PHYSICAL REVIEW A

VOLUME 50, NUMBER 5

NOVEMBER 1994

Charge states of fast ions in glancing collisions with aligned atoms in Si crystals
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We have measured keV secondary electrons induced by 2.5- and 3.5-MeV/u ions under Si{100) and
Si{110) channeling-incidence conditions. From a comparison of the electron yields for the ions of equal
velocity, the effective nuclear charges of the ions in glancing collisions with aligned Si atoms have been
determined. The results indicate that He?*, B>*, C**, C®*, O°*, and C** do not capture target elec-
trons, while Si, S, and Cl ions capture or lose electrons depending on the incident charge state. For the
heavy ions, the number of bound electrons in the charge equilibrium is greater than for the random case,
for example, by 2—4 and 3-5 for 2.5-MeV /u Si and S, respectively.

PACS number(s): 79.20.Rf, 34.70.+e, 61.80.Mk

I. INTRODUCTION

When a parallel ion beam is incident on an atom, it
casts a cone-shaped shadow where the ions cannot enter
[1]. For MeV/u ions incident on solids, the width of the
shadow cone behind each of the surface atoms is very
narrow. Actually, the radius of the shadow cone at a dis-
tance of a few angstroms behind the surface atom is typi-
cally less than the thermal vibration amplitudes
(~0.1 A) of atoms in solids, so that the atoms near the
surface are not well shadowed. Under such high-energy
conditions, the effective ‘‘shadow” develops only along
atomic rows or planes in a crystal target as a result of
small-angle multiple scatterings of ions by the aligned
atoms. Essentially, the ion-beam shadowing effect for
high-energy ions is an initial stage of ion channeling in
crystals [1,2].

In previous papers [3-6], we have discussed fundamen-
tal aspects of the observation of ion-beam shadowing
effect for MeV/u ions by using ion-induced electron
yields in the keV energy range, measured in a backward
direction of 180° with respect to the beam. Furthermore,
the high-energy shadowing effect has been successfully
applied to crystallographic analyses of materials [7-10],
which demonstrates the availability of the experimental
technique using keV secondary electrons. It is notable
that the reduced electron yield under channeling in-
cidence conditions results from the first deflection of the
incident ions from the atomic row.

Ion-beam shadowing can be reduced by the presence of
the projectile’s bound electrons, which screen the ion’s
nuclear charge since most of the ions experience only soft
collisions with impact parameters larger than the typical
inner-shell radius ~0.1 A. Such screening effect is useful
for the study of charge states of ions in solids, which is
difficult to approach by using other methods. In a previ-
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ous work [5], we have observed the reduced shadowing
effect for various ions in the energy range of 1.8-3.8
MeV/u and estimated the effective nuclear charges of the
ions in Si and GaAs crystals. However, there was an am-
biguity in the analysis because of a lack of knowledge on
the contribution of unshadowed or incompletely sha-
dowed valence or outer-shell electrons to the observed
electron yield.

Recently, we have demonstrated that for a given axial
direction the average number of unshadowed electrons
per target atom can be determined experimentally [6].
By adopting a similar experimental procedure, a detailed
analysis of the reduced shadowing effect can be carried
out. We have also made an experimental approach to
measure the shadowing effect for no angular divergence
of ion beams.

In the present analysis, we have taken into account the
dependence of the charge state of ions on the binary-
encounter electron yield, which has been studied by
several workers by forward-angle electron spectroscopy
using gas targets [11-16]. With such recent progress in
experiments and analysis as a background, this paper re-
ports on a refined study of the effective nuclear charges,
i.e., the charge states of ions in a crystal.

II. OBSERVATION OF THE SCREENING EFFECT

A. Choice of electron energy

The high-energy secondary electrons are originally
produced by a hard recoil of target electrons from the
ions in a forward direction and can be measured if they
are backscattered and emitted from the surface [4]. It
has been found that for ions in the MeV/u energy range
the spectrum shape of the keV secondary electrons is
determined by the ion velocity only [4—6]. Therefore, the
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ratio of channeling to random (nonchanneling) electron
yield at a given electron energy, which is a measure of the
shadowing effect, can be used to compare the shadowing
effect for different ions of equal velocity.

