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J. Ply.: Condens. Matter 5 (1993) 2143-2156. Printed in the UK 

Many-electron theory of laser-assisted surface-ion 
neutralization 

K W Sulstont!, S G Davisontll, F 0 Goodman211 and R I Lindsaytq 
t Department of Mathematics and Computer Science, Universily of Prince Edward 
Island, Charlottetown, Prince Edward Island, Canada CIA 4P3 
$ Department of Applied Mathematics, Univeversity of Waterloo, Waterloo, Ontario, 
Canada NZL 3G1 

Recei~ed 26 June 1992, in final form 6 November 1992 

AbsLracL We develop a theoretical framework for investigaling charge-transfer processes 
occurring during lhe scatlering of an ion from a solid surface, in the presence of a pulsed 
laser field. The theory is based upon the manysledron formalism, previously used by 
our group, to investigate charge transfer based upon purely electronic mechanisms, but 
it is here extended to indude the additional matrix elemenls needed to describe laser- 
assisled transitions The model is applied to several systems with different scattering 
behaviours. with the conclusion lhat the &en of lhe l ap r  field can be expected lo be 
greatest when the target subslrate is one wilh a relatively narmw valence band. For fixed 
incident energy, the neutralization probability shows a novel multiple-peaked suucture 
with respect to the laser frequency. These features should be observable at experimentally 
viable laser intensities. 

1. Intmdudion 

When an atom or ion is scattered from the surface of a solid, electronic charge 
transfer can occur during the collision process, under certain circumstances. In the 
case of surface-ion neutralization (SIN), a slow-moving positive (negative) ion strikes 
a surface and rebounds as a neutral atom, having received (given) an electron from 
(to) the solid during the brief interaction period. 

In two-electron 
Auger transitions, which are not investigated here, an electron is transferred from 
an occupied level in the solid band into an unoccupied orbital of lower energy on 
the incoming ion, while a second electron is excited within the solid, so as to ensure 
energy conservation. In one-electron resonant charge transfer, a positive ion, for 
example, is neutralized during the collision when an electron is transferred to its 
empty valence orbital from an occupied orbital of the solid, whose energy is not 
very different. A similar procw is the quasi-resonant transition, so called because 
neutralization proceeds by the direct transfer of a single electron, but, in this case, 
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Neutralization can occur by one of several mechanisms [l]. 

Current address: St. Catherine’s College, Univcnily of Oxford, Oxford OX1 3UJ. UK. 

0953-8984/m/142143t14So7.50 0 1993 IOP Publishing Ltd 2143 



2144 K W Sulston et a1 

from a low-lying state of the solid to the vacant valence orbital. The quasi-resonant 
process is non-adiabatic, because of a difference of 5-10eV between the two energy 
levels involved, which results in a small change in the kinetic energy of the projectile, 
or of the target atom. (This process can occur, for example, in He+ scattered from 
Ge and Pb, and H+ scattered from some alkali halides.) 

A popular theoretical framework for ion-scattering studies has been a time- 
dependent version of the Anderson-Newns (TDAN) model, in which the ion-surface 
interaction is made time-dependent by imparting a classical trajectory upon the 
moving particle. The TDAN model has been used extensively to study the interaction 
of moving particles with surfaces. Although one-electron theories of resonant charge 
transfer, within the TDAN model, have been quite successful in explaining much 
of the experimental data, a more rigorous treatment is needed to encompass fully 
the resonant, quasi-resonant and Auger mechanisms. The need for a many-electron 
approach was recognized by Wly [2] and was the basis for his classical-path equations 
describing SIN. Sebastian [3], on the other hand, used a timedependent version 
of the coupled-cluster technique, writing the wavefunction in terms of particle-hole 
excitations on the Slater determinant representing the initial state of the system. He 
obtained very different results from those for the one-electron theory for certain 
systems. More recently, Sulston and co-workers [4] formulated a treatment of the 
TDAN model for ion-surface scattering, using manyelectron wavefunctions, which was 
similar in spirit to that of 'hlly. 

