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L-shell ionization of Si, P, S, Cl, and Ar by 0.4- to 2.0-MeV H+
and 0.4- to 1.2-Mev H2+ bombardment

W. M. Ariyasinghe, H. T. Awuku, and D. Powers
Department of Phyics, Baylor University, Waco, Texas 76798

(Received 30 May 1990j

L-shell-ionization cross sections of Si, P, S, Cl, and Ar have been obtained for incident H+ ener-

gies of 0.4 to 2.0 MeV and for H2+ energies of 0.4 to 1.2 MeU. These relative cross sections were
obtained from Auger-electron yields measured from gaseous targets of SiH4, PH3, SO&, CH3C1, and
Ar. The normalized experimental L-shell-ionization cross sections are compared to existing experi-
mental L-shell-ionization cross sections and to various theoretical predictions.

I. INTRODUCTION

Brandt and Lapicki in 1979 indicated a need for ex-
perimental L-shell-ionization cross-section measurements
for third-row elements because the few measurements in
S and Cl disagree with the existing theories. In a recent
paper we reported experimental L-shell-ionization cross
sections for the third-row elements Si, P, S, Cl, and Ar
under 0.4- to 2.1-MeV He+ ion bombardment of elemen-
tal Ar and gaseous compounds of the other four ele-
ments. These cross sections were obtained from mea-
sured Auger-electron yields following L-shell-ionization
of the target atoms, and were compared with the energy-
loss Coulomb-deflection perturbed stationary-state rela-
tivistic (EPSSR), relativistic plane-wave Born approxima-
tion (PWBAR), and binary-encounter approximation
(BEA) predictions as well as to existing experimental I.
shell-ionization cross sections of Cl and Ar. ' The Ar
L-shell-ionization cross sections agreed within the 12%
experimental random error to the ECPSSR prediction
and to experimental cross sections produced elsewhere.
The Cl L-shell-ionization cross sections were found to be
2.5 times lower than the measurements of Maeda et al. ,
but were below the ECPSSR theory by 40% and below
the PWBAR theory by 30% at He+ ion energies & 1.2
MeV. The S and Si L-shell-ionization cross sections pro-
duced in this laboratory were 34—62 lo below the
ECPSSR and PWBAR theories for all He+ ion energies,
while the P cross sections were below the same theories
by 33-45% at higher He+ ion bombarding energies. All
experimental L-shell-ionization cross sections produced
in this laboratory fell below the BEA theory from 17% to
64%. No other L-shell measurements exist for Si, P, and
S under He+ ion bombardment at these energies.

The present paper extends the He measurements in
Ref. 2 to the same third-row elements Si, P, S, Cl, and Ar
using the same experimental technique and the gaseous
substances SiH4 (silane), PH3 (phosphine), SO~ (sulfur
dioxide —replaces the hydrogen sulfide used in the form-
er experiment), CH3C1 (methyl chloride), and Ar, but em-

ploying instead 0.4- to 2.0-MeV H+ ions and 0.4- to 1.2-
MeV H2+ ions. No prior L-shell-ionization cross-section
measurements exist for Si and P under H+ or H2+ bom-
bardment, but several measurements exist for S, Cl, and

Ar. The present measurements are compared with the
existing experimental measurements and to the same
theoretical predictions ECPSSR, PWBAR, and BEA.

