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In this article we propose an unexplored mechanism to understand the physics underlying the electron emission
and exciton formation occurring during grazing impact of neutral hydrogen atoms on LiF(100) surfaces. Instead
of adopting the traditional point of view considering the negative ion formation as the precursor of the processes,
we investigate the formation of excited hydrogen H(n = 2) as a catalyzer to produce excitons and electrons. We
base our proposal on ab initio calculations that compare quite well with experiments for impact energies larger
than 4 keV.
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I. INTRODUCTION

In recent years considerable progress has been achieved in
the understanding of fast atom diffraction (FAD) occurring
under axial channeling conditions [1–5]. Here scattered pro-
jectile distributions display well-defined diffraction patterns
originated from the periodic structure of the crystal. A recent
article experimentally studied the decoherence of FAD patterns
for neutral keV hydrogen and helium atoms from a LiF(001)
surface [6]. For hydrogen atoms, the authors found that
electron excitations and excitons of the target surface were
the dominant mechanisms of decoherence, whereas for helium
impact these contributions were negligibly small. This places
the neutral hydrogen in a particular situation with respect to
the LiF electronic structure, and this is what we investigate in
this work.

We deal with inelastic processes, namely electron emission
and exciton formation, occurring during scattering of neutral
hydrogen atoms from a LiF(001) surface under planar condi-
tions: this is at a random azimuthal orientation. There have
been a good deal of experiments relevant to this subject in the
last 20 years [7–9]. By relating the energy loss spectra with
the number of emitted electrons, the experimental data were
interpreted in terms of the formation of negative hydrogen
as a precursor for electron excitation and emission. This
negative ion is expected to come about in the vicinities of
the negative fluorine ion, which is considered the active site.
Fitting the data considering three basic processes—binary,
Landau-Zener, and detachment; inserting the corresponding
probabilities in the binomial distribution; and considering 12
collisions independent of the impact parameter—the resulting
statistics reproduces quite well the experiments. The impact
energies investigated ranged from 600 eV [7] to 10 keV [8].
The formation of negative oxygen and fluorine ions was also
experimentally found in high proportions when impacting the
corresponding neutral atoms on a LiF(100) surface [10,11].
The data showed a maximum of H− fractions of 7% around
2.5 keV, while O− and F− fractions were measured to be up to
ten times larger [11].

In the present article we put forward an alternative mech-
anism to explain the data based in the formation of hydrogen
excited states, valid only for impact energies larger than 5 keV.

We present detailed calculations that prove that H(n = 2) is an
important channel—though not the only one—determining the
number of inelastic transitions. Our scheme can be synthesized
as follows: besides the direct transitions, the incident H(1s)
can be excited to H(n = 2), mainly at the Li+ sites. In the next
collisions the fate of H(n = 2) atoms bifurcates; they can either
be ionized and so contribute to electron emission or they can
produce an exciton via transfer excitation. In the former case,
the remaining proton should capture an electron to continue its
routine with efficiency depending on the impact parameter. In
this way the excited hydrogen atom becomes a catalyzer of the
inelastic processes. With this mechanism we can explain the
data for energies higher than 5 keV, whereas for lower energies
the formation of H− remains the only possible mechanism.

The article is organized as follows. In Sec. II we summarize
the theoretical treatment and the details of the calculation. In
Sec. III we present the results and in Sec. IV we compare them
with the experiments. Conclusions are left to Sec. V. Atomic
units are used unless otherwise stated.

II. THE THEORETICAL TREATMENT

As mentioned in the introduction we concentrate on the
inelastic processes occurring during the impact of neutral
hydrogen H(1s) on a LiF(001) surface. By inelastic channels
we mean electron emission and exciton production, which in
terms of our atomic description can be understood as ionization
and electron excitation of the target. At the impact energies
relevant to the experiments, there is no simple theory to apply,
but we can exploit the fact that the experiments were performed
under grazing incidence. This means that the collision takes
place at large distances, i.e., at some atomic units from the
surface, which makes it possible to use just the first perturbative
order. In synthesis we have proceeded as follows.

