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Secondary electrons induced by fast ions under channeling conditions.
II1. Unshadowed electrons in target crystals
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Ion-beam shadowing effects have been measured for keV secondary electrons induced by protons,
deuterons, and «a particles in the energy range of 5.3-8.35 MeV/u, under various channeling conditions
in Si, GaAs, and MgO crystals. From a comparison of the electron yields for protons and for the other
projectiles of equal velocity, we have determined averaged numbers of the interstitial target electrons
that suffer no shadowing effect. This method is useful for investigating the bond-electron distribution in
a crystal lattice. Furthermore, the results for deuterons and a particles indicate that the quantum-
mechanical diffraction of ions disappears in a series of small-angle scatterings by the aligned atoms, even
when the Coulomb-scattering parameter has a nonclassical value («=1.1).

I. INTRODUCTION

When solids are bombarded with fast ions, high-energy
secondary electrons are produced as a result of close-
encounter collisions between the ions and the target elec-
trons. Since such close-encounter processes can be
reasonably treated by the binary-encounter approxima-
tion model,! a simple parameter dependence is anticipat-
ed for the energy spectra of high-energy secondary elec-
trons: the spectrum shape should depend on the ion ve-
locity only, and the electron yield should be proportional
to the square of the ion’s atomic number Z,. In previous
papers,”? the simple Z?-scaling behavior of keV electron
yields induced by MeV/u ions has been reported for Si
and GaAs crystals.

Under axial channeling conditions of the ions, a sharp
coneshaped shadowed region surrounding the atomic row
is formed as a result of the repulsive force between the
ions and the crystal atoms. A similar phenomenon also
occurs for planar channeling. In the previous®® and
present papers the term ‘“‘shadowing effect” is used for
the effective “shadow” inherent to the motion of high-
energy ions, which develops along atomic rows or planes
as a result of small-angle multiple scatterings of ions by
the aligned atoms, as shown schematically in Fig. 1.
Therefore, it should be noted that in the present discus-
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FIG. 1. Schematic diagram illustrating a sequence of small-
angle scatterings of an ion by aligned atoms with spacing d in a
crystal.
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sion the shadowing concept is somewhat different from
the conventional case, in which the shape of shadow is
predominantly determined by a single surface atom, as is
relevant for low-energy ions.

For axial or planar shadowing, most of the incident
ions are deflected away from the aligned atoms and ac-
cordingly pass through a region of low electron density.
In this case, the number of close-encounter collisions that
produce the observed high-energy (keV) electron yield is
decreased except near the surface. Therefore, the re-
duced electron yield under channeling incidence condi-
tions can be interpreted in terms of the reduced effective
target thickness, which is determined by the shadowing
effect.2”® The ratio of channeling to random (nonchan-
neling) yield, which is a measure of the shadowing effect,
is proportional to the effective target thickness.

The shadowing effect can be reduced when the nuclear
charges of incident ions are effectively screened by cap-
tured electrons in the inner shells. This causes an
enhanced effective target thickness as compared with the
fully stripped case, resulting in an increase in the ratio of
channeling to random yield. Actually, it has been shown
that analysis of the electron yields under channeling in-
cidence conditions of light and heavy ions provides the
charge states of heavy ions in solids under restricted
impact-parameter conditions of ion-atom collisions.?
Such charge states have never been measured by
transmission experiments.