Although considerable attention has been paid to laser effects in gas-phase 
collisions, because of the importance of laser-induced processes, comparatively little 
work has been done on laser effects in the related area of ion-surface collisions. 
George and co-workers [SI  showed that the SIN probability at a semiconductor surface 
is significantly enhanced, when laser radiation excites electrons from the bulk to 
surface states, where impinging ions have easier access. Kawai and co-workers [6] 
devised the theory of a new spectroscopy in which an atomic beam in collision with 
a surface is electronically excited by a high-intensity pulsed laser beam focused on 
the surface, and performed calculations to demonstrate the experimental feasibility 
of such a spectroscopy. Milosevic and co-workers [7l formulated a general theory of 
resonant and Auger processes in (slow) collisions of ions/atoms on metal surfaces, in 
the presence of a laser field. Although calculations were not done for any particular 
system, theoretical considerations led to the conclusion that laser-assisted processes 
should occur at the same magnitudes of laser field intensity (about 10l2 W a r 2 ) ,  as 
in the corresponding processes in atomic collisions. 

In this paper, we study the effect of a laser field on the ion-scattering process by 
incorporating the laser field into the equations of motion, using the manyelectron 
formalism of 141. Various systems have been studied, so as to get an idea of the 
magnitude of the effects for different substrates and projectiles. An investigation 
such as this is of importance because of its potential implications in laser chemisy, 
in the case where one is specifically interested in stimulating surface reactions. 

2. Equations of motion 

?b solve the time-dependent SchrMinger equation (in atomic units (au), where 6, e, 
m and the Bohr radius are all taken to be one), namely 

alu i- = H ( t ) @  at 
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we work under the assumption that the many-electron wavefunction Q o n  be written 
as a linear combination of time-independent orthonormal basis functions qi, i.e. 

* ( t )  = U i ( t ) Q i .  
i 

Let the solid band consist of N doubly occupied orbitals q5k(k = I , ,  . . , N). 
We ignore any unoccupied solid orbitals, so that reionization into these orbitals is 
neglected. The ion orbital is 4" and is assumed to be originally unoccupied. The 
wavefunction for the 2N electron system at t = -m is a Slater determinant 

@ U  = ld'*&#J242'.'d'N4Nl (3) 

where unbarred (barred) orbitals indicate occupation by a + (-) spin electron. The 
wavefunction corresponding to the transfer of an electron from the kth state to the 
ion is 

(4) 
1 @, = --(I . . .d '&".  .. I f I . . . d '  Od'k - ' ' ' 1). Jz 

All other charge-transfer processes are ignored. The set {&} is assumed to be 
a complete onhononnal set of one-electron functions. Using this basis set, the 
wavefunction expansion (2) can be rewritten as 

Putting (5) into (l), and using the orthonormality of the determinantal wavefunctions, 
i.e. 

leads to the following system of equations: 

where the primes denote differentiation with respect to time t. 
The Hamiltonian we use is 

H = H , +  HI. (8) 

The purely electronic part is the usual ?DAN form, namely 
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where cue t and c,,,, are the creation and annihilation operators for the ion valence 
orbital, with spin U (= -t or -), and ckc t and ckg are the creation and annihilation 
operators for the kth band orbital. In (9), e,, represents the electronic energy of the 
ion's valence orbital, ek  the energy of the kth band orbital, and Vk(t) the ion-solid 
(resonant) electronic coupling. The part of the Hamiltonian (S) describing the laser 
interaction is 

(10) HI = C(Wk(&ko + w,"(t)ckueu,) t 
k,U 

where W,(t)  represents the ion-surface interaction due to the laser field. Here, we 
assume that the laser interacts significantly only with the valence electrons of the 
solid and any electron in the projectile's valence orbital, at least as far as the charge- 
transfer process is concerned. Any interaction with the core electrons of the ion or 
the solid is assumed to have a negligible effect upon the charge-transfer process. The 
inclusion of H, in (8) models the presence of the laser by modifying the elect~onic 
potential at the surface of the solid, and in this way affecting the charge-transfer 
process. The specific forms used for the parameters in the Hamiltonian (8)-(10) are 
discussed in the next section. 