II. EXPERIMENT

A detailed description of the experimental method is
given in Ref. 2. Briefly, 0.4- to 2.0-MeV H+ ions and 0.4-
to 1.2-MeV Hz ions from a Van de Graaff accelerator
were magnetically analyzed and directed into an 18-in.-
diam scattering chamber shielded with mu metal and
pumped by a Leybold-Heraeus Model TMP turbomolecu-
lar pump to the low 10 Torr region. The scattering
chamber contained an electron trap to remove secondary
electrons, a 6-cm-long rectangular-shaped differentially-
pumped gas cell with open end windows, and a Faraday
cup to collect the ion current. The entrance and exit
apertures of the gas cell were 1.0 and 1.2 mm diam, re-
spectively. Research-grade target gases of Ar, CH, C1,
SO2, and SiH4 from Matheson Co., Laporte, Texas, and
PH3 from Liquid Air Corp. , Denver, Colorado, all with
minimum purities of 99.5% or better, were directed
through a gas transport system into the gas cell at equi-
librium pressures of 3 mTorr measured by a calibrated
Varian Model 531 Thermocouple Gauge. Target gas pur-
ities were confirmed by an Ametek Residual Gas
Analyzer, Model MA 100, which also was used to
guarantee no air leak or other gas contamination into the
system. The Auger electrons exited the gas cell through
a 1-mm-diam hole at 90 to the incident ion beam direc-
tion and entered a 160' spherical sector electrostatic
analyzer (ESA) from Comstock, Inc. , Oak Ridge, Tennes-
see, operated in constant 30-eV transmission mode with
0.45-eV resolution or better. At the exit port of the ESA
was a microchannel plate detector with two microchan-
nel plates, Model VUW-8960ES, from Varian Associates,
Palo Alto, California, positioned in chevron
configuration.

In the present experiment, the method of data collec-
tion is identical to that in Ref. 2. The retarding ramp
voltages were the same as those used in the previous ex-
perirnent, and are —35 to —145 V (Si), —45 to —155
V(P), —65 to —175 V (S), —90 to —200 V (Cl), and
—120 to —230 V (Ar). These voltages were applied to
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the ESA to acquire the Auger spectra, which were col-
lected in an EG&G Ortec Model 7150 Multichannel
Analyzer (MCA). These ramp voltages were selected to
ensure that each Auger spectrum was collected in the
middle portion of the MCA viewing screen with sufficient
overlap at the low- and high-energy portions of the spec-
trum to allow for meaningful background subtraction.
The total charge collected in the Faraday cup for each
spectrum was 4. 10X10 C of H+ (or H~+), which was
the same as for He+ in the previous experiment.

The microchannel plate (MCP) efficiency corrections
and the ESA transmission efficiency corrections were
identical to those in Ref. 2. The MCP efficiency correc-
tions were made relative to the efficiency for Ar Auger
electrons, and were 30% (Si), 17% (P), 8% (S), and 3%
(Cl) with corresponding error assignments to Auger
LMM Auger yields of 9% (Si), 5% (P), and 3% (S and
Cl). The ESA transmission efficiency corrections were
81% (Si}, 37% (P}, 18% (S), 6.3% (Cl), and 0% for Ar
with respective random error assigned to the corrections
of 15% (Si), 8.5% (P), 4 0% (S}, 1.5% (Cl), and 0% (Ar).
It is important to state that the ESA transmission
efficiencies were found to be the same using either He+ or
H+ ions. Since the ESA transmission properties refer to
the transmitted Auger electrons themselves, no difference
would be expected when H~+ ions produce the electrons.

Typical ion beam currents of H+ and Hz+ were 100
nA. When a 0 to +245 V bias was applied to the Fara-
day cup there was no change in the H+ ion beam current.
The H+ (or Hz+) ion beam current was measured at 0.2-

MeV intervals from 0.4 to 2.0 MeV (0.4—1.2 MeV for
Hz+) with and without each of the target gases in the cell
at 3 mTorr pressure. The H+ ion current was found to
be the same ( —100 nA) with or without the target gas in
the cell for all five gases. In contrast, the same measure-
ments with the Hz+ ion beam revealed the current to in-

crease in the presence of the four gases SiH4, PH3,
CH&CI, and Ar by 50% with a random error or 4%.
When the gas cell was filled with SO& at 3 mTorr pres-
sure, however, the increase of the Hz+ ion beam current
was 60% with a 5% random variation. It is well known
that when energetic ions pass through matter, they lose
and/or capture electrons in collisions with atoms of the
materials through which they pass. ' It is seen from Ref.
8 that the electron-loss probability is 97% or greater for
0.2 MeV or higher energy proton beams, while electron
capture probability becomes dominant only for proton
beams below 15 keV. Since the H+ ion energies in this
work are greater than 0.2 MeV, no electron capture or
loss will occur when the H+ beam passes through the gas
cell.