In the measurements, the shadowing effect on target
inner-shell electrons can be observed above the binary-
peak energy Eg, which is the maximum energy transfer-
able from the ion to a free electron at rest, given by

Epg=4M ,mE,/(M,+m)*~2mv? , (1

where M, v, and E, =M1v2/2 are the ion mass, velocity,
and kinetic energy, respectively, and m is the electron
mass. The charge states might be simply determined
from the electron yield above Ej, since the analysis only

27 ©1993 The American Physical Society



28 HIROSHI KUDO, KUNIHIRO SHIMA, AND TOYOYUKI ISHIHARA 47

treats the fully shadowed inner-shell electrons in the tar-
get. However, the analysis usually suffers serious uncer-
tainty due to the poor count rate of the electron yield
above Ez. This uncertainty can be much reduced when
the intense electron yield below Ej is used. In this case,
the electron yield stems not only from the fully shadowed
inner-shell electrons but from the outer-shell or valence
electrons, which are not fully shadowed, as well. Unfor-
tunately, the shadowing on the latter electrons is not well
known in contrast to the inner-shell case, which can be
treated similarly as the shadowing on aligned nuclei. The
latter is typically observed by Rutherford backscattering
spectrometry (RBS).®

Therefore, the study of the shadowing effect on outer-
shell or valence electrons is not only of fundamental, but
also of practical interest in the application of shadowing
phenomena. It is likely that the analysis of unshadowed
electrons provides information on the distribution of
bond electrons in a crystal lattice. For this study, an ex-
perimental method must be developed to investigate the
contribution of the outer-shell or valence electrons to the
observed electron yield under channeling incidence con-
ditions.

In addition to the analysis of the outer-shell (or
valence) shadowing, the present experiments with high-
energy light ions address a fundamental problem in ion-
solid interactions, i.e., the observation of the shadowing
effect under small-Coulomb-parameter conditions where
quantum-mechanical diffraction should appear in an ion-
atom collision.

This paper reports on experimental studies on these
two topics, using an analysis technique of comparing sha-
dowing effects for various ions of equal velocity.

II. OBSERVATION OF UNSHADOWED ELECTRONS

In this section, we discuss the method to determine the
average number of unshadowed electrons in the target
crystal from a comparison of the energy spectra of secon-
dary electrons induced by equal-velocity 'H (protons), 2H
(deuterons), and “He.

The shadowing effect essentially results from the suc-
cessive increase in impact parameter as a sequence of
small-angle scatterings of the ion by the aligned atoms,
although this increase is somewhat disturbed by the
thermal displacement of atoms. As shown in Fig. 1, each
soft collision of impact parameter b causes an increase in
the impact parameter for the next soft collision by ¢(b)d,
where ¢(b) is the scattering angle in the laboratory
frame, and d is the interatomic spacing along the atomic
row. In the small-angle approximation to pure Coulomb
scattering, ¢(b)d is given by

¢(b)d=2Z,Z,e’d /Egb =(4Z Z,e*’d /E;)/4b , (2)

where Z, is the atomic number of the crystal atom, and e
is the electronic charge. We can conclude from Eq. (2)
that for a given target crystal the successive impact-
parameter increase, i.e., the shadowing effect is deter-
mined by the well-known parameter R defined by

R=(4Z,Z,e*d /E,)"*=(8Z,Z,e*d /M v*)'"* . 3)

In fact, R represents the shadow cone radius at a distance
d when a parallel beam is incident on an isolated atom.®
However, it is clear from the above treatment that the
shadowing effect for high-energy ions cannot be directly
related to the actual shadow cone of an isolated atom, un-
like in the case of low-energy ions. Furthermore, Eq. (3)
is only valid for fully stripped light ions, as in the present
case; for heavy ions that are not fully stripped in solids,
Z, must be replaced by an effective nuclear charge.’

It should be noted that the above conclusion also holds
for a screened potential with a screening distance a, such
as Thomas-Fermi or Moliere potentials.9 In this case,
¢(b)d given by Eq. (2) should be modified simply by mul-
tiplying with a correction factor as a function of b/a,
g (b /a), which is less than unity (g =1 for pure Coulomb
scattering).