In the experiments, the binary-encounter yield can be
observed in the electron spectrum at energies higher than
the “loss-peak energy” E;, which is the kinetic energy of
a free electron running at the same velocity as the ion ve-
locity v, given by

E, =mv?/2, (1)

where m is the mass of the electron. The electron yield
below E; does not stem from the pure binary-encounter
processes because it partly originates from the loss elec-
trons, which have been formerly accompanied by the in-
cident ions, or from convoy electrons produced by the
ions [17].

Since orbital velocities of outer-shell or valence elec-
trons are much less than the velocities of MeV/u ions,
the maximum energy transferable from the ion to the
electrons by head-on collision is approximately equal to
the “binary-peak energy” Ejp, given by

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

where M, and E,=M v?/2 are the mass and the kinetic
energy of the ion, respectively. While the outer-shell and
valence electrons as well as the inner-shell electrons con-
tribute to the electron yield below Ej, the yield above Eg
originates from the inner-shell electrons only. For pre-
cise measurements of the binary-encounter yield from
light target atoms such as Si, the measured electron ener-
gy should be chosen between E; and Ej to obtain intense
electron yields.

B. Charge-state dependence of the electron yield

For fully stripped ions, the recoils of electrons in solids
can be well described by the Rutherford scattering, which
predicts that the recoil cross section for equal-velocity
ions is proportional to the square of the atomic number
of ion Z,. Therefore, in this case the observed electron
yield that results from the binary-encounter processes
should have the same parameter dependence, i.e., the
Z?%-scaling behavior. However, for partially stripped
(“clothed”) ions, it has been found experimentally
[11-14] as well as theoretically [15,16] that the binary-
peak yield resulting from the forward recoils of the target
electrons, which is typically observed for gas targets, de-
pends on the incident charge of ions. This effect must be
taken into account in the present analysis of the charge
state of ions in the crystal. It should be noted that the
previously reported Z? scaling of the keV electron yield
for random incidence of various ions (1<Z, <17) [4,5],
including an uncertainty of less than 20% in the scaling
factor, probably results from the fact that the ions used in
the experiments are fully or highly stripped in the charge
equilibrium for the random incidence (see Sec. IV).

Since the outer-shell and valence electrons in the target
predominantly contribute to the electron yield below Ej,
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we neglect the orbital velocities of target electrons in the
ion-electron scattering. In this case, an approach to the
charge-state dependence of the electron yield can be
made by using theoretical electron-atom elastic scattering
cross sections. Based on atomic wave functions, Riley,
MacCallum, and Biggs (RMB) have calculated the cross
sections by the partial-wave method and they are given in
tabular form [18]. The conversion from the scattering
angle 6 in the rest frame of the atom (the RMB frame) to
the emission angle 6, in the laboratory frame, at which
the electron initially at rest is scattered by the projectile
atom, is given by

cosf= —cos20, . (3)

In the rest frame of the atom, the incident energy of elec-
trons is equal to E;, i.e., 1.36 and 1.91 keV for 2.5- and
3.5-MeV/u ions, respectively.

Figure 1 shows the ratio of the RMB to Rutherford
differential scattering cross section for 1- and 2-keV elec-
trons incident on neutral atoms. For each scattering an-
gle, the ratio depends on the atomic number, ie., Z,,
which demonstrates that the cross section for neutral
atom is not proportional to Z 2.

In the present experiments, the electron yield is mea-
sured at about (E; +Ep)/2=2Ep, which is equal to the
kinetic energy transferred to an electron recoiled at
6,=38°. The electrons recoiled at 6, <38° have higher
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FIG. 1. Ratio of the Riley-MacCallum-Biggs to Rutherford
differential scattering cross section for elastic scattering of elec-
trons, plotted as a function of the atomic number of target
atom. The solid curves were drawn to guide the eye. The
scattering angle 0 in the rest frame of the atom can be converted
to the emission angle 6; of the binary-encounter electrons by
Eq. (3). The dashed curves represent the ratios for the integrat-
ed cross sections from 6, =0 to 38° (see text).
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kinetic energy, but can contribute to the measured elec-
tron yield after losing energy in their outgoing path.
Therefore, the electron yield should approximately have
the same charge-state dependence as for the integrated
cross section o for 0°< 6, <38 (180°> 0= 104°), given by