We start treating an individual electronic transition within
the independent electron model, considered as a simple
atomic collision between a projectile and a crystal site. Each
transition involves only one active electron in the target or
in the projectile which suffers the excitation or ionization.
The ten electrons of the F− site are described by a full
Hartree-Fock wave function of the many-electron system in
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a central potential given by −10/r + V −
M (ρ,r), where V −

M is
the Madelung potential [12],

V −
M (ρ,r) = −1

r
+ e−r/ρ

r

[
1 + (1 − ρVM∞)

r

ρ

+
(

1

2
− ρVM0

)(
r

ρ

)2]

→
{−VM0, r → 0
− 1

r
, r → ∞ , (1)

with ρ = 0.14. In Eq. (1), VM0 = 0.4600 a.u. = 12.51 eV is
the Madelung binding value. Chemical properties, binding
energies, mean radios, etc. are published elsewhere [13].
Similarly, the two electrons of the Li+ site are also described
by the Hartree-Fock function in a central potential given by
−3/r − V −

M (ρ,r). We denote these two-dressed ions as F−
@

and Li+@. Electron bound states of the projectile are simply
hydrogenic.

The calculation was performed in first Born approximation,
which is fully numerically evaluated. It means that we use
initial and final numerical wave functions for the effective
potentials given in Ref. [13]. In the case of ionization, we use
an expansion of the continuum state in spherical harmonics,
evaluating the transition matrix Tf i (−→η ) in a grid of emitted
electron energies E, angles θ , and transverse momentum −→η .
Details of the calculation are given in Ref. [14].

Next we employ the usual eikonal approximation to
calculate the probability of transition as a function of the
impact parameter Pf i(

−→
b ):

Pf i(
−→
b ) =

∣∣∣∣
∫

d−→η
2π

exp(i−→η · −→
b ) Tf i (−→η )

∣∣∣∣
2

. (2)

A careful inspection of Pf i(
−→
b ) is very important to check

that we are indeed in the perturbative regime. In all the cases
studied here we introduced a minimum impact parameter,
bmin = 2.5 a.u., which is the sum of mean radii of F−

@(2p)
and H(1s), requiring that

Pf i(bmin) � 0.01, (3)

to warrant a perturbative regime where the first Born approxi-
mation holds. Recall that we are dealing with direct transitions,
i.e., ionization and excitation, where the Born approximation
is expected to describe the limit of large distances.

Knowing Pf i(b) we can calculate the probability of transi-
tion as a function of the distance to the topmost hosting surface
where the ion is located, Wf i(Z):

W
f i

(Z) = 2
∫ ∞

Z

db b√
b2 − Z2

Pf i(b). (4)

The total cross section per atom is then expressed as

σ
f i

=
∫ ∞

−∞
dZ W

f i
(Z) = 2π

∫ ∞

0
db bPf i (b) . (5)

Under the planar incident condition, the projectile follows
a classical trajectory determined by the interacting potential
as a function of the distance to the surface, Vi(Z) [5,13]. The

number of i → f transitions is then given by

Nf i = 2
∫ ∞

Zmin

dZ
δsvi W

f i
(Z)√

(viθi)2 − 2
MP

Vi(Z)
, (6)

where vi is the impact velocity of the projectile, MP is its
mass, θi is the incident angle with respect to the surface, and
δs is the superficial density of targets. In Eq. (6) Zmin is the
minimal distance satisfying Vi(Zmin) = 1/2MP (viθi)2 = Et ,
where Et is the experimental transverse energy. For the cases
studied experimentally the transverse energy is Et � 1 eV,
and for H(1s) the turning point Zmin situates around 3.5 a.u.
Probabilities at this point are small enough to be perturbative.
In this way we calculate the number of emitted electrons Nel

and excitons Nex produced along the whole trajectory.
Knowing that N = Nel/ex is the average of the inelastic rate,

then the probability of a given number of independent events
in time n is given by the Poisson distribution [15]. Then the
probability of producing n transitions is given by

pn = Nn

n!
e−N, (7)

which permits a direct comparison with the statistical data. We
come back to this point.

