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Secondary electrons induced by fast ions under channeling conditions.
II. Screening of fast heavy ions in solids
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Ion-beam shadowing effects have been observed for secondary electrons induced by various ions
in the energy range of 1.8—3.8 MeV/amu, under various channeling conditions in Si and GaAs crys-
tals. From a comparison of the energy spectra of electrons induced by ions of equal velocity, we
have found reduced shadowing effects for heavy ions (Si, S, and Cl) as compared with light (H, He,
C, and 0) ions. It is concluded that the reduction results from the screening of the heavy ion s nu-
clear charge by bound electrons. By analyzing the reduced shadowing effect, the effective nuclear
charges for the heavy ions within the target crystals have been determined.

I. INTRODUCTION

When fast ions are incident on solids, an equilibrium
charge-state distribution is quickly established as a result
of the balance between electron-capture and loss process-
es. The equilibrium charge-state distributions of fast
ions have been measured for various cases by transmis-
sion experiments using thin foils. ' Because it affects
the balance between capture and loss processes, channel-
ing changes the ion's charge state distribution in
transmission experiments with single crystals. For ex-
ample, Martin observed a slight increase of the mean
charge for channeled ions compared with the random
(nonchanneling) ones in the case of C and 0 ions of
5.2—35.4 MeV in Si and Ni. On the other hand, Lutz
et al. observed a decrease for 60-MeV I ions in Au. It
was shown ' that channeling experiments provide impor-
tant information on electron loss and capture processes
under restricting conditions for the impact parameters of
the collisions.

Ion-beam shadowing, which occurs near the surface
under channeling incidence conditions, can be reduced by
the presence of the projectile's bound electrons which
screen the ion's nuclear charge. Therefore, study of the
shadowing effect can provide information on the charge
states of the ions. The important aspect of this method is
that the charge states within the solid can be measured,
which is essentially difFerent from the case of transmis-
sion experiments in which the charge state of all emerg-
ing ions is measured.

This paper demonstrates the feasibility of a method to
determine the charge state of heavy ions in solids using
shadowing effects in secondary electrons yields. ' A
computer-simulation analysis of the effect of screening on
shadowing is also reported.

II. PRINCIPLE OF THE METHOD

In this section we discuss the method to determine
from secondary electron spectra measured under chan-

neling conditions the effective nuclear charge of heavy
ions in a crystal.

It has been shown in the preceding paper' that for
equal-velocity ions the electron yield is proportional to
the square of the ion's atomic number Z&. Furthermore,
for fully stripped ions incident on a crystal of atomic
number Zz, the Aux density of the ions around an atomic
row is determined only by a single parameter, i.e., the
shadow cone radius, R, given by

R =(8Z, Z2e d/M, v )'~

where M& and U are the ion's mass and velocity, respec-
tively, e is the electronic charge, and d is the interatomic
distance along the atomic row. " Consequently, we ex-
pect that for a given channeling direction the ratio of the
channeling to random electron yield in the keV energy
range is the same for equal-velocity ions if they are fully
stripped, and have the same Z&/M& value such as H
(deuterons), He, ' C, ' 0, . . . , and with a neglecting
small difference, also Cl.

Since most of the ions undergo only soft collisions with
impact parameters larger than the typical inner-shell ra-
dius (of the order of 0.1 A), the ion's nuclear charge is
effectively screened when the inner-shell electrons are not
removed. Screening reduces the ion-atom interaction, re-
sulting in a reduced shadowing effect compared with the
fully stripped case. The reduced shadowing effect can be
observed as enhanced ratios of channeling to random
yield for heavy ions compared with those for the equal-
velocity and fully stripped light ions.