Q= f104°§95130°0RM327T sinfd@ , @)

where opyp is the RMB differential cross section. The
ratios of ) to the integrated Rutherford cross section
Qgr, E=Q /0y, is also shown by the dashed curves in Fig.
1. We see that £> 1 for the whole range of atomic num-
ber shown in Fig. 1, indicating that the electron yield is
enhanced by screening of nuclear charges by bound elec-
trons. The values of & for 1.36 and 1.91 keV needed in
the analysis can be obtained by interpolation of the values
for 1 and 2 keV. For ions of charge g (0<q=<Z,), we
define an enhancement factor of the electron yield
F(Z 1 q) by

F=1 for fully stripped ions (g=2Z,) and F=¢ for the
neutral case (g =0). The linear dependence of F(Z,,q) on
g in Eq. (5) has been assumed in accordance with the re-
cent analysis of binary-encounter peaks for F, Si, and Ni
ions in the MeV/u range by Sataka et al [14].

C. Method of analysis

In this section we discuss the method to determine the
effective nuclear charges of ions in a crystal by introduc-
ing the enhancement factor given by Eq. (5) to the previ-
ous method of analysis [5]. The high-energy shadowing
effect is determined by the well-known parameter, i.e.,
the shadow cone radius R, given by

R=(8Z,Z,e%*d /M v?*)'"?, (6)

where Z, is the atomic number of target atom, e is the
electronic charge, and d is the interatomic distance along
the axial direction [3,6]. R represents the radius of the
Coulomb shadow cone at a distance d from an isolated
target atom [1]. Unlike the shadowing effect for keV
ions, the high-energy shadowing effect results from the
multiple-scattering processes and therefore it cannot be
directly related to the actual shadow cone of an isolated
atom.

From Eq. (6), we see that for a given channeling direc-
tion, the ratio of channeling to random electron yield
should be the same for equal-velocity ions if they are fully
stripped and have the same Z, /M, values (as is the case
for 2H, *He, 1°B, '2C, etc). When the ion’s nuclear charge
is effectively screened by the inner-shell electrons, Z, in
Eq. (6) must be replaced by the effective nuclear charge
Z g, which is less than Z,. In this case, the channeling
yield is enhanced by the two mechanisms, i.e., (i) the re-
duced shadowing effect corresponding to the reduced
value of R and (ii) the enhanced emission effect for
clothed ions, discussed in Sec. II B. For the random case,
the enhanced emission must also be taken into account
unless the ions are fully stripped.

To analyze the difference in the shadowing effect for
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fully stripped and clothed ions, we first modify the ob-
served ratio of channeling to random yield in the
screened case for clothed ions W,. The modified ratio
W moa is Obtained by eliminating the enhanced emission
effect from W:

Wm0d=WSF(Z]’qr)/F(ZUZCﬂ‘) ’ (7)

where g, is the effective nuclear charge for the random
case and is to be replaced by the most probable charge in
the charge equilibrium of ions passed through foils (see
Sec. IV).

From the R dependence of channeling yield, we obtain

Zg=[(W—p)/(Wpoa—m)VZ, , ®)

where W, (< W) is the ratio of channeling to random
yield for the fully stripped light ions and p is given by

u=N/Z,, ©)

where N is the average number of unshadowed electrons
per target atom (Z,=14 in the present case). Equation
(8) is a cubic equation with respect to Z. and is a
modified form of the previous expression [5]. Z 4 can be
determined from Eq. (8).

The parameter u, which depends on the spatial distri-
bution of valence and outer-shell electrons in the crystal
lattice, can be determined experimentally [6]. Actually, u
can be obtained from

(W,—p)/(W,—p)=V2, (10)

where W, is the observed ratio of channeling to random
yield for protons of equal velocity. Equation (10) has
been derived from the R dependence of the channeling
yield, similarly to Eq. (8); the factor of V"2 stems from the
ratio of R for equal-velocity protons and for the fully

stripped light ions.