Equation (3) indicates that for a given crystal channel
the values of R are the same for equal-velocity ?H and
“He (also for '°B, !2C, 90, etc.), so that for these cases
the observed ratios of channeling to random yield must
be the same. For 'H, however, R is a factor of V2 larger
than for the equal-velocity H or “He. This indicates
stronger shadowing, i.e., a smaller yield ratio for 'H than
for 2H or *He. According to computer simulations,>* the
effective target thickness for shadowing on inner-shell
electrons is proportional to R ~!, as can be anticipated
from the case of nuclear encounter probabilities.® Com-
pared with the inner-shell case, the effective target thick-
ness for outer-shell or valence electrons, which are not
fully shadowed should be less strongly dependent on, or
even independent of, R.

We assume that the contribution of close-encounter
collisions with any (inner-shell, outer-shell, or valence)
electron to the observed electron yield below Ej is the
same because the production cross section for the yield
above Ejp is much smaller than below Eg, even for inner-
shell electrons. Under this assumption, the ratio of chan-
neling to random yield below Ez has a contribution from
outer-shell or valence electrons, u, given by

w=N/Z, , @)

where N is the average number of unshadowed electrons
per target atom, which should generally depend on the
channel direction. Therefore, we obtain a simple rela-
tionship between the ratios of channeling to random yield
for 'H and for H or “He of equal velocity, W,(p), and
W,(d,a), respectively:

Wold,a)—u=V2[Wyp)—pul, (5)

where the factor of V2 comes from the R ~! dependence
of the effective target thickness for inner-shell electrons,
noted earlier. From Eq. (5), the values of i or N can be
determined experimentally.

III. EXPERIMENTAL

Details of the experiments are similar to those de-
scribed in previous papers.>* The secondary electrons
were energy-analyzed at 180° with respect to the ion-
beam direction, using a 45° parallel-plate electrostatic
spectrometer of the mirror-symmetry type. The measure-
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ments were carried out at 290-295 K and a pressure of
about 3X 1078 Pa. The ion beams were obtained from
the Pelletron Tandem Accelerator at the University of
Tsukuba. The beam current on target (for a beam size of
about 0.6X0.6mm?) was typically 80 nA for '"H™ and
2H*, and 20 nA for *He?™"

The crystals used were chemically etched Si(110),
Si(100), and GaAs(100) wafers, and cleaved MgO(100).
The thicknesses of the MgO samples were within 0.2-0.4
mm. For MgO the ion energy was chosen to be 8.35
MeV/u, since a lower-energy He beam caused a charge
up, even for the thinnest sample.” The charge-up may be
accounted for in terms of the estimated projected range
of 8.35-MeV/u He in MgO (for random incidence),
~0.31 mm, which is comparable to the sample thick-
ness.? For all samples, the electron yield for axial chan-
neling was measured for the crystal axis normal to the
sample surface.

It is noted that the ion energies were restricted within
the present narrow range (5.3-8.35 MeV/u) to obtain
equal-velocity ions from the accelerator.

IV. RESULTS AND DISCUSSION

The energy spectra of secondary electrons presented
here are raw data from which the uniform y-ray back-
ground, which was typically observed for these experi-
ments with MeV /u light ions, has been subtracted. 3

A. Unshadowed electrons in the crystals

Figure 2 shows energy spectra of secondary electrons
induced by 6- and 8-MeV/u 'H', 2H™" and *He?" ions in-
cident on Si under (110) channeling and random condi-
tions. Figure 3 shows the spectra for 6-MeV/u 'H" and
2H* incident on GaAs under {100) channeling and ran-
dom conditions. Figure 4 shows similar spectra for 8.35-
MeV/u 2H* and *He?" incident on MgO under (100)
channeling and random conditions. In Figs. 2-4 the
measured electron yields for the same number of incident
ions are normalized to Z?. The values of Ey are 13.1,
17.4, and 18.2 keV for 6-, 8-, and 8.35-MeV /u ions, re-
spectively, so that the spectra shown in Figs. 2—4 cover
most of the spectrum range to which both inner-shell and
outer-shell (or valence) electrons contribute. These re-
sults well demonstrate the simple Z?-scaling character of
the random electron yield (allowing a small uncertainty
in the vertical scale), as studied previously.?>