When a molecular H~+ beam of energy ~0.4 MeV
passes through the gas cell, however, there is no electron
capture, because the lowest energy of 0.4 Me V is
equivalent to a 0.2-MeV H+ beam. There is a high prob-
ability that the electron in Hz+ will be stripped from the
ion by the target gas. If all the electrons in the Hz+ ion
beam are lost, two protons will be left and the current at
the Faraday cup will increase by a factor of 2. The ob-
served current increase from 50% to 60% at 3 mTorr

pressure, and to 80% at 6 mTorr pressure, however,
demonstrate that charge equilibrium has not been ob-
tained. The same 4. 10X 10 C of charge was used from
the Hz+ ion beam as from the H+ beam to obtain the
Auger cross sections.

In order to test for incomplete transmission of H (or
Hz+) ions through the gas cell, the beam current was
measured with and without the back plate of the gas cell
when no gas was in the cell. This measurement revealed
that only 3% of the beam was lost inside the gas cell.
When the same measurement was made with Ar gas at 3
mTorr pressure, a 4% current loss occurred. This loss
was taken into account in the determination of the Auger
cross sections.

The same procedure used in the previous experiment
was employed to ensure that the MCP efficiency and ESA
transmission efficiency had not changed throughout the
course of the experiment, namely, to measure the Ar
LMM Auger yield per incident H+ (or Hz+) ion per tar-
get atom before and after LMM Auger yields had been
obtained at all energies from each of the other target
gases. A range of variation in the Ar Auger yield was
found to be from —5% to +5% for H+, and from —1%
to +6% for Hz+ of the Ar values given in this paper. It
should also be mentioned that the all measurements were
repeated once at all H+ (or Hz+) energies.

The relative errors in this experiment are found to be
essentially the same as in the previous experiment except
for the error in the background subtraction. In this ex-
periment, the estimated errors in the background sub-
traction are 10% for Si, P, Cl, and Ar. The error for S is
found to be 16%, which is about 6%%uo greater than in the
previous experiment for S. This larger uncertainty was
caused by the use of SO~ in this experiment instead of
HzS in the other experiment. Other random errors in the
present experiment are gas-pressure measurements (error
~5%), atmospheric contamination of target gas (error
~ 1%), beam current measurements (error ~ 5% ), MCP
efficiency calibration (error of 1 —9 %), and ESA
transmission efficiency calibration (error of 0—15 %).
These random errors and the error in the background
subtraction combine quadratically to give a maximum
random error assignment of 22% (Si), 16% (P), 17% (S),
and 12% (Cl and Ar), which are essentially the same as
the errors given in Ref. 2, except for S which is 4%
greater than in the previous work.

Finally, all LMM Auger electron yields were normal-
ized to the Ar yield which in turn was normalized to
Stolterfoht's value for Ar for 0.6-MeV H+, to which he
assigned an 18% error. Thus, our relative error of
12—22% will be combined together with Stolterfoht's er-
ror assignment of 18%.

III. RESULTS

Typical L.z&MM Auger-electron spectra of Si, P, S, Cl,
and Ar produced by 1.0-MeV H+ ion bombardment of
SiH4, PH~, SO&, CH~C1, and Ar, respectively, are given in

Fig. 1. These spectra are superimposed on the secondary
electron spectra, which are subtracted by the procedure
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given in Ref. 1, namely, by curve fitting the lower and
upper energy ends of the background spectra by a suit-
able polynomial fit. Third-degree polynomials are used
for SiH4, PH3, and SO2, second-degree polynomials for
Ar, and either second- or third-degree polynomials for
the CH3C1 background spectra for all H+ or H2+ bom-
barding energies. The background spectra for SiH4 and
PH3 under H+ and H2+ bombardment are found to de-
crease less noticeably with increasing electron energy