For such soft collisions we introduce the effective nu-
clear charge Z,z. The reduced shadow cone radius in
this case is then given by

R =(8Z gZpe d/M/v )

instead of Eq. (1).
High-energy (keV) electrons are produced by the ions

in close-encounter collisions. Under channeling in-
cidence conditions, the collisions are localized near the
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surface as a result of the shadowing effect. ' For each
axial direction of the crystal, the effective target thick-
ness, i.e., the thickness of the localized region of the col-
lisions is a function of the shadow cone radius R. For
close-encounter collisions between inner-shell electrons
and fast ions, a simple relationship is empirically ob-
tained by computer simulations: the effective target
thickness is proportional to R ', Such R dependence
corresponds to a special case of the universal plot sug-
gested by Feldman, "' for the nuclear encounter proba-
bilities.

The electron yields above the binary-peak energy E~,
i.e., the maximum energy transferable from an ion to a
free electron at rest, result from scattered inner-shell elec-
trons only. ' From measurements of the ratio of chan-
neling to random electron yield above Ez, the values of
Z,z can be determined. Because of the R ' dependence
of the effective target thickness, the effective nuclear
charge can be written as

Z, a- = ( Wf / W, ) Z, , (3)

where Wf and W, ( ~ Wf ) denote the channeling to ran-
dom yield ratios for fully stripped light ions and screened
heavy ions, respectively.

For the electron yields below the binary-peak energy
Es, which include recoiled valence (or outer-shell) elec-
trons, the R dependence of the effective target thickness
is not known since the valence contribution comes not
only from the surface region but also from a deep region
of the crystal. ' For electron yields below E~, the sha-
dowing effect is not properly taken into account in Eq. (3)
because the valence electrons, distributed far from the
nuclei, are not well shadowed in contrast to inner-shell
electrons. Under the extreme assumption that the sha-
dowing effect is absent except for inner-shell electrons,
the ratio of channeling to random yield below Ez has a
constant contribution approximately equal to the ratio, f3,
of the number of the valence (or outer-shell) electrons to
that of all electrons; for example, f3=4/14 for Si. In this
case, Eq (3) must be replaced by

Z, tr
= [( Wf —P ) /( W, —P ) ] Z, , (4)

III. EXFERIMENTAL

Details of the experiments are similar to those de-
scribed in the preceding paper. ' The electron yields
both below and above the binary-peak energy were mea-
sured in the experiments.

where 8'f and 8', are the corresponding yield ratios
below E~. The actual value of Z,z is expected to lie be-
tween the two limiting cases given by Eqs. (3) and (4).

For GaAs, Z,z can be well determined using Eq. (4).
We use a value of f3=0. 166 in the present analysis, rather
than to use P( =4/32) =0.125 for valence electrons only,
since the calculations for 3.75-MeV/amu 0 ions on GaAs
(100) have shown that 16.6% of all electrons (i.e., 5.3
electrons per atom) are not shadowed at the maximum
depth of 307 A contributing to the electron yield at 5
keV, ' see Fig. 6 in Ref. 10.

It should be noted that the electron yields for Si and
GaAs samples measured under channeling conditions
showed no noticeable change during the beam irradiation
of doses ranging from 10' to 10' ions/cm, even for the
heavy Si, S, and Cl ions. The typical beam dose for one
spectrum was 10' —10' ions/cm .

IV. RESULTS AND DISCUSSION

As in the preceding paper, ' the energy spectra
presented do not include any correction for the energy
dependence of the spectrometer's acceptance.

A. Spectrum shapes

Figure 1 shows energy spectra of secondary electrons
emitted from Si, by impact of 1.875-MeV/amu ' 0 and

S ions under (110) channeling and random conditions.
The vertical scale represents the electron yield divided by
Z&. Similar results are shown in Fig. 2 for the case of
GaAs channeling and random incidences. For the ran-
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FIG. 1. Energy spectra of secondary electrons induced by
1.875-MeV/amu ' 0' and S + under Si (110) channeling
and random conditions, measured at a backward angle of 180'.
The electron yield is normalized to the square of the ion's atom-
ic number Zl. The spectrometer's energy resolution AE, which
is proportional to the electron energy, is shown representatively
at 4.5 keV. E& indicates the binary-peak energy (4.1 keV).
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dom spectra shown in Figs. 1 and 2, the Z1 scaling,
which stems from the binary close-encounter character of
the production of recoiled target electrons, ' is confirmed
for the electron yields in the whole energy range below
and above Ez, within an uncertainty of about +20% in
the vertical state.