III. EXPERIMENT

Details of the electron measurements under channeling
incidence conditions have been described previously [3,4].
Figure 2 shows typical energy spectra under Si{100)
channeling and random incidence conditions, and the ra-
tio of (100) to random yield. The spectra were mea-
sured at a backward angle of 180° for incidence of 40-
MeV O°" on Si. The shadowing effect for all electrons
and for inner-shell electrons (i.e., Si K-shell electrons) is
discernible from a difference in the ratio below and above
Ep=5.45 keV. For 2.5-MeV/u ions, the ratio of chan-
neling to random yield to be analyzed W was measured at
3.3 keV, which is in the middle between E; =1.36 keV
and Ez=5.45 keV. Similarly, the values of W were mea-
sured at 4.4 keV for 3.5-MeV/u ions for which E; =1.91
keV and Ez =7.63 keV. The measured electron yield was
typically greater than 10* counts both for channeling and
random cases.

For precise measurements of the shadowing effect, the
influence of the angular divergence of ion beams must be
carefully eliminated. This is particularly important for
measurements of the electron yield below Ej since the
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critical angle for shadowing below Ej is narrower than
that above Ep [7]; the latter corresponds to the channel-
ing critical angle commonly determined by using ion
backscattering yields. In the experiments, the accelerated
ion beam was transported so that it was focused on the
1.4-mm-diam aperture, shown in the inset of Fig. 3, to
obtain maximal beam current on target. The beam was
then collimated by narrowing the four-blade beam colli-
mator, shown in the inset. Figure 3 shows dependence of
W on the ion beam current on target I, which was mea-
sured for 3.3-keV electron yield induced by 2.5-MeV/u
B’*, 0°*, 0%, C**, Si’*, and Si"’* under Si{100) and
Si{110) channeling incidence conditions. We see in Fig.
3 that the value of W decreases with decreasing the beam
current, i.e., with narrowing the collimator. Since the an-
gular divergence of the beam should become smaller
when the beam is tightly collimated, the value of W for
zero angular divergence can be obtained as a value of W
extrapolated to I =0 in Fig. 3. With this procedure, the
measured values of W have been well reproduced typical-
ly within 3%, which was never attained in previous
measurements [3-6].

To cover a wide energy range of the ions (2.5-MeV pro-
ton to 112-MeV S), we have made joint use of two tandem
accelerators. The data for H" were obtained at the 3-
MYV tandem accelerator at the Japan Atomic Energy
Research Institute, Takasaki, while other data were col-
lected by using 12-MV tandem accelerator at the Univer-
sity of Tsukuba. The experiments have been carried out
for most of the available charge states of the ions from
the accelerator. The highly stripped B**, C®*, O*",
Si'**, St and CI'®" were obtained by using two
charge-stripper foils in the 12-MYV tandem accelerator.

1V. RESULTS AND DISCUSSION

Figure 4 shows the values of W as a function of Z,
which were measured at 3.3 keV for 2.5-MeV/u 'HY,
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FIG. 2. Energy spectra of secondary electrons induced by
40-MeV O°* (2.5 MeV/u) under Si{100) channeling and ran-
dom incidence conditions, measured at a backward angle of
180°, as well as the ratio of the (100) to random yield. The
spectrometer’s energy resolution AE, which is proportional to
the electron energy, is shown representatively at 4 keV. E; and
Ep indicate the “loss-peak energy” and the “binary-peak ener-
gy,” respectively (see text).

FIG. 3. Dependence of W for Si{100) and
Si{110) on the beam current on target I,
which has been reduced by narrowing the
four-blade collimator shown in the inset. The
electron yield at 3.3 keV was measured at 180°
with respect to the 2.5-MeV/u beams. Note
that the slopes of the curves, drawn to guide
the eye, depend on the angular divergence of
the beam. The values of W for zero angular
divergence can be obtained by extrapolation to
I=0.

064 T T T T T | r T T T T T T
Si crystal\*
062} 1
lon beam — T
.
\ /7
0.60} ~4-blade 1.4-mm-diam A
collimator aperture
0.58} e 1.9m  ————————— ———3{0.2mfe <
056k B> —si<100> 1 060F c**-ssi<i00>
0.54 F B 0.58} 1
0521 B 0.56} 4
w 5+ . w
0 50} 07 =sico B 0_55/ si’t—>si<110> B
0.48 1 0.54 N
0.46 {1 o052} E
o8 =si<110> st Lsi<iioy
0.44 -4 0 50 .
042t E 0.48 4
0.40 L n L L I 0.46 L L L L L i
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
1 (nA) I (nA)



S0 CHARGE STATES OF FAST IONS IN GLANCING . ..

