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Zi oscillations in yields of multicharged ions emitted fram a germanium surface
when bombarded by light ions
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The interaction radii at which holes are created in the L shell of light projectiles and in the M
shell of germanium during ion —surface-atom collisions have been determined from the thresholds for
doubly charged ion production. In contrast to the data with a silicon target, the interaction radius
at which electron promotion occurs does not decrease with projectile atomic number Zq, as it should
if promotion occurs at a definite level crossing. In addition, the yields of doubly charged ions do
not follow the Zi dependence predicted by the Fano-Lichten electron-promotion model [Phys. Rev.
Lett. 14, 627 (1965)].

PACS number(s): 79.20.Rf, 34.70.+e

I. INTRODUCTION

When ions of a few keV energy are scattered &om sur-
faces, it has been found that there are significant dif-
ferences in the proportions of different charge states of
scattered and recoiled target ions, when compared to
similar measurements with low pressure gases [1,2]. It
seems likely that the multicharged ions originate in the
same ion-atom close encounters as in ion-gas collisions
but, once produced, the collective behavior of the other
atoms in the solid inHuences the charge of these ions by
neutralization. We report measurements of the yields
of doubly and singly charged ions which are scattered
and recoiled &om a clean amorphous germanium target
when bombarded with C+, N+, 0+, F+, Ne+, Na+, P+,
S+, Cl+, and Ar+ ions of a few keV energy. Previously
we reported similar measurements with a silicon target
[3]. The situation is quite different from the equilibrium
charge states produced when MeV ions are transmitted
through thin foils since the average charge state after
passing through a foil is higher than through an equiva-
lent thickness of gas [4], whereas keV ions scattered f'rom

a solid produce correspondingly fewer multicharged ions
than in ion-gas scattering.

The last stages in the production of multicharged ions
are mainly Auger transitions in which the excitation en-

ergy of the ion is in part converted to ionization energy of
one or more valence electrons, thus increasing the charge
state. The excited state which emits the Auger electrons
may have inner-shell vacancies, or they may have already
been Riled, and some of the excitation energy transferred
to outer shells. However, the excitation must have been
created earlier in the same collision and is likely to have
been initiated by the electron-promotion process [5,6],
which produced one or more inner-shell vacancies.

A characteristic of inner-shell electron promotion is
that it predominantly occurs at specific level crossings
in the correlation diagram of the ion-atom molecular or-
bitals. These level crossings must be traversed during
the collision, otherwise electron promotion is unlikely.

For the production of K-shell and L-shell vacancies, the
important level crossings occur at interaction distances
less than 1 a.u. These distances are significantly smaller
than the separation between the atoms in a solid. For ex-
ample, the nearest-neighbor separation in a germanium
crystal is 4.63 a.u. The inner-shell vacancies are thus
produced only in violent close ion-atom encounters in
which the distance of closest approach during the colli-
sion is much less than the separation between atoms in
the solid. The presence of neighboring atoms several a.u.
away, and therefore also all the other properties of the
solid, should thus not significantly affect this first step
in the multicharged ion production process. In contrast,
the later interactions as the ions leave the surface ac-
count for the differences between ion-gas and ion-surface
scattering. These include (a) the decay of outer-shell or
valence electrons to fill these vacancies, (b) Auger transi-
tions which increase the ionization state of the ions, and
(c) capture of electrons from the solid, which reduce the
ionization state. The relative importance of each of these
processes is uncertain, and it is not clear where, with re-
spect to the solid surface, the Anal charge of the ion is
determined.

Other measurements that give related information on
these processes are x-ray yields following high energy ion-
solid collisions and electron spectroscopy of surfaces bom-
barded with ions in which characteristic Auger electrons
are identified. Large oscillations have been reported by
Kavanagh et al. [7,8] in the Cu x-ray yields as a function
of the projectile atomic number (Zi). They established
that the maxima occur when the shell energies of the
target and projectile ions match, as previously found in
ion-gas collisions [9]. Their measurements were done at
low enough energy for the molecular orbital model to be
valid, but at high enough energy for backward scattering
ion trajectories to reach the level crossings which pro-
mote electrons &om the K shell of the lighter element.
They found a maximum near Zi ——32, where the target
and projectile L-shell energies match, and a second max-
imum near Ne whose K-shell binding energy is close to
the I-shell binding energy of Cu. The positions of both
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these maxima were invariant to the collision energy. No
similar systematic investigation of Auger electron yields
with low energy ions has been reported; however, the
emission of L-shell Ar+ Auger electrons was found to de-
crease with increasing atomic number for targets &om
Z2 ——20 to Z2 ——29 [10], as would be expected from the
increasing difFerence between the target and projectile
I-shell binding energies.