We see in Figs. 2—4 that the ratios of channeling to
random yield are constant in a wide energy range (5-9
keV for Si, 6-9 keV for GaAs, and 5-11 keV for MgO)
below Ejp, as previously reported for Si crystals.>* Fur-
thermore, in the whole energy range in Figs. 2 and 3 the
ratios for 'H™" are slightly less than for 2H" or *He?" of
equal velocity (Table I), in contrast to the same ratio for
the equal-velocity H* and “He?™ in Fig. 4 (see also
Table IV). This indicates a stronger shadowing effect for
protons than for the other ions, noted in Sec. II. From
Table I, the values of u or N can be determined by using
Eq. (5). Table II shows the values of N thus obtained.

To interpret the results summarized in Table II, com-

puter simulations of shadowing on all electrons in the tar-
get crystal have been carried out. The method of simula-
tions (of the multistring type) is similar to that described
elsewhere.>® The probability for close-encounter col-
lisions between the ion and the target electrons was as-
sumed to be proportional to the two-dimensional electron
density, which is obtained by projecting the electron dis-
tribution of the atom onto a plane perpendicular to the
beam direction. The electron distribution was calculated
from the atomic potential by using the Poisson equation.
For Si we have adopted two atomic potentials in the
simulations: the Moliere potential® (Moliere approxima-
tion to the Thomas-Fermi potential), and a more realistic
Hartree potential (for s?p? Si) suggested by Robinson.!”
For both potentlals the Thomas-Fermi screening length
for fully stripped ions, 0.194 A for Si, was used.” The
two-dimensional root-mean-square thermal vibration am-
Elitude of atoms, p, in Si at 295 K was taken to be 0.106
A.° For GaAs and MgO, the Moliére potential was used
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FIG. 2. Energy spectra of secondary electrons induced by 6-
and 8-MeV/u 'H™, 2H™", and *He?" under Si (110) channeling
and random conditions, measured at a backward angle of 180°.
The electron yield for the same number of the incident ions is
normalized to the square of the ion’s atomic number Z,. The
spectrometer’s energy resolution, AE, which is proportional to
the electron energy, is shown representatively at 6 keV. The
peaks near 1.5 keV are due to Si KLL Auger electrons.
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TABLE 1. The ratios of channeling to random electron yield, W, obtained from measurements for
Si, GaAs, and MgO. The W, values were determined at 7—8 keV in the observed spectra. The uncer-
tainty in the values is roughly within =5%. See text for the use of higher-energy beams for the MgO

{100) axial and MgO (100) planar cases.

Projectile Si (110) Si (100) GaAs (100) MgO (100) MgO (100)
6-MeV/u 'H 0.32 0.43 0.33
6-MeV/u *H 0.38 0.49 0.43
8-MeV/u 'H 0.32 0.42 0.33
8-MeV/u “He 0.34 0.46 0.38
8.35-MeV/u 'H 0.43 0.61
8.35-MeV/u *H 0.51 0.74

(the screening length for MgO is 0.217 A for the average
value of Z,=10). The values of p at 295 K were taken to
be 0.147 and 0.090 A for GaAs and MgO, respectively.?’

The encounter probabilities for target electrons Q(z)
normalized to those at the surface (z =0), have been cal-
culated as a function of depth z in this way. Figures 5
and 6 show the calculated probabilities for Si (110) and
(100), respectively, for 6-MeV/u 'H and ’H (or “He).
We see from the results for the Moliere potential that
near the surface (not deeper than about 500 A) the proba-
bility curve for 'H is reduced to about 70% (=1/v2)
from that for the other ions with respect to the z direc-
tion. This corresponds to the well-known shadowing
effect for inner-shell electrons, noted in Sec. II. In con-
trast, the probabilities in a deeper region are rather in-
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FIG. 3. Energy spectra of secondary electrons induced by 6-
MeV/u 'H* and 2H* under GaAs {100) channeling and ran-
dom conditions. The peaks near 1 keV are due to LMM Auger
electrons from Ga and As.