It is seen in Figs. 1 and 2 that the ratio of the channel-
ing to random yield is nearly constant well above Es (i.e.,
between 5 and 7 keV) and well below E~ (i.e., between 2.5
and 3.5 keV). The same behavior is also seen in Fig. 3
which shows the electron spectra measured for 3.75-
MeV/amu ' 0 + (E~=8.2 keV) incident in the (100)
channeling or random directions of Si and GaAs crystals.

B. Observation of the reduced shadowing efFect

To demonstrate the anticipated enhancement of the ra-
tio of the electron yields for Si and GaAs crystals, we
have collected several series of data using 3.75-MeV/amu
(equal-velocity) beams of H+, He +, ' B, ' Bs+,
12C4+12C6+1 606+ 1608+28Sj1 3 +28Sj14+32S10+

S' +, and Cl"+. We have also used 2.5- and 2.8-
MeV/amu beams f ' C+ '0+ '0+ S + S+
and "Cl'+

It should be noted first that for the ions used the ratios
of channeling to random yield do not depend within an

uncertainty of about +5%%uo on the initial charge state of
the incident ions. This indicates that the ions have
reached their equilibrium charge state distribution.

Figure 4 shows the measured yield ratios, 8'0, below
Es for Si (110), (100), and (310) incidences of the
3.75-MeV/amu ions. While 8'0 is constant for light ions
(Z, ~8), it is larger for heavy ions (Z, ~14). Figure 5

shows similar results for GaAs (100). The energy
ranges, for which the values of 8'0 are determined for
GaAs, are 4.0—6.0 keV for 3.75-MeV/amu ions, and
3.3 —3.7 keV for 2.5- and 2.8-MeV/amu ions. Also for
GaAs an enhancement of 8'0 for the heavy ions is ob-
served.

A similar enhancement is also measured for the elec-
tron yield above Ez, where the electron yield results only
from close-encounter recoils of tightly bound inner-shell
electrons in the target. Table I summarizes the measured
yield ratios, 8'1, above E~ for 1.875- and 3.75-MeV/amu
0 + and S' +. We can see that, once again, almost all
values of 8'1 for S ions are larger than those for ' 0
lons.

C. Determination of Z,~

From the reduction in the shadowing effect for heavy
ions, the effective nuclear charge of those ions in the solid
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FIG. 2. Energy spectra of secondary electrons induced by
1.875-MeV/amu ' 0 + and S + under GaAs (100) channel-

ing and random conditions.
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FIG. 3. Energy spectra of secondary electrons induced by
3.75-MeV/amu ' 08+ under ( 100) channeling and random
conditions in Si and GaAs crystals. The binary-peak energy Ez
(=8.2 keV) is indicated.
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TABLE I. Values of 8'„ the ratio of channeling to random electron yield above the binary-peak en-

ergy E&, obtained from the measurements for 1.875- and 3.75-MeV/amu ' 0 and S ions. The uncer-
tainty in the values is roughly +10%. The energy range in the spectra, over which W1 was determined
is denoted in parentheses for each case.

(1) 1.875 MeV/amu (E&=4.1 keV)

Si (110) (4.8 —6.2 keV)
GaAs ( 100 ) (5.5 —6. 8 keV)

16O

0.073
0.11

32S

0.12
0.15

(2) 3.75 MeV/amu (E&=8.2 keV)

Si (110) {9.0—10.5 keV)
Si (100) (9.0—10.5 keV}
Si (100) (9.0—10.5 keV)

GaAs (110) (9.2 —11.0 keV)

16O

0.054
0.070
0.29
0.13

32S

0.067
0.11
0.35
0.12

can be determined, as discussed in Sec. II. We first dis-
cuss the analysis using the yield ratios Wo (below E~).

