—1)], metric orthogonalization proceddfein which starting from
d ) a nonorthogonal basis sgp, , ¢} (¢, andgy correspond to
states of the isolated subsystgmthe application of (1
with gq=k for X=vb, andg=c for X=core. +9),? produces the desired orthonormal basis set
The Fqa(to,t") functions are still required to solve Eq. {¢,,¢y}. A complete orthogonalization between the adsor-
(7). They can be determined by using the advanced Greebate and substrate original states is out of the question, and it
functions an(t,t’)zi®(t’—t)<{c;(t’),cq(t)}), with {} is then natural to appeal to an expansion in terms of the
indicating the anticommutator. overlapS, . Then, by using a linear combination of atomic

075406-3



M. C. TORRALBA, P. G. BOLCATTO, AND E. C. GOLDBERG PHYSICAL REVIEW B8, 075406 (2003

orbitals (LCAO) for the substrate states and performing aconsistent calculatioff This is in some way similar to the
mean-field approximation of the many-body interactiondiscussion by Merincet all® about the dependence of the
terms, the following expressions are found for the atom orenergy level and hopping parameters on the projectile charge
bital energiex] and the hopping tervg, (a more detailed configuration. However, we remark that the results arising
description is given in Refs. 18 and )25 from both models are supported by different approximations
to the electronic Hamiltonian. In our case a strict mean-field

o _ 0.7 _ Zs < treatment of the two-electron terms is carried out, and the
eal(MI=eat+Uaa(Na—o) % Vaat LER:S (Jaii-o) effective one-electron coupling term is calculated consis-
tently.
- 1 o3 T :
+Ba(ni))— E Saivgi(jlm+ —Z SgiAEgi, The energy levekz(R) obt_alned in this way takes mtq
i Rg 4R, account only the short-range interactions between the projec-

(12) tile and the near surface atoms that are seen along its trajec-
tory; the effect of the long-range interactions may be intro-
_ _ duced by considering the image potential defining the
VEI(NY]= > cKRYVIIM(n)], (13)  behavior for large normal distanceg)(to the surface £
IRs =7,). This procedure has proved to be successful in previ-
where now the indexesandj run over the orbitals of the Ous WOFkSl-G’lS’ZQW! Ref. 18 the hydrogen level shift in front
substrate atoms located at the position veégrcik(F_%)S) are Of an Al surface is calculated by joining the Hartree-Fock

the coefficients of the LCAO expansion of the sdiistates, result with the correct behavior by the image potential con-

and[(n)] symbolizes the dependence of the energy level anHib_Uti_On at large distar_lces;_ while a pure Hartree-Fock de-
coupling term with the occupations numbets,,) and scription of the level width is proposed. A good agreement

(ni,). The (sg—stvgg) term accounts for the one electron with Otr;er sztmg res.ulfg |fs r:)btam.ed .|In bOt? cas::s. ]’ he
contributions (kinetic energy and electron-nuclei interac- energy level as a function of the projectile-surface distatce

. ~ ) . _ is then proposed as

tions); U,, is the intra-atomic Coulomb repulsion term,

while J,; and G,; are respectively, the direct and exchange - [e2(R)—el(Ry) + &%+ Vim(za) for z<z,
Coulomb integrals, all them calculated by using the nonor- Ez(R)=
thogonal atomic basis set and corrected by terms of @#er 14
The AEZ; corresponds to the difference between the projec- (14

tile and surface atom energy terms. Equati®@) indicates In the case of H formationel=—0.75 eV andVi(2)

that the atom-surface hopping is defined as a superposition qof _ 1/4(z— z,); while for H* formations), = —13.6 eV and

atom-atom hoppings defined only with functions orthogonal\/im(z) — 1/4(z—2y). Herezis the normal ;omponent to the