FIG. 1. LMM Auger-electron spectra of Si, P, S, Cl, and Ar
as a function of energy in eV. The spectra are produced by 1.0-
MeV H+ ion bombardment of SiH4, PH3, SO&, CH3C1, and Ar,
respectively. The top curve is the spectrum including the back-
ground, while the lower curve gives the Auger spectrum after
the background has been subtracted. The vertical scale in each
case represents the number of Auger electrons recorded in arbi-
trary units.

than similar spectra produced in Ref. 2 by He+ ion bom-
bardment. Each Auger spectrum in Fig. 1, represented
by the lower graph, is obtained by subtracting the curve-
fitted background from the upper graph which represents
the combined Auger-plus-background spectrum.

The Auger spectra after background subtraction were
integrated to obtain Auger-electron yields which were
then converted to Auger cross sections relative to that of
Ar at 0.6-MeV H+ by Stolterfoht et a/. In these cross-
section calculations, it is assumed that the Auger-electron
emission is isotropic as it is assumed by several other au-
thors ' ' ' and by us "" previously. The reported an-
isotropy in LMM Auger emission by Cleff and Melhorn'
is about 10%, which is smaller than the experimental er-
rors of 12—22% in this experiment, but would lower our
experimental values systematically.

It has been shown in detail in Ref. 2 that the total
Auger cross sections obtained in this experiment are
essentially the total L-shell-ionization cross sections. L-
shell-ionized atoms undergo Auger transitions, Coster-
Kronig transitions, and radiative (x-ray) transitions. In
Si, P, S, Cl, and Ar, Coster-Kronig transitions convert
most of the L, vacancies into L2 or L3 vacancies, ' since
a L, vacancy is immediately filled with an electron from
either the L2 or L3 shell. The radiative transition yields
(fluorescence yields) are negligible for the series of atoms
in this study, ' so the L23MM Auger process is the dom-
inant mechanism for filling the ionized L-shell vacancies.

The experimental L-shell-ionization cross sections for
Si, P, S, Cl, and Ar are given in Tables I and II, respec-
tively, for 0.4- to 2.0-MeV H+ and for 0.4- to 1.2-MeV
H2+. The errors are probable random errors as discussed
in Sec. II. The gaps in the tables are caused by experi-
mental difficulty in collecting the spectra due to excessive
electronic noise and the occasional appearance of elasti-
cally scattered electrons that have the same velocity as
the ion bean in some instances which makes the back-
ground subtraction process untenable. The cross sections
given in Table II are divided by 2 to allow for a compar-
ison of cross sections per incident charged nucleus. The
variation of L-shell-ionization cross section as a function
of projectile energy per amu is given in Figs. 2 —6 for Si,
P, S, Cl, and Ar, respectively. The solid circles represent

TABLE I. L-shell-ionization cross sections of Si, P, S, Cl, and Ar produced, respectively, by H bombardment of SiH4, PH3, SO2,
CH3C1, and Ar gases. The errors are probable random errors.

H+ ion

energy
(MeV)

0.4
0.5
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

E/A
(MeV/amu)

0.4
0.5
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Si
cross section
(10 "cm)

1.53+0.33
1.43+0.31
1.34+0.30
1.28+0.28
0.99+0.22
1.06+0.23
0.94+0.21
0.91+0.20
0.72+0. 15

P
cross section
(10 "cm)

1.17+0.20
1.18+0.16
0.97+0.15
0.84+0. 13
0.73+0.13
0.73+0.10
0.68+0.09
0.62+0. 10
0.56+0.08

S
cross section
(10 "cm')

0.77+0. 13
0.75+0. 13
0.69+0.12
0.59+0.10
0.57+0.07
0.49+0.05
0.45+0.06
0.43+0.05
0.38+0.06

Cl
cross section
(10 "cm')

0.51+0.06
0.53+0.07
0.52+0.06
0.53+0.06
0.50+0.06
0.46+0.05
0.45+0.05
0.41+0.05

Ar
cross section
(10 "cm')

0.33+0.04
0.38+0.04
0.38+0.04
0.38+0.04
0.37+0.04
0.33+0.03
0.29+0.03
0.27+0.02
0.26+0.02
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TABLE II. L-shell-ionization cross sections of Si, P, S, Cl, and Ar produced, respectively, by H, bombardment of SiH4, PH3,
SO~, CH3Cl, and Ar gases. These cross sections are divided by 2 to represent the cross section per incident charged nucleus. The er-
rors are probable random errors.