For the ratio for fully stripped ions, Wf, in Eqs. (3)
and (4) we take the average value of Wo for the light ions
shown in Figs. 4 and S. We obtain for 3.75-MeV/amu
ions Wf =0.38, 0.50, 0.60, for Si (110),Si (100), and Si
(310), respectively, and Wf =0.46 for GaAs (100).

3.75-MeV/'arnu H, He, B, "", Ci ions10 35

0.5—
Si &110&

Similarly, Wf =0.56 for the 2.5- and 2.8-MeV/amu ions
for GaAs (100). This procedure is reasonable since
transmission measurements of the ion's charge states
have shown that the mean charges Q of light ions (Z~ ~ 8
in this case) are close to the values of Z, . For example,

Q =5.9 and 7.7 for 3.75-MeV/amu C and 0 ions in C
foils, respectively, and Q =5.7 for 2.5- and 2.8-MeV/amu
C ions in C foils. By using the above-mentioned values
of 8f Z ff for the heavy ions in the channeling cases fol-
lows from Eqs. (3) or (4), where we take W, equal to Wo
for the heavy ions.

Figure 6 shows the results for the 3.75-MeV/amu ions
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FIG. 4. Z1 dependence of the channeling to random electron
yield ratio 8'0 for 4—6 keV secondary electrons emitted under
Si (110), ( 100), and (310) channeling conditions of the 3.75-
MeV/amu various ions. The dashed lines indicate the ratios for
the light ions.

FIG. 5 ~ Z1 dependence of the channeling to random yield ra-

tio 8'o for secondary electrons emitted under GaAs (100)
channeling conditions of various 2.5-, 2.8-, and 3.75-MeV/amu
ions, shown similarly to Fig. 4. The dashed lines indicate the
ratios for the light ions.
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under various channeling conditions in Si. The uncer-
tainty in Z,z, about +1, stems from the uncertainty in
the values for 8 o. The difference Z& —Z,z should corre-
spond to the number of bound electrons in the inner
shells of the ion. In Fig. 6, the values of Z,z determined
from Eq. (4) are unrealistic because for (110) Z, —Z, fr

exceeds 10, the total number of K- and L-shell electrons.
This is not consistent with the assumption that screening
is due to K- and L-shell electrons only. Z,z determined
from Eq. (3) is lower for stronger channeling directions:
13.0, 12.1, and 10.5 for S ions for Si (310),Si (100), and
Si (110) cases, respectively. Therefore, it may be expect-
ed that Z,~ for random incidence should be higher than
for (310). It is noted that the mean charges of 3.75-
MeV/amu S and Si ions passed through Al foils are 13.6
and 12.3, respectively. ' ' '

Figure 7 shows the results for 3.75-, 2.8-, and 2.5-
MeV/amu ions for GaAs (100) channeling. As noted in
Sec. II for the GaAs case the analysis based on Eq. (4) is

Zeff
12

10

10
I

12

16

14

FIG. 7. Z,& plotted against Z& for 3.75-, 2.8-, and 2.5-

MeV/amu ions under GaAs (100) channeling condition. The
results obtained by using Eq. (3) are shown for comparison
(open symbols). The result obtained from the yield ratios W&

(above E~ ) for 1.875-MeV/amu ions is also shown. The dashed
curves are drawn to guide the eye for the 3.75-MeV/amu ions

(a), and for both of the 2.8- and 2.5-MeV/amu ions (b). The es-

timated uncertainty in Z,z is about +1, unless otherwise shown.