dependent of depth, corresponding to the dominant con-
tribution from the unshadowed outer-shell or valence
electrons in the crystal. The probability curves for the 8-
MeV/u case are similar to those for the 6-MeV/u case,
except that the curves are about 15% expanded with
respect to the z direction. It should be noted that the two
atomic potentials, the Moliere and Hartree, lead to only a
minor difference in Ehe results. Actually, at a depth of
less than about 250 A the two potentials cause no discer-
nible difference in the encounter probabilities; for greater
depths, the probabilities are enhanced by only 10-15 %
for the Hartree potential compared with the Moliere
case.

Figure 7 shows the calculated probability of incidence
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FIG. 4. Energy spectra of secondary electrons induced by
8.35-MeV/u 2H* and *“He?* under MgO {100) channeling and
random conditions. The peaks near 1 keV are due to Mg KLL
Auger electrons.
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TABLE II

Average numbers of unshadowed electrons per target atom N determined for various

crystal directions. Note that the present analysis is not well applicable to the MgO (100) planar case

(see text).

Ion energy Si {(110) Si (100) GaAs (100) MgO (100) MgO (100)
6 MeV/u 2.5+0.4 4.0%0.3 2.8+1.1

8 MeV/u 3.840.5 4.5+0.5 6.7£1.3

8.35 MeV/u 2.410.4 (3.0+0.4)

on GaAs (100) of 6-MeV/u 'H and ?H (or *He); the re-
sults for the 8-MeV/u ions can be obtained by about a
15% expansion of the 6-MeV/u results with respect to
the z direction, as for the Si case. Figure 8 shows the re-
sults for 8.35-MeV/u 'H and *H (or *He) incident in the
MgO (100) axial and (100) planar directions. The (100)
results were obtained for the (100) planar direction of 2°
off from (100), which is much larger than the critical an-
gle for MgO (100) channeling (~0.1°). In Figs. 7 and 8
we again see the typical inner- or outer-shell (or valence)
shadowing, as in the case of Si.

Binary-encounter electrons produced only within a
finite layer near the surface contribute to the spectrum
yield. The thickness of the finite layer, i.e., the maximum
depth responsible for the observed yield, ¢, corresponds to
the effective target thickness for the random incidence of
ions.2 The parameter ¢ should depend on ion velocity
only, irrespective of ion species, because of the Z3-scaling
character of the binary-encounter processes for produc-
ing the keV secondary electrons. By using the calculated
encounter probabilities Q(z), ¢ can be estimated, since
W, is approximately given by

WO=%f0'Q(z)dz . ©6)

Using the values of W, given in Table I, we obtain the
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FIG. 5. Calculated encounter probabilities for all electrons in
Si for (110) incidences of 6-MeV/u 'H, 2H, and *He, normal-

ized to the probability at the surface.

values of ¢ from Eq. (6). The results are shown in Table
III. It is seen that for Si the values of ¢t determined from
the equal-velocity 'H and 2H (or “He) data are consistent,
i.e., are nearly the same. However, the values obtained
from the {110) data are appreciably larger (by more than
about 40%) than those from the (100) data. This
discrepancy probably arises from the unrealistic Q(z) for
Si, since in the simulations the electron distribution for
an isolated Si atom was used. Nevertheless, from the
simulations we may estimate that the values of 7 for Si are
greater than 500 and 600 A for the 6- and 8- MeV/ions,
respectively. Therefore, it can be concluded that near the
maximum depth ¢ the inner shells of Si are fully sha-
dowed (see Fig. 5 and 6), and therefore, only the unsha-
dowed outer-shell (or valence) electron contribute to the
spectrum _yield. As seen in Table III, for GaAs 7 =425
and 535 A for the 6- and 8-MeV /u ions, respectively, and
for MgO t =480 A for the 8.35-MeV/u ions. The simula-
tion results for GaAs and MgO indicates that at these
maximum depths the inner shells are fully shadowed for
the axial incidences, as for the Si case.