The only non-zero matrix elements of H can be shown to be 

( * U I ~ " I * U )  = Eu - eu 

(11) 
( * k l H D I q k )  = - 
( q U I H U l q k )  = (*klHUi*")* = fir', 
(*IJIH,l*k) = (*kIH,l*U)* = fiw; 

ia; = ( E ,  - eU)uu + C(f ivk  + f i w ; ) a k  

where E,, = 2 C k  E, + eU. With these elements, the equations of motion (7) become 

with similar equations for the complex conjugates, and subject to the initial conditions 

a,,(-oo) = 1 ak(-CO) = 0 (13) 
which correspond to the system being in the state Q,, at 1 = -W. Once values have 
been chosen for the parameters, it is straightforward to solve the equations of motion 
numerically for the coefficients a" and ak.  to determine their final values at t = CO. 

From these values can be found the probabilities for the occurrence of the various 
charge states of the system; in particular, one is interested in the ion-neutralization 
probabiIity, i.e. the probability that an electron from a solid orbital has transferred 
to the ion's valence orbital, creating a neutral atom: 

PO = 1 - la,,(CO)IZ. (14) 

P+ = lU,,(CO)l*. (1s) 

The corresponding ion-survival probability is 
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3. Description of the model 

In order to perform calculations it is necessary to assign values to the parameters 
appearing in equations (12). namely 
of the ion valence orbital is typically assumed to have the time-dependent form 

E ~ ,  V, and W,. The electronic energy, 

EU(t) = - I p  + F ( t )  (16) 

where Ip is the ionization potential of the isolated projectile. F ( t )  is the time 
variation of the energy, due to changing image forces (if present), as the projectile 
approaches and leaves the surface, and is assumed to have the form 

F ( t )  = 1/4(z(t) + +) (17) 

where z ( t )  is the ion-surface separation at time t and zo is a constant with a value 
of about 4au. (The trajectory z ( t )  is discussed below.) 

of the band states can be modelled in a number of ways, the 
simplest being to assume that the solid consists of a chain of N atoms, each with 
a single valence orbital, with Coulomb integral OL and resonance integral p. Within 
one-electron tight-binding theory, the molecular orbitals for the solid have energies [8] 

The energies 

E k  = a+ 2pcos - (Z 1) 

and surface coefficients 

The lowest and highest of the energies determine the band edges E ,  and E".  

Physically, a and 4101 correspond to the centre and width of the solid band, so that 
these parameters can be chosen empirically to mimic the solid's electronic structure. 
This model allows the band edges and Fermi level to be fixed accurately (in agreement 
with experimentally observed values), and these energies are the most important part 
of the band structure, with regards to determining the scattering behaviour of the 
surface [9]. For this reason, simple models of the density of states are usually 
used in the theory of surfaceion neutralization, thus avoiding the computational 
complications resulting from using a more sophisticated electronic structure. Inclusion 
of the fine structure of the density of states does not affect the general dependencies of 
the charge-transfer probabilities upon their parameters. Thus, although this model is 
a simplification of the substrate's actual band structure, it is adequate for a qualitative 
analysis of scattering phenomena. 

The resonant interaction coupling Vk(t) has been modelled in several ways in 
the literature. As is usually done, we assume that the energy and time dependencies 
separate, so that the interaction can be written as 

V,(t) = V k V ( 1 )  (20) 

V ( r ( t ) )  = V,zexp(-pz) (21) 

where v k  is given by (19), and [lo] 
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with z ( t )  the projectile's trajectory. The empirical values for the parameters in (21) 
are 

K W Suhton et a1 

vo = I ; ~ ~ I : ~ ~ ~  (22) 

where Ip and I, are the ionization potentials (in atomic units) of the projectile and 
the target surface atom. 

