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For Li* and Na™ ions scattered from high work function metal surfaces, efficient neutralization is observed, and it
cannot be explained by the conventional free electron model. In order to explain these experimental data, we investigate the
velocity-dependent neutral fraction with the modified Brako—Newns (BN) model. The calculated results are in agreement
with the experimental data. We find that the parallel velocity effect plays an important role in neutralizing the Li™ and
Na™ ions for large angle scattering. The nonmonotonic velocity behavior of neutral fraction is strongly related to the
distance-dependent coupling strength between the atomic level and metal states.
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1. Introduction

Charge transfer processes between an atom/ion or
molecule and a surface play an important role in influencing
the charge states of the scattered particles and are used as a
probe of the electronic structure of the surface. On the other
hand, its implications extend over a large number of different
fields, ranging from chemical reactions to electron emission
and surface characterization. All these aspects have motivated
intensively experimental and theoretical investigations.!!~1°]

In general, resonant charge transfer (RCT) is considered
experimentally and theoretically to be much more efficient in
neutralization of alkali-metal ions scattered from metal sur-
faces. Resonant neutralization of alkali-metal ions on a metal
surface involves a tunneling transition of an electron from an
occupied level of the valence band to the atomic level of the
projectile [i.e., Li (2s)] as it approaches the surface. Neutral-
ization occurs if the Li (2s) energy level is below the Fermi
level of the metal surface at a large distance. Conversely, reso-
nant ionization takes place at a short distance where the atomic
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level is upward shifted due to image potential effects
above the Fermi level. For a free electron metal surface, it is
the so-called “standard” jellium free electron model in the lit-
erature. In this respect, the survival of neutrals depends on the
electron transfer rate and the surface work function, as well
as the interaction time that the projectile spends near the sur-
face where RCT process occurs. Therefore, as the outgoing

velocity of the scattered ion increases, the neutralization prob-
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ability decreases monotonically. This has been confirmed by a
number of experiments.[!7-1%]

Recently, the unexpected neutralization of Li* ions scat-
tered from noble metal surfaces with high work function has

d.120-24] These results show a nonmonotonic be-

been observe
havior of neutralization probability increasing at high and low
incident energies. A time-dependent quantum mechanical ap-
proach is used to describe the resonant neutralization proba-
bility observed in Lit—Cu (111) collisions.>>?%! For high exit
energies, it satisfactorily describes the measured neutralization
probability, but it suffers some difficulties in explaining exper-
imental results at low exit energies. On the other hand, it is
hard for us to use the standard jellium free electron model to
understand the results. According to this model, neutraliza-
tion should be impossible for Li* ions scattered from clean
Cu (111) and Au (111) surfaces. Their work functions are
4.95 eV and 5.4 eV respectively, and the ionization potential
of Li (2s) is 5.39 eV. The Li (2s) level lies above the Fermi
level of the surface at a large distance where electron capture
will be very inefficient. As a consequence, understanding the
anomalous neutralization is highly desired.

This work aims to understand the anomalous neutraliza-
tion based on quantum-mechanical calculations. We first re-
visit the previous BN model and modify it by considering
the parallel velocity effect. Then we calculate neutral frac-
tions by using this model for six collision systems from dif-
ferent groups. For Li* scattering on Au (111), Cu (111), and
Ag (111), the calculated results are in general agreement with
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the data at high perpendicular velocities. For Na*t scattering
on Ag (001) and Cu (001) surfaces, the model including the
parallel velocity effect can reproduce well the perpendicular
velocity-dependent neutral fraction. In particular, calculated
results present nonmonotonic behavior of the neutral fraction
for Na™ scattering on Cu (001) with an exit angle of 45°, for
which the reason is discussed in detail.

2. Theoretical model
2.1. Brako-Newns model

Brako—Newns model is a theory of resonant charge trans-
fer based on the Newns—Anderson Hamiltonian. In this model,
Auger or radiative neutralization, or neutralization into excited
states of the scattered atom is ignored. BN model was de-
scribed in detail elsewhere,?”) and the essentials of the model
are given briefly below.

The non-degenerate valence level |a) of the energy g, of
the moving atom is broadened by interaction with the states
(k| of energy & of the metal conduction band through matrix
elements V,; = (a|V |k) where V represents the coupling of the
atom to the metal.