We may assume that pu in Eq. (4) is equal to the calcu-
lated depth-independent probability to which only outer-
shell electrons contribute. Since the inner shells in Si are
fully shadowed at the maximum depth, the values of N
can be estimated as Z, (=14) multiplied by the nearly
constant probabilities at a depth of 500-1000 A, i.e.,
0.15-0.20 and 0.22-0.28 for {(110) and (100) (Figs. 5
and 6), respectively. Therefore, we obtain N=2.1-2.8
for Si (110) and N =3.1-3.9 for Si (100). These values
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FIG. 6. Calculated encounter probabilities for the Si (100)
case.
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FIG. 7. Calculated encounter probabilities for all electrons in
GaAs for the (100) incidence of 6-MeV/u 'H, ?H, and *He,
normalized to the probability at the surface.

agree fairly well with the experimental ones shown in
Table 11, i.e., 2.5 or 3.8 for Si (110), and 4.0 or 4.5 for Si
(100).

In Si crystals, K- and L-shell electrons can be fully sha-
dowed under (110) and {100) channeling conditions of
jons in the present energy range, as indicated by previous
simulations.> Therefore, the values of N must be less
than or equal to 4, the number of valence electrons in Si,
as is actually satisfied both in measurements (allowing for
the estimated errors) and simulations. If the valence elec-
trons are uniformly distributed within the Si lattice,
N =4 can be anticipated because a reduced contribution
to the secondary-electron production from the shadowed
region can be compensated with an enhanced contribu-
tion from the unshadowed region, which experiences an
enhanced ion flux (especially near the boundary between
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, 8.35-MeV/u ions

Q(z)

2

ENCOUNTER PROBABILITY

H,“He =<100>
1

0.2
H—=<100>

1 1
400 600 800
DEPTH z (R)

1
0 200 1000

FIG. 8. Calculated encounter probabilities for all electrons in
MgO for the (100) axial and (100) planar incidences of 8.35-
MeV/u 'H and ?H (or “*He). Note that for (100) the probability
oscillates with increasing depth (for 'H the “half-wavelength” is
about 700 A).

the shadowed and unshadowed regions). However, for Si
this assumption is not realistic because of the strongly co-
valent nature of the valence electrons in Si; it is likely
that the localized distribution of the electrons in the lat-
tice results in complicated shadowing on these electrons,
which depends on the channel structure. For a detailed
analysis of the shadowing for Si valence electrons, the
spatial distribution of these electrons in Si crystals must
be taken into account in the computer simulations.

For GaAs, not only the four-bond electrons but also
the outer-shell electrons (for example, 4s electrons) that
are broadly distributed in the lattice should not be fully
shadowed. Therefore, we may anticipate N >4 for GaAs,
as suggested previously.® The simulation results for
GaAs (Fig. 7) indicate that Q(z)=0.15 at the estimated
maximum depths (400-600 A) for the 6- and 8-MeV/u

TABLE III. The maximum depths ¢ contributing to the spectrum yield at the keV energy range. In
the analysis, Q(z) obtained from the simulations for the Moliere potential were used in Eq. (6). Note
that for a given target crystal ¢ should depend only on the ion velocity, irrespective of ion species.

6 MeV/u 8 MeV/u 8.35 MeV/u
Target Analyzed data (A) (A) (A)
Si 'H on Si (110) 770 880
2H on Si (110) 770 1150
'H on Si (100) 540 600
“He on Si (100) 540 710

GaAs 'H on GaAs (100) 440 500
2H on GaAs (100) 410 570

MgO 'H on MgO (100) 480
’H on MgO (100) 500
'H on MgO (100) 480

2H on MgO (100)

470
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ions, shown in Table III, from which N =4.8 is obtained.
This value is again in fair agreement with the experimen-
tal ones, 2.8 and 6.7 (Table II).