To calculate the form of the Hamiltonian term HI in (IO), we take the vector 
potential to be 

(29 C 

W 
A( t )  = k--E,,COS(wt t 6 )  

where k is the unit vector along the direction of the vector potential, Eu is the field 
amplitude, w the frequency, 6 the phase and c the speed of light. Then, in coordinate 
representation 1111, 

where p = -ihV, e is the charge on a proton, and m. the mass of an electron. Using 
(10) and (U), we obtain 

%king the solid orbital to be a linear combination of atomic orbitals 

I&) = CknlXn) 
n 

we make the assumption that the dominant contribution to the integral in (26) comes 
from the term in (27) associated with the surface target atom, putting n = s, where 
cks vk, so that 

where R = (O,O,z), assuming the motion is normal to the surface. In spherical 
coordinates, the atomic orbital xr (and, similarly, +,,) is taken to be of the form 

x.(r) = Fn(r)q"(e7b) (29) 

where the radial part is a Slater-type orbital 

Fn(r) = Cnrn-le-C' (30) 
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with 

(2<)"+'/2 c, = 
(2n)!112 

and the angular part is a spherical harmonic (with m = 0, so that it is independent 
of +), ie. 

where Pf is an associated Legendre polynomial. Standard values for the Slater 
exponents < are available in the literature 1121. 'Ihking the component of 6 in the z 
direction to be cas q, (26) can be rewritten as 

where I is a double integral which, in coordinates T and s = IT-RI, can be evaluated 
analytically using the symbolic manipulation p r o p m  MAPLE, to give a complicated 
expression of the general form 

I = (rational in z)e-Coz + (rational in z)e-c*z (34) 

where z = z ( t )  is again the projectile trajectory. The field amplitude E,, is related to 
the intensity Z through 

z = $€"E;oZc (35) 

where E,, is the permittivity. 
Finally, we must prescribe a trajectory R( t )  for the projectile, i.e. its separation 

from the target atom. As is commonly done, we assume that the projectile strikes the 
surface normally, so that we only need a single component, i.e. R ( t )  = (O,O, z ( t ) ) .  
If we take the interaction between the incident and target atoms to be governed by 
a Bom-Mayer (BM) potential 

V( z )  = Ae-"" (3.5) 

then this leads [13] to a classical trajectory of the form 

z ( t )  = (2/a)In[cosh(aiut/2)] - ( I / a ) Inp  (37) 

where 

p = IiJA (38) 

K, = + M i ;  (39) 

with the ion's initial kinetic energy IC, related to its initial velocity i, by 
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where M is the ion’s mass. The BM parameters A and a for the pair of (unlike) 
projectile and target atoms can be found using standard values 1141 for like pairs, and 
the combining rules 

A = (A,A$” 

The trajectory (37), describing the motion of the projectile, is used in (17), (21) and 

The model described in this section is applicable to a variety of scattering systems, 
where there are several parameters (a, p, Ip, Is, a,  A) that are chosen so as to model 
the specific system under study, and three parameters are variable within the system: 
the incident energy KO, the intensity Z and the laser frequency w.  The term KO 
is typically taken to be within the range 10-1ooOeV. The intensity should not be 
too high, to avoid damaging the surface-we estimate that if the laser is pulsed (in 
the picosecond range), then intensities up to about 10’’ Wcm-’ should be viable. 
The frequency w is variable, but should be of the same order of magnitude as 
E” - a, to maximize the effect of the laser field. The phase 6 and polarization TJ are 
relatively unimportant for our calculations, and are given the constant values 0 and 
~ / 4 ,  respectively. The number, N, of orbitals used to model the solid is chosen so 
as to ensure convergence of the results, and is typically in the range 20-40. 

(34). 

4. Results and discussion 

Using the above theory, we have performed calculations of the neutralization 
probabilities P“ for several scattering systems: Lit scattered from KBr, Cu and 
Si, and K t  scattered from W The parameters used to model these systems are given 
in table 1. We have studied the variation of the ion neutralization probability with 
the laser intensity Z, laser frequency w and ion kinetic energy We have also 
drawn comparisons with the probabilities in the absence of the laser field (Z = 0), so 
that the size of the laser’s effect can be observed. 