Considering the conduction band, the atom valence state
and the coupling between them, the Newns—Anderson Hamil-
tonian can be written as

()clex+he], (1)

na + Z ak

Z &y + &, (t

where ¢, and cz are fermion creation operators for the states
|a) and |k), ny, and n, are the corresponding number operators,
n; = c;rc,-, operators ¢, (¢) and ¢y (¢) are defined in Heisenberg
representation, which should obey the Heisenberg equations

of motion
dc, (1) .
at —I[H,CQ(I)L (2)
0 .
O i) ®

Substituting Eqgs. (2) and (3) into Eq. (1) yields

(8c5t( )) — et +Z @)
(790) —aa 0 Va0, ©)

Boundary conditions are used for Eq. (2) and Eq. (3) as fol-
lows:

ca(to) =ca, cr(to) =c, (6)

where 1 refers to the time before the atom interacts with metal.
The occupancy of the atomic state n, (¢) should satisfy the
equation below

(na (1)) = (1) ca (1)) )

Equation (5) is solved with the boundary conditions in Eq. (6),
and the solution of the equation is given by

1
clt) = —i / Vot (¢) ca (') exp [igg ( —1)] d’
Ip
+ckexp[—ig (r —10)]. ®)
Using Eq. (4), equation (8) becomes
iaca (7)

ot = Sa(t)cll(t)_izk ak(t)
x / Vit (¢) ca () exp [ig (¢ —1)] a
Jer ak

where k and time ¢ dependence of V() are assumed to be
separable, i.e., Vi (t) = u(t)Vy. The half-width of the atomic
resonance is defined as A (®) = 7Y [Vai|?8(® — &). With
these assumptions and approximations, equation (9) becomes

. dca (1) Sk
i P =g, (t)cg(t)—im L ( /dtu Ca )

x [ doA (@)exp [—io (1 —1')]
t)ZVa’chexp[—iek(t—to)}. (10)
k

1) crexp[—ig (t —1)], ©

On the assumption that A (@) is energy-independent, and the
w-integral defines a d-function, equation (10) becomes

Ldcy (t .
i 8t( ) = [e,(t)—iA(1)] Z v C
x exp[—ig (1 —19)], (1D
where A (t) = |u(t)|>A. Equation (11) is solved to give

cq(t) = 1ZVaka/ u*

X exp ( /t " iea () + A ()] df’) dr
/ t ligg (") +A (1)) dt"). (12)

fo

"exp [—ig (' —10)]

+cqeXp < -
Substituting Eq. (12) into Eq. (7) gives

‘A (t’)dz’) +7r*'/dsf(e,T)

ng (t) = ng(fy) exp (—2 A

/to t[A(t')l/z]exp<—i8t/— /tot liga (")

2

X

+A(")] dt”) dt’ (13)

In Eq. (13), the first term on the right-hand side is the
memory term and represents the decay of the initial filled level
into the unoccupied metal states. In our case, n,(f) = 0,
corresponding to the assumption that memory of the charge
state of the incoming projectiles is lost. The second term de-

scribes the creation and annihilation of charge on the atom
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along its trajectory. The f(g,T) = {1 +exp[(e —u)/kT]} "
is the Fermi function, where 1 is the chemical potential, and
the temperature 7T is 300 K, the half-width of the atomic res-

onance A (1) = z(t)]. The parameters A and a we

28]

= Agexp[—a

used were calculated by Nordlander and Tully.
The energy level of the atomic state &,(f) is approxi-

mately given by

1

&, (l‘) :*14’?(1‘) (14)

where I is the ionization potential of the atom, and z(¢) is the
ion-surface separation measured from the image plane. Equa-
tion (14) describes the shift of the atomic level due to the im-
age potential effects.

The time integration in Eq. (13) and atomic energy in
Eq. (14) both change with time. The particle trajectory is ap-
proximated by a straight line as follows:

() = {Zf—Vﬂ,

Z0+Vl(l‘

t <tum= (Zf

—20)/v1, (15)
t>tlurn7

- tturn) I
where z; is the distance where the trajectory starts at time t =0,
20 1s the distance of closest approach at time ¢ = . v, is the
velocity component normal to the surface. In our calculations,
we assume that zo is constant which is equal to 3 a.u. (the
unit a.u. is short for atomic unit), and the neutral fraction is
calculated along the outgoing path.

2.2. Parallel velocity effect

In the model above, we have considered only the per-
pendicular exit velocity with respect to the surface. However,
the energies of the metal electrons are shifted from their val-
ues in the rest frame of the projectile because of the motion
of the projectile, which can cause significant change in the
charge-transfer probability. In this case, the velocity compo-
nent of the projectile parallel to the surface may be impor-
tant. The parallel velocity effect has been discussed in previ-

ous papers!!329-33]

and we only give a brief introduction here.