For MgO (100), the simulation results (Fig. 8) show
that Q(z)=0.23-0.26 at the maximum depth (=480 A),
from which we obtain N =2.3-2.6 for {(100). This is in
good agreement with the experimental value, N =2.4,
shown in Table II. It is of further interest to make a
similar comparison for the (100) plane. However, the
simulation results indicate that this method is not readily
applicable to the MgO (100) planar case. As seen in Fig.
8, at the maximum depth of r~480 A (Table III) the
value of Q (=0.41) for 2H or *He is much larger than
that (Q =~0.27) for 'H, unlike the othero axial cases dis-
cussed here. This means that at t ~480 A the inner-shell
electrons are fully shadowed for 'H, but are only partially
shadowed for 2H or *He. Under such conditions, Eq. (5)
is meaningless, since we cannot assume the same value of
u for 'H and for 2H or *“He. It is therefore noted that the
value of N ~3.0 obtained for the MgO (100) plane is un-
reliable but is shown in Table II as an example resulting
from the analysis of planar shadowing.

B. Shadowing effects for small
Coulomb-scattering parameters

These experiments demonstrate the classical behavior
of ions in a series of small-angle scatterings by aligned
atoms, as discussed by Lindhard.!!

When an ion beam is scattered by a single atom, classi-
cal orbital pictures of the ions are meaningful if the Bohr
parameter for Coulomb scattering «, given by

k=2Z,Z,e*/#v , (M

is much larger than unity, where 277 is Planck’s con-
stant.!>!3  When « is less than ~1, the quantum-
mechanical diffraction enhances the undeflected flux of
the ions in the ion-atom scattering. In the present case, «
goes down to 1.1 (for the averaged value of Z,=10) for
the scattering of 8.35-MeV/u ?H in MgO. If such an
undeflected flux exists in a series of small-angle scatter-
ings, the shadowing effect should be weaker than for the
classical case.

This effect can be investigated using the present experi-
mental result. As mentioned in Sec. II, if the shadowing
effect is classical, the ratios of channeling to random elec-
tron yield for equal-velocity 2H and *He must be the

1.0 T T

T T T
T

0.8

0.6

D(k)

SCATTERED INTENSITY I(s.k)

0.2

K = 22,Zze2/1’1v

FIG. 9. D(«) as a function of k, which was obtained from the
calculated scattered intensity near a Coulomb field, I(s,«),
shown in the inset for k=0.1, 1, and 10 (the classical shadow is
also shown). Note that I(s,«) is normalized so that I(s,x)=1 at
s=o0.

same. However, the diffraction effect should cause a
difference in the ratios: the ratio for 2H should be larger
than for *He because the shadowing effect is more re-
duced for *He (i.e., for smaller x) by the stronger
diffraction. A similar comparison of the ratios can be
also made for other equal-velocity ions of 1°B, 12C, 10,
etc., if they are fully stripped in the crystal.?

Table IV shows the comparison between the ratios of
channeling to random yield for H and “He of equal ve-
locity, measured for the three channeling cases in MgO
and Si crystals, together with the values of k. We see in
Table IV that the ratios for each pair are equal within an
estimated uncertainty of a few percent. This indicates
that the shadowing effect is independent of « in the range
xk=1.1-3.8. For larger «, i.e., for more classical cases,
the k-independent shadowing effect has been observed in
the previous measurements of the yield ratios (within an
uncertainty of about 5%). Actually, for 3.75-MeV/u ions
we have covered the range of « from 2.3 (for H on Si) to
18.3 (for 'O on Si), and also from 5.2 (for 2H on GaAs) to
41.9 (for 0 on GaAs).> Therefore, we see from the
present and previous observations that the shadowing
effect is independent of «, i.e., classical in a wide range
1.1« =41.9.