We turn first to the scattering of Lit from KBr, an insulator with a MIIOW 
valence band of width of about 0.54eV. This system has the particular advantage 
that, in the absence of a laser field (i.e. ordinary scattering), there is essentially 
no neutralization of Li+ within the usual range of kinetic energies (IO-looOeV), 
so that once the field is switched on, any observed neutrals can be attributed to a 
laser-assisted (or perhaps, more accurately, laser-induced) process. In figure 1, the 
neutralization probability Po is plotted as a function of field intensity Z (in atomic 
units, for which Z,, = 6.436 x 1OI5 Wcm-’), for a typical incident kinetic energy of 
100eV. The laser frequency was taken to be 0.1168au. so as to match the energy 
difference between the ion’s valence level and the band centre. As can be seen 
from the graph, measurable quantities (greater than a few per cent) of neutrals are 
found when the intensity reaches a magnitude of about 10-Sau, which is less than 
what we estimate to be the maximum acceptable intensity (10’2Wcm-2 % 10-4au), 
and indeed, for the maximum intensity, the neutrals constitute the majority of the 
product. When Z FZ 2 x the curve exhibits a local maximum, and for increasing 
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Table 1. ?able of parameter values (in atomic units) lor various sywems 

Lit-KBr Kt-W Lit-Cu Lj+-Si 
n -03Ui -0.2481 -0.34058 -0.39% 

Ip 0.1982 0.1595 0.1982 0.1982 
r. 0.4342 0.2933 0.2839 0.2995 
a 1.99788 1.88467 2.00269 2.04 
A 104.0'726 743.9033 90.7717 54.t96 

p -0.005 -am22 -0.08~94 -0.1153 

1.0- 

Po 0.5 

0 1.0 20 313 
I x 1 0 4 ( ~ . ~ . 1  

- 

Flgure 1. Neutralization probabilities against I x lo4 (in au), for Lit scattered from 
KBr, with KO = lWeV and w = 0.1168au. 

0 
1.0 2.0 3.0 

log KO (0V)  

Flgure 2. Neulralization probabililies against loglo IC0 (in ev), tor Lit scatlered from 
KBr, wilh 1 = 3 x IWsau and w = 0.1168au. 

values of 1, the curve shows an oscillatory behaviour, as would be expected from the 
corresponding atomic structure calculations. 
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The graph of figure 1 is quite encouraging, since it demonstrates the plausibility 
of the laser-assisted process at reasonable field intensities. We can try to understand 
this process by considering that the ion’s valence level is situated 3.2eV above the 
valence band centre (and 29eV above the upper band edge), which is apparently too 
large an energy gap to permit an electron to undergo a resonant transition. However, 
a photon in the laser field has the energy to reduce this gap to approximately zero, 
so that the transition becomes energetically possible. This is dependent, of course, 
upon the laser field having sufficient intensity, so that there is a high probability that 
a surface electron will absorb a photon during the short time period (about 10-14s) 
that the ion is within interaction distance of the surface. 

Figum 3. Neutralization probabilities against hw - ( E O  - P) (in au), for Lit scattered 
trom KBr, with KO = 1M)eV and I = 3 x 10-5au. 

In figure 2, the neutralization probability has been graphed as a function of 
the incident kinetic energy firu (in the range 10-1000eV), for Z = 3 x lo-’ and 
w = 0.1168. We see an interesting oscillatory structure, reminiscent of the sort seen 
in experimental observations [15] of quasi-resonant neutralization. This might suggest 
that the induced electron transfer is occurring via a mechanism similar to that of 
the quasi-resonant process, where multiple electron transfers produce the observed 
oscillations, although such an interpretation is perhaps concluding more from the 
similarity than is actually warranted. 