Measurements of the mean charge of ions transmitted
through carbon foils [ll] have also shown an oscillation
in the light elements, with a maximum near Zq ——17 [12].
These measurements were made at high energies where
the molecular orbital model is probably not valid, so that
electron promotion at level crossings may not dominate
and multiple ionization may be produced by direct ex-
citation rather than by Auger processes. However, the
results again seem to be in agreement with shell match-
ing, in that the peak in the mean charge occurs where the
binding energy of the target 28 shell matches the K-shell
binding energy of carbon.

While these processes have provided information on
the way in which inner-shell vacancy production varies
with Zz and Z2, it is dificult to relate the x-ray yields and
the Auger electrons to specific ion trajectories because
both are emitted nearly isotropically in the &arne of the
moving ion, so that apart &om small Doppler shifts, the
directional information about the particular ion trajecto-
ries which produced the shell vacancies is not determined
experimentally and must be inferred from a theoretical
model. The present measurements determine the elec-
tron promotion level crossing radii in a very direct way.
The incident and emitted ion energies and directions are
well defined so that the ion —surface-atom trajectories can
be calculated using a screened Coulomb potential. At a
fixed scattering angle the distance of closest approach de-
creases as the beam energy is increased. When it reaches
the radius for electron promotion, multiply charged ions
first appear in the spectrum. Thus measurements of the
energy thresholds for multiply charged ion production de-
termine directly the crossing radii for electron promotion.
Although obtained by a very different method, there is
reasonable agreement with crossing radii derived &om
ion-gas Auger electron cross section measurements. In
the one case where the same beam target has been mea-
sured both ways, Schneider et al. [13] found a value of ro
= 0.65 a.u. &om the Si+-Ar Auger cross section, while
a value of ro ——0.72 + 0.02 a.u. was found &om the Si +
threshold in Ar+-Si surface scattering [3].

The ion-atom trajectories were calculated using the
"universal" screened Coulomb potential of O' Connor and
Biersack [14]. We have found that this potential, which
has no adjustable parameters, gives essentially identical
results, when used for light ions at a few keV energy, to
the Ziegler-Biersack-Littmark [15] potential in which the
screening length is adjusted empirically to match exper-
imental shadow cone data [16].

The multicharged ion yields are in6uenced by many
processes including shadowing, blocking, and surface
neutralizing interactions as these lons escape &om the
solid, so that a detailed interpretation is difBcult. The
energy thresholds, in contrast, should be independent of

such processes and depend only on the initial close en-
counter region of the ion-atom trajectories.

II. EXPERIMENT

The instrumental requirements for low energy ion scat-
tering measurements using an electrostatic analyzer sys-
tem has been described in previous publications [17,18].
The beams were produced using pure gases (N2, 02,
Ne, and Ar) in a discharge-type ion source. C+, F+,
and Cl+ beams were produced with CO, Freon-14 (CF4)
and Freon-12 gas (CClqF2), respectively, whereas P+,
S+, and Na+ beams were obtained by placing small
amounts of the element in solid form inside the ion source
while operating the plasma on argon gas. The ions of
the most common isotope of each element were selected
with a high resolution 30 deQection magnet. The beam
passed through a differentially pumped section between
two small apertures which both de6ned the beam geome-
try and isolated the scattering chamber, allowing a pres-
sure of 2 x 10 Torr during measurements. The target
was a Ge(100) crystal with its surface amorphized and
cleaned by 500-eV Ar+ bombardment. Following each
sputtering, the target was heated to about 500 C for 10
s, during which time the pressure rose due to desorp-
tion of the absorbed argon and then returned almost to
the pressure before heating. An amorphous surface was
chosen for the measurements so as to avoid any uncer-
tain crystallographic effects &om a single crystal surface
damaged by the ion beam. Crystal damage by the beam
was produced much faster than the buildup of surface
impurities, so that it was possible to use the amorphized
surface longer before it required recleaning. At a few keV
beam energy the background &om subsurface scattering
was only slightly larger than &om a single crystal with
ions incident along a channeling direction.