0.75 T T T T I T T T T I T T T T T T T

b
2.5-MeV/u ions

8 o.70f .
w o Si<100> 1+
> . 8+
s 065 * Si<hio> L0 .
o
a $
z ?
< 060} 5+ Qa1 A
@ R 13+ 15+
@]
F s ¢ T "+"
o 055} |
2 A ot
u__JJ 5+ 8+ +

0.50F &u+ 5+
b4

13

3‘ 4++ ¢ lt+ +‘t+
T
O 0.45¢
W ~b-4--4--
o 5+ 6+ 8+
O 0.40F —
E tHe
<
& 035 1 1 1 1 1 1 1 1 11 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18
ATOMIC NUMBER OF INCIDENT ION Z;4

FIG. 4. Ratio of channeling to random electron yield at 3.3
keV, measured for 2.5-MeV/u various ions under Si{100) and
Si{110) channeling incidence conditions. The incident charge
states of ions are indicated near the plots. The dashed lines
show the fully stripped levels (see text).

10B5+ 12c4+ 12C6+ 1605+ 1608+ 28517+ 2SSll3+ 3ZS7+

2613+, 3508% and CIS* under Si(100) and Si{110)
channeling incidence conditions. Figure 5 shows similar
results obtained at 4.4 keV for 3.5-MeV/u 'H*, *He?",
10gS+ 1204+ 1206+ 1605+ 1608+ 28g;8+ 285‘13+ nglo+
and ¥S15*, In Figs. 4 and 5, the numbers near the plots
indicate the incident charges of ions. We see that for
each ion species of Z; =6 the value of W for lower in-
cident charge is greater than for higher incident charge.
It is clear from this result that the ions are in nonequili-
brium charge states (depending on the incident charge
state), which have been typically observed in transmission
channeling experiments [19].

It is seen in Fig. 4 that the values of W are the same for
the fully stripped B, C, and O ions, i.e., W=0.538 and
0.435 for Si{100) and Si{110), respectively. This indi-
cates that for each axial direction the shadow cone radii
for those ions are the same, i.e., Z;,=Z. in Eq. (6). It
follows that the ions are still fully stripped in the crystal.
Similar trends are seen in Fig. 5 for the fully stripped He,
B, C, and O ions of 3.5 MeV/u. In this case, the fully
stripped levels are W =0.481 and 0.396 for Si{100) and
Si(110), respectively. In Figs. 4 and 5, each value of W
for H* is smaller than the corresponding fully stripped
level because the value of R for H' is a factor of V2
greater than for the fully stripped ions, from which
stronger shadowing for H™ is anticipated. The values of
W for the fully stripped ions and for the protons are sum-
marized in Table I. The values of W for the other ions
are greater than the fully stripped level, which indicates
the existence of the screening effect by captured inner-
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FIG. 5. Ratio of channeling to random electron yield at 4.4
keV, measured for 3.5-MeV/u various ions, shown similarly to
Fig. 4. The dashed lines show the fully stripped levels.

shell electrons.

By using Wf and Wp in Table I, the values of u (or N)
can be determined from Eq. (10). The results are also
shown in Table I. It is seen that the values of N are
roughly equal to 4, the number of valence electrons per Si
atom. For a more detailed analysis of the values of N, the
spatial distribution of valence electrons within the Si lat-
tice and the ion flux distribution in the crystal channel
should be taken into account [6].

In the determination of Z g, the parameter g, in Eq. (7)
has been assumed to be the most probable charge of ions
in the charge equilibrium, usually observed in carbon-foil
transmission experiments. Actually, we assumed g, =6,
8, 12, 13.5, and 14 for the 2.5-MeV/u C, O, Si, S, and Cl
ions, respectively, and g, =6, 8, 12.7, and 14 for the 3.5-
MeV/u C, O, Si, and S ions, respectively [20]. This as-
sumption may be reasonable for the higher incident
charges of ions (C®*, O%F, Si'3*, §B3* S1* and C1'57)
since the ions should quickly reach the equilibrium at
which the most probable charge is almost equal to the in-
cident charge. For the lower incident charges of ions

TABLE I. Ratios of channeling to random yield for the fully
stripped ions (fully stripped levels) W, and those for protons
W,. The average numbers N of unshadowed electrons per Si
atom, determined from Eq. (10), are also shown.