The variation of the neutralization probability with laser frequency is shown in 
figure 3; we have actually plotted Po against Aw - (eU - a), so that zero on the 
horizontal axis corresponds to a laser frequency chosen to align the ion level with 
the band centre, and thus locate the band edges at fO.O1.  The observed structure is 
rather unexpected, in that there are two local maxima, approximately corresponding 
to alignment with the band centre and lower band edge. Moreover, the ‘tailing off of 
the curve from the maxima is asymmetrical, being quite sharp at the upper end, but 
very gradual at the opposite end. In fact, in the region corresponding to alignment 
with the upper band edge (near -0.01), there is a flat ‘plateau’, which almost forms a 
third (smaller) local maximum. In the analogous ion-atom scattering system, a single 
peak would be observed, corresponding to hw being taken equal to the difference in 
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the two energy levels, E,, - E ~ .  The replacement of the target atom by a target solid 
has caused a splitting of the single peak into two, which seem to be associated with 
the band centre and the lower band edge, although there are shifts in their positions. 

The next system we investigated was the scattering of K+ from W, a transition 
metal with an occupied valenceband width of about 3.5eV. Again, in the absence of 
a laser field, the neutralization probability is zero at all incident energies of interest. 
Some representative values of P" for different intensities are given in table 2, where 
Xu was chosen to be l00eV and w = - a = 0.153. Note that, for Z < 0.01, 
the dependence of Pu upon Z is virtually linear. For the magnitude of Z considered 
acceptable (< lO-'au), there is less than 1% neutralization, and Z must be increased 
by a couple of orders of magnitude to get significant amounts of charge transfer to 
occur. It seems that the quantitative differences in the amount of neutrals produced, 
between this system and the previous one, can be traced to the difference in band 
widths in the two systems, KBr having a very narrow band, and W a much wider 
one. If one refers back to (33), then one can see that the matrix element W,, 
corresponding to a laser-assisted transition, is proportional to the surface coefficient 
vE, which is (roughly) inversely proportional to the band width, and Po itself goes 
approximately as v i ,  so that increasing band width generally leads to a corresponding 
decrease in laser-assisted neutralization (all other parameters being roughly equal). 

Table 2. Neutralization probabilities against intensily (in au). for K+ scattered from W, 
with KQ = l00eV and w = 0.153au. 

0.0 0.0 
O.woO1 O.wO3 
O.wO1 0.003 
0.001 0.029 
0.01 0.260 

Tabk 3. Neutralization probabilities against frequency (in au). for K+ scattered from W, 
with KQ = lWeV and I = 0.003au. 

w PQ 
0.02 0 . W 3  
0.04 0.0027 
0.06 0.032 
0.08 OD76 
0.10 0.051 
0.12 0.036 
0.14 0.054 
0.16 0.077 
0.18 0.058 
0.M 0.052 
0.22 0.026 
0.24 0.0016 

The variation of P" with frequency w is given in table 3, for K,, = 100eV, and 
Z = 0.003, the latter parameter being unrealistically large, but chosen so as to give 
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non-zero values to study. The double-peak structure of figure 3 is clearly present 
here, and the h~ local maxima again occur when the frequency is aligned with either 
E,,- cy or ea- E, .  Additional calculations (not shown) for w close to ]E,, indicate 
that there is a third, very small, peak similar to the 'plateau' of figure 3. We can 
conclude that this feature is not an anomaly of a particular system, but something 
quite general to these systems. 
We turn now to the scattering of Lit from Cu, for which non-zero neutralization 

probabilities are obtained in the absence of the laser. Calculations indicate that the 
neutralization occurs primarily through resonant interaction with the 4s band, having 
an occupied width of about 9eV The variation of with Z is shown in table 4 for 
some characteristic intensities, with K,, = p e V  and w = 0.0977. With Z = 0 (i.e. 
no laser field), the neutralization probability is about 20%. At small but non-zero 
intensities, the number of extra neutrals produced is insignificant, but at the maximum 
'allowable' intensity of the neutralization probability is raised to 26%, which 
is not negligible, and perhaps detectable experimentally. As in table 2, Pu depends 
almost linearly upon Z, for all but the highest intensities. For this system, Pu seems 
to be relatively independent of the frequency W ,  so it is difficult to tell whether the 
multi-peak structure of the other systems reappears here as well. 