Zeff

10

S 1 &100&

10 12

Z1

14 16

FICx. 6. Effective nuclear charges of the ions, Z, lf, plotted
against the ion's atomic number Z &, determined for 3.75-
MeV/amu ions in Si under various channeling conditions. The
results obtained from the yield ratios W& (above E~ ) are also
shown. The dashed curves are drawn to guide the eye for Z, ff

obtained by using the yield ratios 8'0 (below E&) for 8'f or 8'
in Eq. (3). The estimated uncertainty in Z,z is about +1, unless
otherwise shown. Note that Z& —Z,& should correspond to the
number of bound electrons in the inner shells of the ion.

more realistic than to use Eq. (3), although the use of Eq.
(3) or Eq. (4) does not lead to very different values for
Z ff It is reasonable that the difference between Z

&
and

Z,~ obtained does not exceed 10. The values of Z,z for
3.75-MeV/amu ions [curve (a)] are larger than those for
2.8- and 2.5-MeV/amu ions Icurve (b)] by about 1.8. This
qualitatively corresponds to the energy dependence of the
ion's mean charge observed in transmission experiments;
for example, the mean charges of 3.75- and 2.5-
MeV/amu S ions passed through C foil are 14.3 and 13.3,
respectively.

The values of Z,& for the S ions can also be determined
from the values of 8'& measured for the S and 0 ions,
summarized in Table I, assuming also that the 0 ions are
fully stripped at 3.75 MeV/amu and are in the charge
state of 7+ at 1.875 MeV/amu (the mean charge after
passing through C foil ). As shown in Figs. 6 and 7 for a
few cases, the values of Z,& obtained from 8

&
is con-

sistent with those from 8'o although the uncertainty is
large (about +2.5); for Si they lie between the two limit-

ing cases determined using 8'0, and for GaAs the value
of Z,&=7.5 for the 1.875-MeV/amu ions indicates the
trends that Z,z decreases with decreasing ion velocity. It
should be noted that in the channeling case the recoiled
electrons are produced mainly by the ions running near
the atomic rows (i.e. , near the regions with a high-density
of electrons). Therefore, it is mainly the charge state of
these ions that is measured, in contrast to the case of
transmission experiments in which the charge state of all
emerging ions is measured.
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D. Modified screening length for the ion-atom potential

a, =0.885 3aoZ2 ' (5)

where ao (=0.529 A) is the Bohr radius. For a pair of
neutral atoms, the Moliere potential is still a good ap-
proximation if the parameter a

&
is simply replaced by

,=0.8853a (Zl" +Z'")-'"

as suggested by Firsov. ' ' The trajectories of the ions are
mainly determined by collisions with impact parameters
of the order of 0.1 A. Therefore, the shadowing effect for

Screening of the nuclear charge causes the reduction of
the interaction potential between a fully stripped ion and
an atom. Therefore, it is of fundamental importance to
investigate whether the observed reduced shadowing
effect can be explained by a reasonable reduction of the
screening length for the most commonly used interaction
potential. For this purpose, the approach in terms of the
screening length for the Moliere potential (Moliere ap-
proximation to the Thomas-Fermi potential) has been fol-
lowed.

In the Moliere potential, the screening length a& for a
fully stripped ion and an atom depends only on the atom-
ic number of the atom (Zz):

ions that have filled inner shells but no electrons in the
outer shells must be the same as that for neutral projec-
tiles and, consequently, their screening lengths should be
equal.

To obtain the dependence of the channeling yield on
the screening length, computer simulations of the multi-
string type have been carried out. It is assumed that the
impact-parameter dependence of the probability of
close-encounter collisions is proportional to the two-
dimensional electron density of the target atoms. ' De-
tails of the simulations have been described else-

10, 16, 11

Figure 8 shows the encounter probability for Si (110),
calculated for close-encounter collisions of 3.75-
MeV/amu ' 0 ions with L2 3-shell electrons in Si for re-
duced screening lengths of 0.4a&, 0.6a&, as well as a, .
The distribution of the I.-shell electrons was obtained
from numerical tables for atomic wave functions given by
Fischer. ' It is seen in Fig. 8 that the shadowing effect
reduces by decreasing the screening length, i.e., by reduc-
ing the repulsive force exerting on the ions. The effective
target thickness is obtained by integrating the probability
from the surface to the depth of about 400 A.