III. RELEVANT MECHANISMS

In this section we review different mechanisms leading
to electron and exciton productions. First, we note that
experiments have shown that the results do not change
significantly whether impacts are H+ or H(1s), which makes
us assume that the proton neutralizes very rapidly. And this is
expected since the neutralization reaction

H+ + F−
@(2p) → H(1s) + F0

@ (8)

is quasiresonant; i.e., the binding energy of the ground state of
hydrogen is very close to the binding energy of F−

@(2p). This
is a consequence of the Madelung potential at the origin VM0

that shifts down the binding energy.
Second, we note that indeed the impinging of H(1s) cannot

explain alone the experiments. In Figs. 1(a) and 1(b) we display
the number of inelastic transitions, NelH(1s) and NexH(1s),
calculated with Eq. (6) for the two direct cases, respectively:

H(1s) + F−
@(2p) → H(1s) + F0

@ + e, (9)

H(1s) + F−
@(2p) → H(1s) + F−

@(n = 3), (10)

The value NelH(1s) gives the number of emitted electrons,
while NexH(1s) gives the number of excitons, 2p → n = 3 =
3s + 3p0±1 + 3d0±1±2. The figure displays the dependencies
of both magnitudes with the angle of incidence θi for different
impact energies, as indicated. It is also shown in the figure
the values correspond to the transverse energy Et = 1 eV.
This is the case studied in Ref. [8], which is considered a
benchmark. The inelastic channels given by Eqs. (9) and (10)
cannot fully explain the experimental data. For ionization at
5 keV impact energy, we have NelH(1s) = 0.4 electrons and
NexH(1s) = 0.5 excitons while the experiment gives around 7
and 3, respectively.
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FIG. 1. (Color online) Calculated number of target (a) electrons,
Nel, and (b) excitons, Nex, produced by the impact of H(1s)
on LiF(001) as a function of the incident angle θi for different
impact energies as indicated. Symbols connected with a dotted line
correspond to the values where the transversal energy is 1 eV.

To explain the experimental data, our proposition is based
on the contribution of the projectile excitation channel which
could play the role of a catalyzer for both inelastic transitions,
namely,

H(1s) +
(

FM
@

LiM@

)
→ H(n = 2) +

(
FM

@

LiM@

)
, (11)

where with FM
@ and LiM@ we denote the target sites involved in

the excitation process. We have to be very careful about the
strength of the surface sites. In principle the static potential
between the individual crystal sites and the projectile electron
are asymptotically Coulombic:

VF−
@

(r) = −9

r
+

∫
d
−→
r ′ nF−

@
(−→r ′)

|−→r ′ − −→
r | →

r→∞ +1

r
, (12)

VLi+@ (r) = −3

r
+

∫
d
−→
r ′ nLi+@ (−→r ′)

|−→r ′ − −→
r | →

r→∞ −1

r
. (13)

But as the projectile separates from the surface the binary
Coulombic interaction starts to be affected by the neighboring
contributions that eventually cancel it. To be consistent with
the calculation of the wave function, we approximate the effect
of the neighbors by considering the Madelung potentials VM .
The potentials then reduce to

VFM
@

(r) = VF−
@

(r) + VM →
r→∞ +0

r
, (14)

VLiM@
(r) = VLi−@ (r) − VM →

r→∞ +0

r
. (15)

In Figs. 2(a) and 2(b) we plot the number of projectile excited
electrons to H(nl = 2s + 2p0±1) NexH(n=2) using VFM

@
and

VLiM@
as excitation promoters. It can be observed that several

excitations can take place, especially coming from Li+@ sites.
And this is to be expected, because the Li+@ ratio is very small,
and so VLi−@ remains fully Coulombic until VM starts to cancel

FIG. 2. (Color online) Calculated number of projectile excita-
tions Nex to H(n = 2) (nl = 2s + 2p0±1) produced by the impact
of (a) FM

@ and (b) LiM@ on H(1s), as a function of the incident angle θi

for different impact energies as indicated. Symbols connected with
a dotted line correspond to the values where the transversal energy
is 1 eV.

it according to Eq. (15). On the other hand, VF−
@

tends to a
Coulombic behavior, very slowly passing through a point that
is neutral. In fact it never reaches its pure Coulombic form
because VM cancels it beforehand.