Ion energy (MeV/u) Axis W, W, N
2.5 Si{100) 0.538 0.498 5.62
2.5 Si(110) 0.435 0.394 4.13
35 Si(100) 0.481 0.442 4.87
3.5 Si(110) 0.396 0.350 3.35
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(C**, O°F, si’t, sit, §71, S19F and CI®Y), further in-
vestigation is necessary to justify the above assumption.
Table II shows ratios of the random yield (per ion) for the
lower to higher incident charges [21]. We see that the ra-
tios are almost equal to unity, from which it may be con-
cluded that in the random case the observed electrons are
induced dominantly by the ions at equilibrium charge
states. It is notable that the effective target thickness re-
sponsible for the random yield is as thick as about 200
and 300 A for the 2.5- and 3.5-MeV/u ions, respectively,
as discussed later. The assumed values of g, should in-
clude a possible overestimate of roughly within 6% be-
cause of a difference in the equilibrium charge state for a
carbon foil and for a Si crystal [20]. A decrease in g, by
6% typically causes a decrease in the values of Z. by
about 0.3 for the light (Z, <8) ions and by about 0.5 for
the heavy ions, which are only minor changes in the
analysis.

Figures 6 and 7 show the results of analysis for the 2.5-
and 3.5-MeV/u ions, respectively, where the values of
Z 4 obtained from Eq. (8) are shown as a function of Z,.
The numbers near the plots indicate the incident charge
states of the ions. In Figs. 6 and 7, the line of
Z =2 ,—10 (corresponding to Ne-like ions) should give
a lower limit of Z ; since the ions in a crystal hardly cap-
ture electrons to the outer M shell of which the mean ra-
dius is as large as ~1 A, comparable to the size of the
crystal channel. In the present analysis, it is difficult to
resolve a difference in Z 4 for Si{100) and Si(110) and
therefore it is better to discuss the averaged values of Z
for the two directions. Table III summarizes the incident
charges of the ions Z; ; the averaged values of Z 4 for
Si(100) and Si{110), Z*; and AZ=2Z, —Z?*; for the
heavy ions. AZ corresponds to the number of captured
or lost (i.e., AZ >0 or AZ <0) electrons in glancing col-
lisions with the aligned atoms.

In Fig. 6, the values of Z 4 for B**, C®", and O®" are
on the line of Z4=2Z,, which represents the fully
stripped charge states of ions in the crystal, i.e., the
“frozen” charge states. For C** and O°", the values of
Z . are about 5 and 6, respectively (see also Table III), in-
dicating that each ion typically interacts with the aligned
Si atoms after losing one electron. Similar results have
been obtained for 3.5-MeV/u ions; we see in Fig. 7 that
the charge states of the fully stripped He, B, C, and O
ions are frozen and that C** and O°* typically lose one

TABLE II. Ratios of the random yield for the lower to
higher charge states of the ions.

Ion energy Charge states
(MeV/u) (lower:higher) Ratio
2.5 cHr.ctt 0.96
2.5 03*:.08* 1.02
2.5 §t.gi3t 0.88
2.5 CB*.C1'5* 1.03
3.5 cHr.cot 1.01
35 o’+:0%* 1.05
3.5 Si®*:Sil3t 0.91
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ions, while the line of Z.=Z, — 10 should give a lower limit of
Z 4 (see text).

electron prior to the glancing collisions with Si atoms.

In contrast, the electron capture as well as loss occurs
for the Si, S, and Cl ions. At 2.5-MeV/u, Si**, S* and
CI'3* capture about three or four electrons, but Si’",
S7* and CI®* lose one or two electrons, as seen in Table
III. Therefore, we can conclude that for the channeling
case the most probable charges in the equilibrium Z; are
8.2<Z,,<9.7,86<Z,,<10.3, and 9.1<Z, <11.3 for
2.5-MeV/u Si, S, and Cl, respectively. Similarly, it can be
concluded that 9.6 <Z., <11.3 and 10.5<Z,, <11.9 for
3.5-MeV/u Si and S, respectively. We see that in the
channeling case the number of bound electrons by the
ions are greater than for the random case by 2-4, 3-5,
and 3-5 for 2.5-MeV/u Si, S and Cl, respectively, and by
1-3 and 2-4 for 3.5-MeV/u Si and S, respectively. We
also see the trend that Z, for Si and S ions increases with
increasing the ion velocity. It is interesting to note that
the increase in the observed ratio of channeling to ran-
dom yield for the clothed ions results roughly equally
from the reduced shadowing effect and the enhanced
emission effect. For example, for 2.5-MeV/u CI'*" in-
cident on Si{100) (for which Z=11) the enhanced
emission effect increases the ratio by a factor of
F(17,11)/F(17,14)=1.07 [in this case £§(Z,;)=0.41 for
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FIG. 7. Z 4 as a function of Z,, obtained for the 3.5-MeV/u
ions, shown similarly to Fig. 6.