Figure 9 shows the effective target thickness thus ob-
tained for various electronic shells in Si as a function of
the screening length for 3.75- and 1.875-MeV/amu ions
under Si (110) and (100) channeling conditions, as well
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FIG. 8. Dependence of the normalized encounter probability for Si L»-shell electrons on the screening length of the Moliere po-
tential, a, calculated for Si ( 110) incidences of 3.75-MeV/amu ' 0 ions.
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as for L (L, +L2 3 ) shell in GaAs for ( 100) case. For Si
atoms, the values of a2 for Si, S, and Cl ions are 0.122,
0.120, and 0.118 A, respectively, about 40% less than
a

&
(0. 194 A). As seen in Fig. 9, this difference in screen-

ing length causes an enhancement of the effective target
thickness for both Si (110) and Si (100) cases by about
10 and 15%%uo for K- and L-shell electrons, respectively,
compared with the values calculated for a&. A similar
enhancement (about 10%) is seen for the L shell in GaAs
for which the value of a2 for S ions is 30% less than
a, ( =0. 147 A ). The effective target thickness for the L
shell is more sensitive to the screening length than that
for the K shell because the ion trajectories for different
values of the screening length diverge from each other
only at large distances to the atomic rows.

Since the valence electrons of Si are less localized near
the atomic centers, we expect that the contribution of the
valence electrons to the enhancement of the effective tar-
get thickness is less than that of the L-shell electrons.

However, the calculated increase (typically by 15%) of
the effective target thickness for the Si L-shell electrons is
slightly less than the measured enhancement of 8'o (20%,
which includes the valence contribution) for the heavy
ions, see Fig. 4. Moreover, the calculated increase (15%)
is appreciably less than the enhancement of 8'„more
than 24% (Table I) for the Si axial cases. Similarly, for
GaAs the enhancement of 8'o for all electrons must be
less than that for the inner-shell electrons. However, the
calculated increase in the effective target thickness for the
GaAs L-shell electrons (by 9% for the present velocity
range of the ions) is again less than the observed enhance-
ment of 8'o, 13%, for the 2.5- and 2.8-MeV/amu ions.
This trend probably indicates that the simulations are
only approximately correct, although they are useful for
the present purpose.

From the analysis here, we conclude that the observed
increase in secondary electron yield under channeling
conditions of heavy ions as compared to light ions can be
interpreted in terms of a reduction of the screening
length in the Moliere potential.

Thus, the analysis has shown the applicability of the
Firsov screening length [Eq. (6)] to partially stripped
ions. It is demonstrative to compare the screening for the
heavy ions with that for 0 ions since they have nearly
equal a2 (see Fig. 9). However, for the channeled 3.75-
MeV/amu 0 ions, the Moliere screening length [Eq. (5)]
must be used since they are almost fully stripped (Sec.
IVC). In contrast, the channeled heavy ions with the
same velocity have several electrons (Figs. 6 and 7); and,
although they are not neutral, the analysis here suggests
that the Firsov screening length (for neutral projectiles) is
applicable. The presence or absence of outer-shell elec-
trons is unimportant in the interaction between an ion
and the atoms in the crystal, as mentioned earlier in this
section.
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V. CONCLUDING REMARKS

The present work has demonstrated that the measure-
ment of high-energy secondary electrons under channel-
ing conditions can provide unique information on the
charge states of ions within solids.

The charge states determined by the present method is
probably characteristic of the heavy ions that pass
through the dense electron region along the vicinity of
the atomic rows. The charge states of fast ions under
such conditions have never been measured by transmis-
sion experiments. Extensive measurements under various
channeling conditions should provide experimental data
useful for the study of the dependence of charge state on
the interatomic distance, i.e., on the collision interval.

FIG. 9. Effective target thickness for various electronic shells
in Si, as well as the I. shell in GaAs, as a function of the screen-
ing length of the Moliere potential, calculated for (110) and
(100) channeling incidences of the 1.875- and 3.75-MeV/amu
ions. The values of a

&
and a2 for various ions are indicated.
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