The formation of H(n = 2) can contribute to the other
electron or excitation production via collisions with another
crystal site:

H(n = 2) +
(

FM
@

LiM@

)
→ H+ + e +

(
FM

@

LiM@

)
, (16)

H(n = 2) + F−
@(2p) → H(1s) + F−

@(3s). (17)

The reaction given by Eq. (16) contributes to the electron
emission. In this case, the residual proton is expected to
neutralize rapidly to start the process again, and so to play the
role of catalyzer. We call attention to the transfer excitation
given by Eq. (17). This two-electron transition is expected to
be very active because it represents an almost resonant process:
the electron projectile energy �H = εH(n = 2) − εH(1s) =
10.2 eV is very close to the target one, �F−

@
= εF−

@
(n =

2) − εF−
@

(1s) = 10.7 eV. In both reactions given by Eqs. (16)
and (17), the projectile returns to H(1s) to continue its job.
Again, at 5 keV H(1s) impact, it could produce up to 6.6
electrons or excitons depending on the bifurcation ratio,
and this is a determinant magnitude considering that the
experiment gives about 7 electrons per projectile.

The intermediate channel H(n = 2) is not the only one to
take into account; there are other possible reactions which are
neither decisive nor negligible. For example, let us take the
number of excitation to H(n = 3), NexH(n=3):

H(1s) +
(

FM
@

LiM@

)
→ H(n = 3) +

(
FM

@

LiM@

)
, (18)

as plotted in Figs. 3(a) and 3(b). As the electron in H(n = 3) is
loosely bound, this intermediate channel certainly contributes
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FIG. 3. (Color online) Calculated number of projectile excita-
tions to H(n = 3) (nl = 3s +3p0±1 +3d0±1±2) produced by the
impact of (a) FM

@ and (b) LiM@ on H(1s) as a function of the incident
angle θi for different impact energies as indicated. Symbols connected
with dotted line correspond to the values where the transversal energy
is 1 eV.

mostly to electron production via collisions with other crystal
sites, schematically

H(n = 3) +
(

FM
@

LiM@

)
→ H+ + e +

(
FM

@

LiM@

)
. (19)

IV. COMPARISON WITH THE EXPERIMENTS

In Figure 4(a) we show the contribution of the different
channels to exciton and electron formation along with the
experimental values for electron emission and number of
excitons derived from the fitting model published in Ref. [8]
for Et = 1 eV. First, one can infer that for energies higher than
5 keV the experiments run approximately within the possible
margin:

NelH(1s) � Nel � NelH(1s) + NexH(n=2) + NexH(n=3), (20)

NexH(1s) � Nex � NexH(1s) + NexH(n=2), (21)

where we have considered that NexH(n=3) contributes only to
electron production. As we do not know the bifurcation values
of the excited projectile states H(n = 2), it is convenient to
add up all the inelastic contributions, N tot = Nel + Nex:

N tot = NelH(1s) + NexH(1s) + NexH(n=2) + NexH(n=3), (22)

as shown in Fig. 4(b), where we can see the good performance
of our model compared with the experiments for impact
energies in the range 5–10 keV. In consequence, to give space
to our mechanism, we have to assume forcibly a reduction of
the H− production for energies larger than 5 keV.