ized in each dimeric spaceR(R). Vg™ also includes the  syrface, and,=3.06 a.u. is the image plane position for the
hopping contributions due to the two-electron terms within aa| (100 surface. The, distance is assumed equal to 8 a.u.
mean-field approximation which turns it dm)-dependent as in Ref 18. In this form the energy level obtained within a
coupling. mean field calculation has been shifted to join in a smooth
Experimental values obtained from x-ray photoemissionyay with the correct asymptotic behavior that includes the
spectroscopy datdare used for the core states of the solid.effect of the long-range interactions. As it is known, the
ﬁ\]ll theI or|1et-_ and two-eI%ct:jog atomic itntegrf;\]ls f_eC:UifggdfOfclosed shell structure used for describing theibin does not
e calculation are provide a quantum chemistr e, o5 o -
by using the GaussFi)an atomicyorb?tals given by Huz};nzéga. _correspond to a bound state, then the;(R,) + .. term S
R . introduced to account for the correct value of the affinity
For eachR, the £J[(n)] and V™ (n)] quantities are |eyel.
calculated from the adiabatic atom-surface interaction by as- Related with the dynamica| aspects of the Charge transfer

suming the average occupations of the projectile and surfaggrocess we have that the atom’s wave functig))(as seen
atoms frozen at their values in the non-interacting limit. Thats. o, the surface’'s reference frame has the following

is, {n;,) for the surface atoms are calculated consistentl
with the local density of states of the isolated surface; an
N, correspond to the initial charge-state configuration of PT N agliee B
'Shg E)rojectilg. We adopt, for a neL?traI incominggprojectile ¢alr )= expliv.n)ea(r=R(1)

HO, (n?m):l, and.(nal>=0. When it is analyzed the H X exp{—i[EZ(R)+v2/2]t},

formation, the active state for the spinless description corre-

sponds to the affinity level with energy[(n)] and hopping  where ,(r —R(t)) is the static wave function and is the
with thei state of the surface atom giv&fﬁim[(m]. While  projectile velocity. The Galilean transformation phases or
if it is analyzed the H formation from H, the active state is electron-translation factth should be included in the calcu-
the ionization level and the corresponding[(n)] and lation of energy level and hopping terms for a more appro-
V.14 (n)] expressions must be used. The different coupling?riate description of the charge exchange. To calculate
terms for each spin projection account for the differentvelocity-dependent hopping terms by including the phase
widths of the ionization and affinity levels in a self- factor exp{v.r) means a formidable task. Taking into ac-

el +Vin(z) for z=z,.

ésymptotic behaviorR— ):
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count the rather low nuclear velocities<€1 a.u) as com-

pared with the electron velocity in the HsJorbital consid-

ered in the calculation, we calculate the atomic hopping
intergrals by considering =0. This can be assumed as a
crude first order approximation. Therefore, we keep the ef-©,,
fect of the Galilean transformation only in the shift of the
atomic energy level as seen from the surface:

P A A

EJ[R(t)]—EZ(R(t)) +v?/2. (15)

: : PP

The usual treatment of the parallel velocity effect through

the shift in the electron Fermi distribution as seen from the FIG. 1. Schematic view of thélassical trajectory of a projec-
rest frame on the moving atom is only strictly valid for very tile colliding with a crystalline surface. The big circles correspond
grazing collisiong? This is not applicable to our description to atoms inside the near- neighbor sphere centered at the projectile
that focuses the opposite limit: the surface as the rest fram@osition which are operative in the calculation. The incident and
and the close encounters between projectile and target atorfiit @ngles, and also the scattering angle, are indicated.

playing an important role in the collisional process. . o )
and a row of Al atoms is along thedirection. The distances

of closest approachRy,, for the different incoming ener-

. _ gies are obtained from the interaction energy between H and
Turning back to expression®) and (11) for the self- Al atoms, their values being 0.15, 0.09, and 0.04 a.u. for 1, 2,

energies and using the expansion LCAEY. (13)] for the ;.4 4 keV, respectively. The.z) coordinates oR,,

hopping termvy,, we can write are calculated by using the usual concepts of the theory of
collision in a central fiel¢? (the laboratory frame is assumed
to be coincident with the center of mass system in this)case

C. Self-energies and projectile’s trajectory

St T)=—i0(t—1)

L R o . Thus
X 2 VIR —-RIVATR(7)—R'4]
i’j’RS’R; Xmin:_RminCOS((I)+in)-
X f depijr,ri(€) explie(t—7)], (1) Zmin= Riin SIN(P + Oin),

whered=(7m—0,)/2, O being the scattering angle and
0;, the incident angle measured with respect to the surface.