The scattered and recoiled ions that were emitted &om
the target were energy and charge state analyzed by a
vr/~2 electrostatic spectrometer located on a moveable
platform inside the scattering chamber. A typical volt-
age spectrum of the ions emitted at 45 to the incident
oxygen beam direction is shown in Fig. 1. The voltages,
at which the peaks appear, all agree with the energies
expected &om events in which an incident 0+ ion is ei-
ther scattered out from the surface after colliding with
a single germanium atom or scattered inward at an an-
gle close to 78, and the germanium ion recoils outward
at 45'. The scattering angles were judiciously chosen for
optimum separation of the singly and doubly charged ion
peaks of both scattered and recoiled particles. At higher
energies, multiple scattering processes produced shoul-
ders on the high voltage side of the single collision peaks.
However, at a few keV beam energy, these contributed in-
significantly to the ion yields. To within the resolution of
the analyzer, all the multicharged ions had the same en-
ergy as the singly charged ions, since the doubly charged
ion peaks occur, to within one channel, at exactly half
the voltage of the corresponding singly charged ion peak.
This 1:2 voltage ratio did not vary when the scattering
angle was changed, eliminating the possibility that the
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FIG. 1. Electrostatic analyzer spectrum of ions which have
been scattered though an angle of 45 by a clean amorphous
germanium surface. V is the analyzer de6ection voltage and
Vo is the voltage required to de6ect the full energy incident
beam. The scattered and recoil singly charged ions appear at
the predicted binary collision energies. The doubly charged
ions always appear at exactly half the voltage of the corre-
sponding singly charged ions.

di8erent charge states.
The general shape of the yields as a function of beam

energy will probably be affected. by shadowing effects.
The ions are incident on the germanium surface at an
angle of 10 and detected at 30 with respect to the sur-
face, for a total scattering angle of 40 . At these small
incident angles not all the surface-atoms are visible to
the incoming beam because some lie within the shadow
cone of neighboring atoms on the surface. At a separa-
tion of 7.6 a.u. , which is the surface-atom separation on
a (100) crystal and can reasonably be assumed to be the
average separation on an amorphous surface, the shadow
cone angle is 12 for 10-keV oxygen ions. This shadow
cone angle decreases with energy and increases with Zq,
so that the shadow cones will be less than 12' for higher
energies and lighter projectiles. The observed ion yields
are thus reduced by surface shadowing efI'ects mostly at
our lowest energies and with heavier projectiles.

The shadowing eKects are expected to be nearly the
same for all charge states of the emitted ions and should
cancel out in the ratio of yields [Figs. 2(c) and 3(c)].
Neutralization and Auger ionization, which mainly de-
termine the final charge state after the ion direction has

peaks which we interpret as multicharged ions might be
singly charged scattered or recoiled ions &om surface con-
taminants. No triply charged ions were observed for the
germanium target, although significant Si + yields had
been found previously with a silicon target [3]. o 4

O' Ge
6 =40'

III. RESULTS

A. Variatien with beam energy 0

0.4

(a)

Figure 2 shows a typical variation of the scattered ion
intensity with beam energy and Fig. 3 shows the cor-
responding yields of recoiling germanium target atoms
which escape &om the surface as singly and doubly
charged ions. Intensities were determined &om the areas
under the elastically scattered ion peaks and the back-
ground from subsurface scattering was subtracted by lin-
ear interpolating the counts on each side of the peak. It
was not possible to obtain absolute yields because of dif-
ficulties in normalizing the ion counts to a known beam
charge. The beam intensities, typically 10 A, were too
small to be measured accurately with a picoammeter,
whose amplifiers are too slow to follow the short term
beam Quctuations. As an estimate of the beam intensity,
a channel electron multiplier (CEM), mounted behind a
small pinhole aperture, counted all the particles of all en-
ergies which were emitted at close to 180 to the incident
ion direction. Each channel count of the spectrometer
was normalized to these GEM counts, taken during the
same time interval. The spectra, normalized in this way,
were accurately reproducible and substantially indepen-
dent of the beam intensity. This normalization procedure
is valid when the energy and the angle of the target are
held constant, but there may be some energy variation
of the total yield of backscattered ions. These normal-
ization problems are not present in the relative yields of
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FIG. 2. Yields of (a) 0+ and (b) 0 + ions which have been
scattered through an angle of 40' by collisions with surface or
near surface atoms, as a function of the incident 0+ ion en-