According to the Galilean transformation,?*3! we can
define the Fermi momentum kg and momentum of metal elec-
trons k in k space. In Fig. 1, the Fermi momentum kp equals
(281:)1/ 2, and kg is shifted by the parallel component Q of the
velocity vector of the projectile. Neutralization probability of
the projectile increases when the atomic level overlaps with
the shifted Fermi sphere. Thus, it is straightforward to incor-
porate the effect of the parallel velocity component Q into the
BN model. We need to use the Doppler—Fermi—Dirac distribu-
tion function to replace the Fermi—Dirac distribution function.
The Doppler—Fermi—Dirac distribution function f¢ is given
by

13 kSkF*Qa
k- (k—0)
- _ 16
Jre+0 240 , ke—Q<k<kg+0Q, (16)
Oa kaF""Q

occupied level

Q k'\l

Fermi-sphere shifted Fermi-sphere

Fig. 1. (color online) Illustration of the concept of “shifted Fermi
sphere” due to the effect of parallel velocity of the moving atom. In
the figure, Q represents the parallel velocity, kg and k denote the Fermi
momentum and momentum of metal electron, respectively.

3. Results and discussion

Figure 2 shows the plots of neutral fraction versus perpen-
dicular exit velocity for Li™ scattering on Au (111), Cu (111),
and Ag (111) with an exit angle of 90°.°! The neutral frac-
tion on Ag (111) is found to be highest and decreases as the
perpendicular exit velocity increases. As opposed to the case
of the Ag surface, the large neutral fractions are obtained for
Cu (111) and Au (111) surfaces and first decrease with increas-
ing velocity and then increase.
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Fig. 2. (color online) Plots of neutral fractions for Li™ scattering on
Au (111), Cu (111), and Ag (111) versus perpendicular exit velocity.
The incident angle with respect to the surface plane is 24° and the exit
angle is 90°. Experiment:12%! (A) Ag (111), (B) Au (111), (e) Cu (111).
Theory: the blue dotted line represents the jellium model results for
Cu (111) enlarged by 100;/?%! the green dashed-dotted line denotes the
jellium model results for Ag (111);1%! the red solid, black, and purple
dashed lines refer to the calculated results using the BN model, respec-
tively.

In the static case, neutral fraction would be either 100%
or 0%, depending on whether the position of the unoccupied
atomic level is above or below the highest occupied orbital
in the surface, while for the dynamical scattering process, the
neutralization depends not only on the relative position of en-
ergy levels but also on the interaction time. The Li (2s) level is
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above the Fermi level of Cu (111) (work function = 4.95 eV)
when the ion surface distance is less than 15.5 a.u. where the
coupling between the atomic level and the occupied states of
the surface is very weak. In this respect, neutralization should
be impossible for Li* ions scattered from clean Cu (111) and
Au (111) surfaces. The prediction of the jellium model for
Cu (111) turns to deviate by a factor of several hundred and
clearly does not reproduce the velocity dependence as shown
in Fig. 2.

For Ag (111) with a work function of 4.56 eV, the Li (2s)
level is still below the Fermi level when the ion surface dis-
tance is larger than 8.2 a.u., where resonant electron capture
occurs. Slower Lit ions are more efficiently neutralized since
they spend more time near the surface. As shown in Fig. 2,
the jellium results for Ag (111) underestimate the experimen-
tal data although the velocity trend is similar. For Ag (111),
Cu (111), and Au (111) surfaces, the neutral fraction is larger
for the smaller values of work function.

The experimental neutral fractions are measured for an
exit angle of 90°, thus no parallel velocity effect is considered
in the BN model here. We obtain Ag = 1.32 and a = 0.76
for Li (2s) from Ref. [28]. For Li™ scattered from Ag (111),
our calculated results are also smaller than the experimental
data compared with the jellium results, but are close to those
in the case where the perpendicular exit velocity is larger than
0.07 a.u. For Li™ scattered from Cu (111), our calculated neu-
tral fraction is nonmonotonic with perpendicular exit velocity.
It has a similar trend and the same order of magnitude in com-
parison with the experimental data. For Li* scattered from
Au (111), our calculated neutral fraction can also give a sim-
ilar trend and the same order of magnitude at larger perpen-
dicular exit velocities. However, we do not see the increase at
very low velocities.