To interpret the observed classical shadowing, we refer
to the quantum-mechanical shadow behind a single atom.
The inset in Fig. 9 shows the x dependence of the scat-

TABLE IV. Comparison between the ratios of channeling to random yield, W,, measured for equal-
velocity ZH* and *He?* for MgO and Si crystals. The values of « are also shown for comparison. The
energy ranges over which the ratios were determined are 5-11 and 47 keV for MgO and Si, respec-
tively. For MgO the averaged value Z, = 10 was used to calculate .

Channel Projectile W, K
MgO (100) 8.35-MeV/u *H 0.51+0.01 1.1
MgO (100) 8.35-MeV/u *He 0.52+0.01 2.2
MgO (100) 8.35-MeV/u 2H 0.74+0.02 1.1
MgO (100) 8.35-MeV/u “He 0.74+0.02 2.2
Si (110) 5.3-MeV/u ’H 0.38+0.02 1.9
Si (110) 5.3-MeV/u “He 0.40+0.02 3.8
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tered intensity of ions near the shadow, calculated for a
pure (unscreened) Coulomb potential. It should be noted
that for small scattering angles the intensity I can be
written as a function of k and the reduced distance
s(=y/R)," where y is the distance from collision axis.
Figure 9 shows the integrated scattered intensity within
the classical shadow cone, D(k), given by

D(K)=f011(s,K)2sds . (8)

D(k), representing the averaged diffracted flux at y <R,
is a measure for the diffraction effect; D is given by D =0
in the classical limit (k=o) and by D=1 in the
quantum-mechanical limit (¢k=0). We see from Fig. 9
that below k=2 the diffraction effect is appreciable and
increases rapidly with decreasing k. It should be pointed
out that for a realistic screened Coulomb potential the
effective value of Z, in Eq. (7) should be reduced, so that
for a given « the actual diffraction is stronger than for the
unscreened case.

For 8.35-MeV/u 2H incident on MgO (100), the aver-
aged diffracted flux behind each of the surface atoms, in-
cluding thermally displaced atoms that are fully exposed
to the beam near the surface, is given by D(1.1)=0.33.
After passing through n atoms, the flux should be ap-
proximately reduced to [D(1.1)]", which is appreciable
only for n <4, indicating that it is hard for the diffracted
flux to remain along the atomic row where the scattering
very frequently occurs. Therefore, the diffraction effect is
negligible because in the present case the shadowing
effect results from the scatterings of ions by more than
several tens of atoms (see Figs. 5-8). The absence of
diffraction effects allows the general use of the computer
simulations in which classical ion trajectories are traced
along the channel direction; for example, see Fig. 8
(where k=1.1 for 'H and 2H).

V. CONCLUDING REMARKS

We have demonstrated that the average number of
unshadowed target electrons, i.e., the spatial distribution
of outer-shell or valence electrons in the crystal can be es-
timated from the comparison of the high-energy electron
yields under channeling incidence conditions of protons
and other ions with equal velocity. This is useful infor-
mation for the determination of the charge states of
heavy ions in solids by using the shadowing technique;’
the analysis can be improved by taking into account the
estimated number of unshadowed target electrons.

Further development of the present method should
provide a type of ion-beam analysis of solids, which is
partly competitive with x-ray diffraction analysis. For
example, we may obtain the distribution of bond elec-
trons in the crystal lattice from the measurements of
unshadowed electrons for various axial and planar direc-
tions in a crystal. An interesting application would lie in
the determination of valence-electron distribution in
diamond-structure crystals, to which experimental ap-
proaches have already been made by using x-ray
diffraction.!” To locate electrons in solids with ion beams,
a precise measurement of the ratio of channeling to ran-
dom electron yield (uncertainty of less than about a few
percent) must be carried out.

The absence of the quantum-mechanical diffraction
effect in ion-beam shadowing phenemona will be more
clearly confirmed by similar measurements under condi-
tions that k < 1.
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