Finally we concentrate on the statistics to support the
Poisson distribution in place of the binomial one used in
Ref. [9]. Let us take again 5 keV impact energy, where the
number of electron statistics was measured and compared with
the fitted binomial distribution (Fig. 8 of Ref. [9]). Considering
a splitting of NH(n=2) of 63% and 37% for electron and exciton

FIG. 4. (Color online) (a) Calculated number of electrons, Nel,
and excitons, Nex, as a function of the total impact energy for
transversal energy Et = 1 eV for different processes as indicated.
Open symbols denote the experimental number of electrons; the
thick line is the experimentally adjusted model for the number of
excitations (Fig. 4 from Ref. [8]). (b) The solid line indicates total
yields of inelastic transitions, Nel + Nex, and the symbols correspond
to the sum of the experimental values.

productions, respectively, we have

Nel = 0.63NexH(n=2) + NelH(1s) + NH(n=3) � 6, (23)

Nex = 0.37NexH(n=2) + NexH(1s) � 3. (24)

A number of excitons Nex = 3 is in near agreement with the
best-fit binomial distribution reported in Fig. 4 of Ref. [8]. The
Poisson distribution given by Eq. (7) with Nel = 6 is plotted
in Fig. 5 and compared with the experiments. The agreement
with the data is excellent.

Remarks

In what follows we want to briefly compile some limitations
and remarks to be taken into account in future developments.

The values of Nel and Nex are very sensitive to the turning
point Zmin and in the end with the model to calculate the surface
potential. A small decrease of Zmin is reflected in a significant
increase of the values of Nel and Nex.

We did not consider the change of the Madelung potential
due to the surface. This effect moves up the binding energies
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FIG. 5. (Color online) Bar graph of experimental electron num-
ber distribution (solid symbols) (from Fig. 8 of Ref. [9]) and compared
with the Poisson distribution (open symbols) with Nel = 6, for 5 keV
H(1s) impact on a LiF(001) surface at θi = 0.8◦ (Et = 1 eV).

about 0.5 eV. Nor have we consider the breadth of the band
structure having a width at the base of 3.5 eV, lower with
respect to the 
 point.

To proceed to lower energies (below 5 keV), we need to
calculate the probability of negative hydrogen formation at the
F−

@ site:

H(1s) + F−
@(2p) → H−(1s2) + F0

@. (25)

Its calculation requires, as reaction (17), a two-active-electron
model.

To deal with a more general case in which we have cascades
(large values of Nel and Nex), it is necessary to calculate
the coupling between all the possible channels, which in the
present cases is a considerable number, and resort to the master
equation

dNf

dZ
=

∑
i

δsvi Wf i(Z) Ni√
(viθi)2 − 2

MP
Vi(Z)

−
∑

l

δsvi W
lf

(Z) Nf√
(viθi)2 − 2

MP
Vf (Z)

. (26)

Equation (6) can be obtained from Eq. (26) in a first
perturbative order. Anyway, as in ion-solid collisions, an
advisable method to deal with this problem is the classical
trajectory Monte Carlo method. In this case, the mean free
path should be counted along the classical path consistent
with the particular trajectory followed by the projectile state
and charge under consideration.

As observed in Fig. 4, at the highest impact energies our
simple model overestimates the experimental results. And the
main reason is that we are using the simple Eq. (6) instead
of the fully coupled Eq. (26). The full master equation allows
other channels to come into existence. An example is capture
after ionization, which has not been included here.

V. CONCLUSIONS

We have proposed a mechanism to understand the physics
underlying the electron emission and exciton formation
occurring during grazing collisions of neutral hydrogen on
a LiF(001) surface. Instead of visualizing the negative ion
formation as the precursor, we have considered the formation
of excited H(n = 2) as a catalyzer to produce excitons
and electrons. The present mechanism is valid only for
proton impact energies larger than 5 keV. We have built
our interpretation with solid calculations. The very important
point that we want to stress here is that our calculation
holds on its own; it is a free-fitting parameters calculation.
However, the entire physics is far from being fully under-
stood, the formation of excited hydrogen cannot explain the
whole situation, and other transitions can take place and
contribute to the final result. The whole process seems to be
complex, not only due to the large amount of calculations
required but also to the sensibility of the approximation
used.
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