We emphasize the nonmonotonic velocity dependences
for Cu (111) and Au (111) surfaces here. The similar behavior
for Li* ions scattering on Au (110) and Pd (100) surfaces were
also discussed in Ref. [23]. The calculated result increases
with the increase of perpendicular exit velocity, which is re-
lated to the exponential increase of the atomic level width at
a short ion surface distance. The large level width at a short
distance implies the large charge transfer probability. Thus the
initially formed neutrals at a short distance have less interac-
tion time for electron loss with increasing perpendicular exit
velocity, moving away from the surface. At a short distance,
the initially formed neutrals of Cu (111) are more than those
of Au (111) due to the energy level coupling effects, thus the
neutral fraction of Cu (111) is larger than that of Au (111) at a
large perpendicular exit velocity. In contrast, at a much lower

perpendicular exit velocity, neutral fraction increases again. It

may be attributed to the weak energy level coupling for elec-
tron capture at a relatively large distance. The long interaction
time favours electron capture for a very low perpendicular ve-
locity. The Li (2s) level is further above the Fermi level of
Au (111) compared with those of Cu (111) and Ag (111) at a
larger distance, and the finite energy width of the atomic level
does not overlap with the occupied state of Au (111) anymore,
so the calculated neutral fraction of Au (111) is close to zero
at a very low exit velocity.

The jellium model cannot reproduce the nonmonotonic
velocity dependences for Cu (111) and Au (111) surfaces
where the atomic level is above the Fermi level at a large dis-
tance. On the other hand, the BN model does not reproduce the
experimental data of (111) surfaces well, which could be at-
tributed to the effects of bandgap and surface states on charge
transfer process that have not been taken into account in the
jellium model and in this work.[!8:3¢-*1] The L band gap of the
(111) surface should lead to a strong decrease in electron loss
from the populated Li level to the conduction band.
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Fig. 3. (color online) Plots of Neutral fraction for Na™ scattering on
Ag (001) versus perpendicular exit velocity. The incident angle with re-
spect to the surface plane is 35° and the exit angle is 35°. Experiment:
(M)."?) Theory: the red dotted line represents the calculated results from
Ref. [2]; the black solid and blue dashed lines refer to calculated results
by using the modified BN model with and without the parallel velocity
effect, respectively.

Recently, Ray et al.!?) reported neutral fraction for Na™
ions scattering on Ag (001) as shown in Fig. 3. The neutral
fraction first decreases significantly as the perpendicular exit
velocity of the scattered Na™ ions increases and then reaches
a plateau. They also presented the calculated result based on a
quantum mechanical model, which is also shown in the figure
for comparison. It shows a small difference when the perpen-
dicular exit velocity is above 0.025 a.u.

This experiment is performed at an exit angle of 35° mea-
sured with respect to the surface plane. Ag = 2.5 and ov = 0.81
for Na (3s) are chosen to fit the exponential data to the calcula-
tions of Nordlander and Tully.!?8! We first calculate the neutral
fraction by using the BN model without the parallel velocity

effect. Our calculated results are in good agreement with theirs
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at low perpendicular velocities, and are slightly smaller than
the experimental data and their calculated result at relatively
high velocities. If we consider the parallel velocity effect in
the BN model, then the calculated results have good consis-
tency with their experimental data in the whole velocity range.

The Na (3s) level (ionization energy = 5.14 eV) is still be-
low the Fermi level of Ag (001) (work function = 4.40 eV) for
an ion surface distance of about 9.2 a.u. and is above it close
to the surface. Due to the small work function of Ag (001),
the neutralization is mainly determined at the distance where
resonant capture is predominant. The lower the velocity, the
higher the neutral fraction is. This is very similar to the case of
Li™ scattering on Ag (111) as shown in Fig. 2. In Ref. [2], at
a high velocity the calculations deviate from the experimental
data, and they were considered to be due to an overestimation
of the broadening of the atomic level close to the surface. We
reproduce the data well by using the BN model including the
parallel velocity effect, which indicates that the parallel veloc-
ity effect plays an important role at a large outgoing velocity.
A large perpendicular exit velocity corresponds to a large par-
allel exit velocity for a fixed exit angle of 35°. As the parallel
velocity increases, the shifted Fermi sphere (see Fig. 1) in-
creases the overlap of the occupied states in the metal with the
atomic resonance, resulting in the increase of neutral fraction.
On the contrary, at a much smaller perpendicular exit velocity
(Iess than 0.005 a.u.), the parallel velocity is negligible, so our
calculated results for two cases are the same.