ergy. The yields are normalized to the count in a CEM which
detected ions of all energies emitted at a backward direction.
The ratio of doubly charged to singly charged scattered ions
is shown in (c). The same normalization was used for both
yields, so that (c) shows the absolute ratio of the numbers of
these ions, which are emitted at 30 to the surface.
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been changed at the close encounter, occur during the
outgoing part of the trajectory. The ion trajectories are
thus expected to be very similar for ions of all charge
states which have been deQected by the same scattering
angle. The situation is less clear for blocking. If the 6nal
charge state is inQuenced by how closely the trajectories
have passed to neighboring atoms, then there may be
charge-dependent blocking cone eHects. A comparatively
large exit angle of 30 was therefore chosen to minimize
the e8'ects of blocking in the present measurements.
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B. Scattered ion yields

The yields of singly and doubly charged scattered ions
for various incident ions are shown in Fig. 4. Measure-
ments were made at a constant ion beam velocity so as
to minimize the changes to the yields due to kinematic
variations. A velocity of 0.53 keV/amu was chosen as a
compromise, to be well above the energy thresholds for
doubly charged ion production, but low enough to avoid

significant subsurface and multiple scattering contribu-
tions to the binary collision peaks.

The singly charged scattered ion yield increases Rom a
small value for C+, to a large value for Na+, returning to
small values for P+, S+, and Cl+ with some indication
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FIG. 4. Yields of singly and doubly charged scattered ions
as a function of the atomic number Z~ of the incident beam
(a). Open circles are singly charged ions and dots are doubly
charged ions. The absolute ratio of doubly to singly charged
scattered ious is shown in (b).
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FIG. 3. Y'ields of (a) Ge+ and (b) Ge + ious which have
recoiled at 40' to the incident ion direction from surface or
near surface locations (oxygen ions scattered inwards at 87 ),
plotted as a function of the incident 0+ ion energy. The
absolute ratio of Ge+ to Ge + ious is shown in (c).

FIG. 5. Yields of Ge + and Ge+ ions emitted at 40 to
the incident ion direction, as a function of the atomic number
Z) of the incident beam (a). Open circles are singly charged
ions and dots are doubly charged ions. The absolute ratio of
doubly to singly charge scattered ions is shown in (b).
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of an increase for Ar+. The doubly charged scattered
ion yield shows a similar behavior, with a rise from un-
detectably low values for C + to significant values for
F +, Ne +, and Na +. The yield then returns to an un-
detectably small value for P +, with a small increase for
higher Z~ ions. The ratio of yields therefore shows a max-
imum in the region Z~ ——9 —11, with very small ratios
elsewhere.

C. Recoil ion yields

The yields of Ge + ions and Ge+ ions emitted &om
the target at 40' to the incident beam are shown in Fig.
5. Both singly and doubly charged recoiled ion yields in-
crease &om Zq ——6 to Zq ——11, as occurs for the scattered
ions. For Zy & 14, both the Ge+ and the Ge + yields
are much smaller than the corresponding scattered ion
yields. For Zz ) 14, where the scattered ion yields are
undetectably small, significant Ge+ and Ge + yields were
found. Both recoiled ion yields appear to go through a
broad maximum.

Because of the more nearly equal recoiled ion yields,
the absolute ratio could be determined for all the ion
beams. The ratio may be an oscillatory function of Zq
with a maximum in the region between Zq ——11 and
Zq ——15, which is not accessible to us.