H&+ ion
energy
(MeV)

0.4
0.5
0.6
0.8
1.0
1.2

E/A
(MeV/arnu)

0.20
0.25
0.30
0.40
0.50
0.60

Si
cross section
(10 " crn )

2.09+0.43
2.31+0.46
2.04+0.44
1.96+0.42
1.80+0.40
1.70+0.36

P
cross section
(10 "cm~)

1.31+0.21
1.30+0.20
1.28+0.20
1.35+0.21
1.30+0.21
1.23+0. 19

S
cross section
(10 ' cm )

0.60+0. 10
0.65+0. 11
0.70+0. 12
0.65+0. 10

Cl
cross section
(10 ' cm )

0.43+0.05
0.46+0.06
0.58+0.07
0.59+0.07
0.59+0.07

Ar
cross section
(10 ' cm}

0.37+0.04
0.38+0.04
0.39+0.04

proton measurements at higher energies and X
represents H2+ measurements at lower energies; the two
sets of measurements join nicely. ECPSSR and PWBAR
theoretical L-shell-ionization cross sections from
E/A =0. 1 to 1.2 MeV/amu by Lapicki' are given on
each figure, and experimental cross sections for S, Cl, and
Ar produced at other laboratories are also included for
comparison. The dotted portions on the theoretical
curves from E/A =1.2 to 2.0 MeV/amu are our own
logarithmic derivative extensions of Lapicki's curves.

An examination of target-atom Z2 dependence of L-
shell-ionization cross sections is given in Fig. 7, where the
experimental cross sections are scaled according to the
BEA universal curve' Uz o.

z /Z, as a function of
E/(AU& ), where Ut is the binding energy of the L-shell
electron (we used the values given by de Alti and De-
cleva' ), err is the L-shell-ionization cross section, Z, is
the atomic number of the projectile, E is the energy of
the projectile, and k is the ratio of H+ mass-to-electron
mass. The solid curve given in the figure is the BEA
theoretical prediction given by Hansen. '

In Fig. 8 is plotted the ratio of o(He+)/4a(H+) or
o (He+ )/4o (Hz+) as a function of ion energy in

MeV/amu to examine the projectile Z, dependence. The
experimental cr(He+) values are given in Ref. 2. The
theoretical predictions of Lapicki' along with measure-
ments obtained in other laboratories are included for
comparison.

50-
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ECPSSR theory. For all H2+ bombarding energies,
within experimental errors, the experimental cross sec-
tions are in fair agreement with the ECPSSR theory. In
Fig. 3 for E„+&0.8 MeV and for all H2+ bombarding

energies the experimental cross sections for P are within
15% of the ECPSSR values. For proton energies above
1.0 MeV, however, the cross sections are about 26%
below the ECPSSR theory. No prior experimental mea-
surements for Si or P exist for H+ or H2+ bombardment
for comparison purposes.

It is seen in Fig. 4 that the experimental L-shell-
ionization cross sections for S produced by bombardment
of SO2 by H+ ions in this work and in Ref. 7 are in good
agreement. Although the cross sections produced under

IV. DISCUSSION

For the five elements Si, P, S, Cl, and Ar, the PWBAR
theoretical L-shell-ionization cross-section predictions
are lower than those of the ECPSSR theory by less than
12% for H+ and H2+ ions of energy per amu of 0.2 to 1.2
MeV/amu (and of our extrapolation of the theories from
1.2 to 2.0 MeV/amu), but may exceed this 12% outside
this region. Since this 12%%uo difference is relatively small,
we will, therefore, compare the experimental cross sec-
tions only with the ECPSSR theory in the discussion
which follows.