Ou(t,D=i >  VITR(t)—R] A more general approach would be to average over many
i.j.Rs Ry trajectories withy coordinates inside a surface unit cell. On
dime = _ the other hand, the single scattering picture is supported by
XVig [R(1)—R'{] the experimental evidence that there is a very small effect of
- trajectories corresponding to particles having penetrated and
; iaiqnd3,14
% J:w d5[2f<(€)_1]pi,j,RS,Ré(5) suffered multiple collisions:
X explie(t—7)], (17) ll. RESULTS AND DISCUSSION
wherep; | r_r/(€) is given by the expression In Fig. 2 we show the projectile affinity level as a function
J.Rg.R!

of the normal distanceto the surfacéthe negative values of
z only indicate the incoming trajectory, and the Al Fermi
pijRR(€)= > c*(RYCK(R 9 d(e—ey), level defines the zero value for the energidhe case in this
s k figure corresponds to an incident angle respect to the surface

andf_(e) is the Fermi-Dirac distributiofi® (e— er) for OK eqqal to 30°, therefore_the exit angle is_8°. Different contri-
temperatur® In the calculation of expressioris6) and(17)  Putions to the level shift are considere@: only the short-
only the diagonal terms iﬁs, andﬁ)’S (I§3=I§)’S) are main- rerllnge mtera.ctlons{E_q. (12?] (TEA-‘] calculation, (i) the
tained by assuming that they provide the main contributions ort-range interactions plus the image poterifi. (14)]

. X (IP calculation, and (iii) the complete calculation also in-
The Al core-bands are considered as localized states th%wu - A o
. ’ luding the kinetic energy term due to the projectile nucleus
Pi iR, R(€)= Zcbicjcd(e—€;). The local and partial den- g oy pro)

motion Eq. (15 (TF+ IP calculation. The structure ob-
sity of valence statep; ; r_r_(€) for the Al(100) surface is served in the energy level is produced by the change in the
calculated projecting the semiinfinite crystal onto three orset of surface atoms that are being operative in the interac-
four metallic surface layers through a decimationtion with the projectile along its trajectory. This means that
technique’! the projectile atom “sees” different surface atoms depending
In Fig. 1 we show schematically the trajectory used in thison its position along the trajectory. This structure is then
work. The trajectory is assumed to occur in thez plane, more pronounced the smaller the angle between the trajec-
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(D_calc / (D_exptl

0 0
——0,-30"0,-8
—0—o0,-89,-=30

on top TRAJ IP TF +1P

FIG. 2. The affinity level as a function of the normal distance to  FIG. 3. Ratio between the theoretical and experimental ion frac-
the surface. Negativépositive values forz correspond to the in- tions for different options of calculation. Circle®;,=8° and
coming (outgoing trajectory. Solid line: TR-IP calculation. ©,,=30°. Diamonds®,,=30° and®,,=8°. The incoming ki-
Dashed line: IP calculation. Dotted line: TRAJ calculation. Dash-netic energy is 4 keV.
dotted line: on top calculation. We also include th€1®I0) density

of sta_tes used in the calculation. The energy zero is defined at the %e effect of the localized interactions with many near sur-
Fermi level. face atoms that the second option introduces in the mean-
) . field calculation of energy and hopping terms. As seen from
tory and the surface is. For distances5 a.u., a smooth Fig 2 this is evidenced by a marked structure in the energy
variation of the affinity level is obtained. Therefore, the level|aye| variation with the distance to the surface in the case of
shift is determined by the localized atom-atom interactions irgmg|| angles. The effect of the long-range interactions
the close distance region, while it is defined by the surface agough the level shift by the image potential is expected to
an extended system in the long distance region. To OUpe more important as the time the projectile spends far from
knowledge, this is the first time that such a detailed informazhe surface is longer, and this is the case of trajectories with
tion is included in the calculation of the energy level shift. It gma) angles. Figure 3 shows that the value®gf, interest
is also shown in this figure the energy level calculated byfyndamentally to determine this effective time. Finally, when
considering a normal trajectory with respect to the surfaceyhe three ingredients are taken into account in the level shift
being the short-range interactions with only the scatterefiescription(short-range interactions with the near surface at-