Tabk 4. Neutralization probabililies against intensity (in au), for Lit scattered from Cu, 
with h'o = 100eV and w = 0.W77au. 

7 PO - 
0.0 0.2032 
0.oOoMH)l 0.2032 
0.ooOM)l 0.2038 
0 . m 1  0.2092 
0.m1 0.2616 
0.001 0.6587 

Tabk 5. Neulralization probabililies against incident kinetic e n m u  (in au), for Lit 
scattered from Cu, wilh 1 = 0 (laser OR) and O.ooOo3 (laser on) and w = 0.W77au. 

KO - 
10 
50 

Po (laser 00 
0.4840 
0.2130 
0.2032 
0.1634 
0.1956 
0.1794 
0.1524 
0.1366 
0.1340 
0.1408 
0.1528 
0.1674 

0.2210 
0.1717 
0.2027 
0.1853 

0.1417 
0.15sa 

0.1387 
0.1451 
0.1568 
0.1710 

The variation of Pu with the incident kinetic energy I<,, is shown in table 5, for 
Z = 0 and 3 x lo-'. At all energies, the effect of the laser field is to enhance 
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Tabk 6. Neutralization probabilities against intensity (in au), for Lit  scattered from Si, 
with KO = lWeV and yi = 0.1 au. 

0.0 0.8133 
0.000001 0.8134 
O.woO1 0.8146 
0.oooI 0.8235 
0.w1 0.7793 

the neutralization process, although to varying degrees at different values of K,. 
The greatest enhancement is certainly at the lowest incident energy (loev), which 
is due to the ion's longer interaction time at the surface allowing for an increased 
probability of a surface electron absorbing a photon and using the extra energy to 
make the resonant transition. 

Finally, we turn to the scattering of Lit from Si, a solid whose valence band has 
a width of about 12.5eV, and is a hybrid of s and p orbitals. (The latter feature was 
incorporated into our calculation of W, in (33)) The neutralization probabilities 
for several values of Z are given in table 6. Again, for the lower intensities, P" 
depends almost linearly upon Z. For intensities within the acceptable limits, there is 
essentially no change in the neutralization probability from the zero-intensity value 
of about 81%. When Z becomes somewhat larger than P" undergoes a local 
maximum and starts to decrease with increasing intensity, so that when Z = the 
neutralization probability has been lowered to 78%. Again we attribute the relative 
weakness of the effect of the laser field to the width of the solid band. As was the 
case for the Cu substrate, Po seems to be virtually independent of the frequency 
w, (generally between 81-82%), so that the double-peaked structure of figure 3 is 
not detectable. The structure therefore appears to be associated with substrates with 
relatively namow valence bands, at least for the purpose of experimental observation. 

5. Conclusions 

In this paper, we have extended the manyelectron theory of ion neutralization at 
solid surfaces, so as to incorporate the mechanism of a laserassisted transition. 
The modification of the equations of motion, and their numerical solution, is 
straightfonvard, but it was necessary to derive approximate expressions for the 
matrix eIements W,( t ) ,  by assuming Slater-type forms for the atomic orbitals, and 
then evaluating the appropriate integrals. Several scattering systems were modelled, 
and the calculated results indicated that observable quantities of neutrals should 
be produced by this mechanism, at experimentally feasible laser intensities (up to 
lo'* W c m 2 ,  for a pulsed laser), a t  least for same systems. The effect of the laser 
field should be greatest for systems in which the substrate's valence band is very 
narrow (as with alkali halides), due to the larger density of electrons at the required 
energy, and in this respect the process is very similar to the analogous process in 
ion-atom scattering. Qualitatively, the ion-surface scattering results differ from those 
of ion-atom scattering in that, in the former, the neutralization probability, as a 
function of laser frequency, shows two (or perhaps three) local maxima, which is due 
to the fact that the ion's valence level is interacting with a band of energy levels, 
rather than just a single one. It is hoped that the results presented here will stimulate 



2156 K W Sulslon et a1 

some experimental investigations into the laser-assisted transitions, as well as further 
theoretical work 
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