Z partner, so that mostly projectile holes occur when
Zq ( Z2 and mostly target holes when Zz ) Z2. In
terms of the correlation diagram, the change is associ-
ated with level swapping on either side of Zq ——Z2, with
electrons in the higher energy orbital being promoted. A
similar level matching between different shells is also pos-
sible for collisions with very dissimilar Zq and Z2. The
atomic shell energies suggest that the matching occurs
between the M shell of Ge and the L shell of the pro-
jectile, which should cross at about Zq ——14. Figure 7
shows the united atom and, separated atom limits of the
correlation diagrams for collision pairs on either side of
this level match. In the Fano-Lichten [5] molecular or-
bital electron-promotion mod. el, as described by Barat
and Lichten [6], the 4do 4fo -promoted electrons come
&om the 2p-2s shell of Na. In contrast, on the higher Zq
side of the M-L shell match, because of level swapping,
these same orbitals promote the 3p-3d electrons from Ge.

In the x-ray yields Rom Cu [7,8] two clear systematic
trends are associated with level matching. First there is
a variation of 10 in the total x-ray yield, depend-
ing on how close the energy levels are to the match, and
second the yield changes &om being mostly projectile x
rays on the lower Zz side of the match to mostly target

IV. CROSSING RADII
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Definite energy thresholds were found for all the doubly
charged ions. As the beam energy is increased, for a fixed
scattering geometry, the distance of closest approach dur-
ing the collision between the incident ion and an atom
in the target decreases. An energy threshold therefore
occurs where this distance equals the crossing radius in
the molecular orbital correlation diagram at which elec-
tron promotion occurs to create shell vacancies. These
crossing radii may thus be calculated directly from the
threshold energy. The Ge + threshold can be similarly
calculated because target atoms which recoil in a definite
direction correspond to definite scattering trajectories.

The energy thresholds for the appearance of doubly
charged scattered and recoiled ions are shown in Table I
and in Fig. 6. They were determined experimentally by
decreasing the beam energy in small steps until the re-
gion of the spectrum where the doubly charged peak was
expected showed no statistical count above background.
This method provided a consistent and reproducible en-
ergy value, but it is possible that somewhat larger cross-
ing radii values would be obtained in an experimental
system which was able to detect smaller intensities of
doubly charged ions.

The scattered and recoiled rp values show distinctly
different behavior. However, in both there is a clear dis-
continuity in trends of the data between Zq ——11 and
Zz ——15. In x-ray and Auger electron d.ata such changes
are associated with level matching. It is well established
from ion-gas experiments [19,20] that in nearly symmet-
ric collisions, K-shell holes are mostly formed in the lower
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FIG. 6. The distance of closest approach ro during binary
surface collisions for the lowest beam energy at which dou-
bly charged ions were detected. This distance is associated
with the crossing radius for electron promotion in the molec-
ular orbital correlation diagram. The ro values are shown as
a function of the beam atomic number Zq (a) for scattered
doubly charged ious and (b) for recoil Ge + ions.
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V. DISCUSSION

The increase in rp with Zi is hard to explain if electron
promotion follows the correlation diagram closely. For a
speci6c level crossing a decrease in rp is always expected
&om the generally decreasing size of each molecular orbit
with increasing Coulomb charge. Detailed calculations of
molecular orbitals support this [21], as do ion-gas energy
loss measurement of K-shell hole formation systematics
[19].Previous measurements of the energy thresholds for
doubly charged ion production with an amorphous sili-
con target [3] also observed this behavior, with decreas-
ing values of r p from Zi ——6 to Zi ——10 and then higher
but decreasing values &om Zi ——15 to Zi ——18. This
is exactly what was expected &om the electron promo-
tion model if there is a change in the orbit at or near the
symmetric interaction with Zi ——Z2 ——14. Only for the
scattered doubly charged. ion production with the germa-
nium target do we observe a decrease in rp. The line in
Fig. 6 shows the sum of the separated atom radii for the
L shell of the projectile and the M shell of germanium.
While the magnitude is not a good representation of the
molecular orbital crossing radius, the Zi variation should
be reasonably correct. However, the rp values appear to
decrease less than the atomic radii.

The Z variations of x-ray yields [7—9] do not show a
decrease, followed by a discontinuous rise at the Zi value
where the correlation diagram predicts a change in the
level crossing. Instead they are oscillatory, with a gradual
rise to a maximum at the level match, suggesting that
transitions at both level crossings occur with gradually
changing probabilities. It is possible that our observed
rising values of rp are in a region where promotion at
more than one level crossing is important.