1.36-keV electrons]. Therefore, the enhanced emission
effect is responsible for about 50% of the increase in the
observed ratio by a factor of 0.609/0.538=1.13 (Fig. 4).
It is of fundamental importance to discuss the target
depth at which most of the ions establish the charge
states obtained in the present analysis. For this purpose,
we have estimated the effective target thickness ¢, over
which the ions are deflected away from the atomic row so
that they hardly pass through the region of high electron

TABLEIIL Z;,, Z% (averaged values of Z g for Si{100) and
Si{(110)), and AZ=Z,, — Z¥, which corresponds to the number
of captured (AZ > 0) or lost (AZ <O0) electrons in glancing col-
lisions with the aligned Si atoms.

Energy (MeV/u) Ion z, Z% AZ
2.5 C 4 4.8 —0.8
2.5 o 5 6.1 —1.1
2.5 Si 13 9.7 33
2.5 Si 7 8.2 —1.2
2.5 S 13 10.3 2.7
2.5 S 7 8.6 —1.6
2.5 Cl 15 11.3 3.7
2.5 Cl 8 9.1 —1.1
35 C 4 5.1 —1.1
3.5 (0] 5 6.0 —1.0
35 Si 13 11.3 1.7
35 Si 8 9.6 —1.6
35 S 15 11.9 3.1
3.5 S 10 10.5 —0.5
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density, i.e., Si L shells in the present case. This means
that the high-energy shadowing is established finally at a
depth of t,. The charge states determined by the present
analyses (Figs. 6 and 7) should be those for the ions
penetrating from the surface to the depth of ¢,.

The value of ¢, can be estimated from computer simu-
lations [3—6]. From the simulations, we obtain for the
2.5-MeV/u ions t,~120 and 100 A for Si{100) and
Si(110), respectively, and for the 3.5-MeV/u ions
t.~140 and 120 A for Si{ 100) and Si{ 110), respectively
(with neglecting a small difference in ¢, between the
screened and unscreened cases) [22]. From the above
values of ¢,, we may conclude that the charge states
which we have determined are established well before the
ions suffer 20-30 glancing collisions with the aligned Si
atoms in the (100) or {110) directions.

It is also noted that the effective target thickness for
the random yield ¢, is given by ¢, divided by the ratio of
channeling to random yield [4]. We thus obtain ¢, =200
and 300 A for the 2.5- and 3.5-MeV/u ions, respectively.
These values provide a measure for the discussion of
charge equilibrium in the random case.

Finally, it must be emphasized that in the channeling
case the observed electron yield is produced mainly by
the ions running near the atomic rows, where many elec-
trons should be recoiled by the ions. Therefore, the
charge states determined by the present method are prob-
ably characteristic of the ions passing through a region of
high-density electrons near the atomic rows and, accord-
ingly, they are different from those observed by transmis-
sion channeling experiments in which the charge state of
ions encountering low-density electrons is measured.

V. CONCLUDING REMARKS

By the refined measurements of the ion-beam shadow-
ing effect for zero-angular divergence of the beam, we
have determined nonequilibrium charge states of the
MeV/u ions near the surface of Si under channeling in-
cidence conditions. In an earlier measurement [5], it was
difficult to resolve the difference between the ratios of
channeling to random electron yield for different incident
charges of ions, probably because the uncertainty in the
measured ratios was enhanced by the presence of angular
divergence of the beams.

In the present analysis, the dependence of electron
yield on the charge state of ions (enhanced emission
effect) was taken into account. The reduced shadowing
effect and the enhanced emission effect roughly make an
equal contribution to the increase in the measured ratios
of channeling to random yield for the clothed ions.
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