T T T T T T T T T
ok m  experiment (Ref. [19]) ]
r - calculation (Ref. [19]) 1
[ — — this work (without parallel velocity effect) 7]
o 20 this work (with parallel velocity effect) 1
N [ ]
= ]
g 16
= [
Q
] L
£ 12
= [
-
£ [
5 8
Z
4f
0 [ n 1 1 n 1 n 1 n 1

0.030
Perpendicular exit velocity/a.u

Fig. 4. (color online) Variations of neutral fractions for Na™ scattering
on Cu (001) with perpendicular exit velocity. The incident angle with
respect to the surface plane is 45° and the exit angle is 45°. Exper-
iment: (M).['”) Theory: the blue dotted line represents the calculated
result from Ref. [19]; the black solid and red dashed lines denote the
calculated results by using the modified BN model with and without the
parallel velocity effect, respectively.

In Fig. 3 the parallel velocity effect is not significant,
while in Fig. 4 for Na™ ions scattered from Cu (001) we in-
deed observe the significant parallel velocity effect. For an exit

angle of 45°, the data also present the nonmonotonic trend as
identical as those for Cu (111) shown in Fig. 2.

The calculations in Ref. [19] are lower than the experi-
mental data, and present the nonmonotonic trend. The lifetime
and energy of the Na (3s) resonance we use here are the same
as those used in Fig. 3. When considering the parallel velocity
effect in the BN model, we can obtain a better trend where the
minimum of the curve is closer to the minimum in the data, but
the magnitude of neutral fraction is larger than the data by a
factor of about 1.4. Then we try to reduce Ag to obtain the best
agreement with the data. Our calculated results are shown in
Fig. 4 by using Ag = 1.4 and o = 0.81 for Na (3s). The black
solid and red dashed lines represent calculated results with and
without the parallel velocity effect, respectively. The parallel
velocity effect plays an important role when the perpendicu-
lar velocity is larger than 0.01 a.u. We also observe that our
calculated results with and without parallel velocity effects are
nearly the same at very low perpendicular exit velocities (less
than 0.005 a.u.), which is similar to the case of Na™ scattering
on Ag (001) shown in Fig. 3. In addition, for the similar scat-
tering conditions, Na—Cu (001) system has a more significant
parallel velocity effect than Na—Ag (001) system. It can be
ascribed to the overlap of the occupied states in Cu (001) with
the atomic resonance of Na at a short distance which is sensi-
tive to the variation of parallel velocity, in spite of the smaller
level width Ag used for Na—Cu (001) system.

Like the data shown in Fig. 2, the different velocity de-
pendences of neutral fractions are also observed in Figs. 3 and
4. In general, the occupancy of the atomic level depends on
not only the energy level relative to the Fermi level, but also
the width of the level. Here, for these two cases, the projec-
tiles are the same, only the Na (3s) level relative to the Fermi
levels of Ag (001) is different from that of Cu (001) due to
the different surface work functions. As a result, we list the
relevant parameters for different collision systems in Table 1.
We find that the nonmonotonic trend of neutral fraction corre-
sponds to a very large crossing distance. The crossing distance
corresponds to the distance where the atomic level is above
the Fermi level of the surface. Our recent experiment on Na™
scattering on Au (111) also presents the nonmonotonic trend.
For a relatively small crossing distance, like Li—-Ag (111) and
Na—Ag (001) collision systems, the trend of neutral fraction
is monotonic, which can be easily understood with the jellium
free electron model. For a large crossing distance, the coupling
between the atomic level and the occupied metal state is very
weak, thus the neutralization probability is very low, which
is generally described by the BN model, considering the en-
ergy level width presented in this work. If we appropriately
consider the parallel velocity effect at a large exit velocity, the

calculated results should be better.
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Table 1. The crossing distance corresponding to the distance where the atomic level is above the Fermi level of the surface.