X-ray data cannot be compared directly with the
present rp values without several approximations. A sim-
ple model has been used to derive rp values from the x-
ray cross sections [22]. It assumes that there is a constant
probability P that an electron hole is created in the shell
when the trajectory has an impact parameter less than
bp and. that otherwise P = 0. The cross section for x-ray
production can then be written

o. = Pub~~,
where u is the Huorescent yield. The critical impact pa-
rameter bo occurs where the trajectory just reaches the
crossing radius for electron promotion rp. While an ana-
lytic relation exists between bp and r p for the Moliere po-
tential, the rp values can be more conveniently obtained.
by numerically integrating the trajectories.

The Ge + recoiled rp values should show the same gen-
eral Z dependence as the x-ray data, with the maximum
at approximately the same Z values, since the atomic
number of copper (Zq ——29) is not very different from
that of germanium (Z2 ——32). A fluorescent yield value
of w = 0.0056 was chosen by Kavanagh et al. [7,8] so
as to match the r p values near the symmetric Z = 29
peak to the geometric size of the L shell of copper. This
is a typical tu value [23]. However, when applied to the
lower Zi targets of interest here, this value of u predicts
rp values which are unphysically small, of the order of

the K shell radius. Barat and Lichten [6] obtained rea-
sonable rp values from the Kavanagh et al. x-ray cross
sections by multiplying the simple cross section formula
by a probability factor which decreased with increasing
Z on both sides of the cross section maximum. Their
probability factor becomes very small when extrapolated
outside its region of validity to our lower Zi projectiles.

Ignoring the discrepancy in the magnitudes and con-
sidering only the Z variation of rp, the rise in our data
&om Zi ——6 to Zi ——8 can be associated with the rise
to the maximum at about Zi ——10 in the x-ray data
due to the L-M shell energy match. Also the rise &om
Zi ——15 to Zi ——18 may be the beginning of the rise
to the L-L shell energy match in symmetric collisions.
If this interpretation is correct, in both regions electron
promotion occurs at a varying mixture of level crossings
and. involves more than one shell.

The similarity in the scattered and recoiled ion yields
on either side of the M-L shell energy match is incom-
patible with the preferential ionization of the lower Z
atom in nearly symmetric collisions, which is clearly es-
tablished in ion-gas collisions, but here, in ion-surface
collisions, has only a weak effect on the ratio on either
side of the energy match. A two-electron process has
been proposed by Stolterfoht [24] in which two holes in
the orbit which corresponds to the higher energy shell are
converted into one hole in the orbit for the lower energy
shell. The process is a two-electron resonant transition in
which the energy to promote one electron from the lower
to the higher energy shell is obtained by the demotion of
a second electron from a Rydberg state to All the second
hole. Stolterfoht proposed this to account for the pro-
duction of Ar as well as Si Auger electrons in Ar+-SiH4
gas scattering. Although we found no detectable Ar +
ions in previous Ar+-Si surface scattering measurements
[3], this process may account for the presence of both
scattered and recoiled doubly charged ions in all of the
present Ge measurements.

It would be necessary to make measurements over a
wider range of Zi projectiles to establish whether there
are level matching oscillations in the rp values compara-
ble with those in x-ray yields. There may also be oscilla-
tions in the total ion yield, if electron promotion at level
crossings is the main interaction process which initiates
the complicated sequence of interactions by which most
energetic ions, including singly charged ions, are pro-
duced following quasielastic ion —atom-surface collisions.

After the ions are initially formed and before they
leave the surface, there is a signi6cant probability that
the charge will be reduced as the ion picks up electrons.
The interactions that determine the decay rates proba-
bly depend on surface electronic properties such as the
work function, the valence bandwidth, and the density
of states at the surface. This complicates the interpreta-
tion of the ion yields, but should not affect significantly
the determination of the crossing radii. There may also
be surface structure effects when crystals are used. The
yield of different charges may depend on how close the
emitted ions pass to other surface atoms on their way
out from the surface. Such effects would be observed as
charge-dependent blocking cone angles.
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