atom at the surface determining the variation of the affinityoms, the long range-interaction, and the motion of the pro-
level in this cas€dash-dotted ling This on-top calculation

represents the roughest approximation to the present colli- ,
sional system. [ R A A A
The same negative ion fractions are obtained by using
either H or H™ as initial conditions in all the cases. This fact
together with the same negative ion fractions measured with
either positive or negative hydrogen bea&!allow one to
conclude that a practically total conversion tdisl occurring
in the incoming trajectory due to the very efficient resonant
mechanism opened at large distances. 10°
The ratio between the calculated negative ion fraction and i
the experimental value obtained by Maazaouz and
co-workerst>** is shown in Fig. 3 for the three different
options of the affinity levelTRAJ, IP, and IP-TF). The
incident kinetic energy equal to 4 keV and two scattering
geometries O oun=30° (8°) and®,ouy=8°(30°), are
analyzed in this figure. It is also included the on-top calcu-
lation corresponding to the normal scatterin@® =€ 90°),
where the information about the actual trajectory enters only o
through the correct normal component of the velocity 0 5 10 15 20 25 30 35 40
(Vin(ouy=0* SIN Ojnoyy)- The dispersion among the different Exit angle (deg.)
calculations is expected to be more pronounced as closer to
the surface the ion trajectory is. In Fig. 3 this is observed for F|G. 4. Negative ion fraction as a function of the exit angle for
the smalles® ¢, suggesting that the ion fractions are beingan incoming energy,=1 keV. Solid squares: experimental data
defined in the outgoing trajectory. The difference betweerfrom Ref. 13. Open square: this calculation. Dotted line: CAM re-
the on-top and TRAJ calculations is basically provided bysults from Ref. 13.

D (%)

o .
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FIG. 5. The same as in Fig. 4 f&,=2 keV. Experimental data FIG. 6. The same as in Fig. 4 fé,=4 keV.

and CAM results extracted from Ref. 14. sidering a binary collision determining the trajectory, but the

inelastic processes involve the interaction with all the surface
jectile relative to the reference frame on the surfaghe  atoms that are operative along the projectile trajectory. The
hopping terms are always calculated within the mean-fieldevel shift of the incoming atom is calculated by considering
approximation, an excellent agreement with the experimen-the short-range interactions well treated by a mean-field ap-
tal result is obtained. This agreement is in the same wayproximation, the long-range interaction through the image
achieved for the three incoming energies and for all the scafotential, and the energy shift due to the atom motion respect
tering geometries ana|yzed, as it can be seen from Figs_ 4, 5? the surface reference frame. Both, the extended nature of
and 6. Compared with the theoretical results from the CAMthe surface through the local and partial density of states, and
method, the full quantum calculation along the whole trajecthe localized atom-atom hopping integrals calculated within
tory accounts for the correct charge state of the hydroge@ mean-field approximation, define the atom-surface hopping
atom near the surface, and a better description in the regidigrms. It is found that no matter the initial projectile charge
of more violent collisionglarge values o, is obtained. s, a total conversion to neutral hydrogen occurs in the in-
Some apparent structure is observed in the dependence of theming trajectory due to a very efficient resonant mecha-
calculated ion fraction with the exit angle arour@,,, nism; and the negative ion formation by the same mechanism
~22° for the three incoming energies analyzed. The origiriS mainly defined in the outgoing path. An excellent agree-
may be due to the atomic surface roughness seen by tHgent with the experimental results is obtained for three dif-
projectile together with the amplitude interferences betweererent values of the incoming energy and a wide range of exit
the in and out trajectories of rather large and similar anglesangles.
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