Proiectil. Ionization T, Work Crossing Neutral fracti
rojectile energy/eV arget function/eV distance/a.u eutral fraction
Ag (111) 4.56 8.2 monotonic 2!
Ag (001) 4.40 6.9 monotonic!®!
Cu (001) 4.59 8.5 monotonic 2!
Li 5.39 Cu (111) 4.95 15.5 nonmonotonic!2!
Au (111) 5.40 very large nonmonotonic!?!
Au (110) ~5.40 very large nonmonotonic!?3!
Au (100) ~5.40 very large nonmonotonic 2!l
Pd (100) >5.0 >174 nonmonotonic!?!
Ag (001) 4.40 9.2 monotonic?!
Na 5.14 Cu (001) 4.59 12.4 nonmonotonic! ‘!
Au (111) 5.40 very large nonmonotonic

It is noted that the experiments mentioned above are per-
formed for large scattering angles, where the nonmonotonic
neutral fractions have been observed for high work function
surfaces. For grazing angle scattering, the incorporation of
kinematic effects into terms of a frame transformation, named
the parallel velocity effect, is significant and even changes the
velocity dependence of neutral fraction. 323743441 The neu-
tralization of Cs scattered under a grazing angle of incidence
from a Cu (111) surface was reported by Borisov ez al.!*3! The
6s Cs orbital is bounded by 3.89 eV for the free atom, which
is far above the Fermi level of Cu (111), however, the bell-
shaped neutral fraction is observed as a function of parallel
velocity and the maximum of neutral fraction is about 15%.
Borisov et al. well developed the nonperturbative coupled an-
gular mode method. Combining the rate-equation, they give a
good theoretical description at a quantitative level.

70 T T T T T T T T
i A Lit—Cu(110),14] v, = 0.007 a.u
i — — calcualtion[*] i
5 —— this work
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R
<
g I
Z 40t
30 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.04 0.12 0.20 0.28 0.36

Parallel velocity /a.u.

Fig. 5. (color online) Neutral fractions for Li™ scattering on Cu (110)
as a function of parallel velocity. The velocity component normal to
the surface is kept to be about 0.007 a.u. Experiment: (4).143 Theory:
the blue dashed line represents the calculated result from Ref. [45]; the
red solid line denotes the calculated results by using the modified BN
model with the parallel velocity effect.

Does the modified BN model work well for grazing scat-
tering configurations? As an example, figure 5 shows the neu-
tral fraction for Li* ions in grazing scattering from Cu (110) as
a function of parallel velocity.[*3] The perpendicular velocity

is kept to be about 0.007 a.u. The work function of Cu (110)

is about 4.49 eV. According to the shifted Fermi sphere model
(see Fig. 1), the overlap of the Li atomic level with the oc-
cupied metal states monotonically decreases with the increase
of parallel velocity, thus the neutral fraction decreases with
increasing the parallel velocity. Their theoretical results are
smaller than the data when the parallel velocity is less than
0.2 a.u. Our calculation including the parallel velocity effect
is also displayed in Fig. 5 for comparison where Ap = 1.32 and
a = 0.48 for Li (2s).

4. Conclusion and perspectives

In this work, the neutralizations for Lit ions scattered
from clean Ag (111), Cu (111), and Au (111) surfaces are cal-
culated. For Cu (111) and Au (111) surfaces, we find that the
BN model involving the energy level width can give a better
description than the conventional jellium model from which
the results are two orders of magnitude smaller. Moreover, for
Na™ ions scattered from Ag (001) and Cu (001) surfaces, we
use the modified BN model including the parallel velocity ef-
fect and achieve good agreement with the previous experimen-
tal data. It suggests that the parallel velocity effect is crucial
for specific collision partners even for large-angle scattering.

In general, for a collision system with small crossing dis-
tance, the velocity dependence of neutral fraction is mono-
tonic, which can be easily understood with the jellium free
electron model, while for a collision system with large cross-
ing distance, the velocity dependence of neutral fraction is
nonmonotonic. The nonmonotonic velocity dependence can
be understood as follows: at a low perpendicular exit veloc-
ity, the finite energy level width at a relatively large distance
results in electron capture. The long interaction time further
favours electron capture for very low perpendicular velocities.
A large perpendicular exit velocity corresponds to a short ion
surface distance where the large level width results in high
charge transfer probability. Moreover, the initially formed
neutrals at a short distance, move away from the surface thus
have less interaction time for electron loss with increasing per-
pendicular exit velocity.
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In conclusion, the modified BN model has no free param-
eters. For large-angle scattering, this model gives the correct
magnitude and trend for alkali-metal ions scattered from high
work function metal surfaces. But there are still some limita-
tions for the BN model, such as the effects of band gap and
surface states. Thus, to study the lifetime and energy level of
the projectile on a realistic metal surface, further relevant the-
oretical work is necessary in the future. On the other hand,
for grazing angle scattering, this model provides in principle
another theoretical method although Borisov’s model is suc-
cessful. The relevant study is in progress.
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