In Fig. 2 it is seen that the experimental L-shell-
ionization cross sections for Si are about 38% (at
E ~ =2.0 MeV) to 24% (at E + =1 MeV) below the

0.2
I I I I 1 I 1 I

Q5 I0
EA (MeV/amu)

2.0

FIG. 2. J -shell-ionization cross sections in 10 ' cm in Si
for H+ and H2+ ions in MeV/amu units. The solid and dashed
curves are, respectively, the ECPSSR and PWBAR theories cal-
culated by Lapicki (Ref. 15). The dotted curves from
E/A = 1.2 —2.0 MeV/amu represent our logarithmic derivative
extensions of Lapicki's theory. The closed circles are experi-
mental cross sections of Si in SiH4 for H+ ions while the X are
for H&+ ions.
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H+ bombardment of SF6 in Refs. 6 and 7 are in fair
agreement with each other, they are 50% (for Hz+ ions
at 0.6 MeV) to 66% (for H+ ions at 0.5 MeV) lower than
the S measurements from SO& in this work. This
difference in L-shell-ionization cross sections of S in
different molecular environments was first pointed out

I 1 I I I III
20-

S
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FIG. 3. Same as Fig. 2 for P; the experimental cross sections
are for P in PH3.

and discussed by Matthews et al. , who indicated the
difference is caused by chemical effects in these different
molecules. The S L-shell-ionization cross sections pro-
duced by bombardment of SO~ by H+ or by H, + in this
work and in Ref. 7 are 34% (at H+ energy of 2.0MeV) to
12% (at H+ energy of 0.6 MeV) lower than the ECPSSR
theory, while those produced by 0.8- to 1.0-MeV Hz+
bombardment are about 23%%uo below the theory.

In Fig. 5 the L-shell measurements of Maeda et al.
are about 10—73% above the ECPSSR theory, while our
measurements are in fair agreement with the theory but
are 15-100% below Maeda's values. This other group
used gaseous CClzFz for their target gas, and we have dis-
cussed in Ref. 2 that this compound has more electron
screening and chemical-binding effects than in the CH3C1
we used in our measurements.

In Fig. 6 the experimental Ar L-shell-ionization cross
sections produced in this laboratory from
E/A =0.4-1.8 MeV/amu are only about 5 —15% below
the ECPSSR theory, but are 17% (at E/A=0. 8

MeV/amu) to 80% (at E/A=1. 0 MeV/amu) higher
than the measurements of Maeda et a/. Within experi-
mental errors, the Ar cross sections produced in this lab-
oratory and those produced by Stolterfoht et al. follow
the general trend of the ECPSSR theory. The D+-
induced Ar L-shell-ionization cross sections of Watson
and Toburen are 18%%uo below our relative measurement
of 0.5 MeV/arnu. It is to be pointed out that our relative
cross-section measurements are all normalized to
Stolterfoht's Ar value for 0.6-MeV H+ ions.

In Fig. 7, where the experimental L-shell-ionization

I I I IIIII
20-

N
E
CJ
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O
Al

E
O

O

IO—

0.5
O. I

I I I I I I II
0.5 I.O

E/A (MeV/omg

2.0

FIG. 4. L-shell-ionization cross sections in 10 "cm in S for
H+ and H~+ ions in MeV/arnu units. The solid and dashed
curves are, respectively, the ECPSSR and PWBAR theories cal-
culated by Lapicki (Ref. 15) and the dotted curves are our ex-
tensions. The closed triangles and open squares, respectively,
are experimental measurements by Toburen et al. (Ref. 6) and
by Matthews and Hopkins (Ref. 7) for SF6 under H+ ion bom-
bardment. The closed circles (H+ bombardment) and X (Hz+
bombardment) are the present experimental cross sections in
SO& while the closed squares are cross sections produced by
Matthews and Hopkins (Ref. 7) in SO& under H+ ion bombard-
ment.

0.5
O. I

I I I I I &II
0.5 I.O

E/A {MN/omu)
2.0

FIG. 5. L-shell-ionization cross sections in 10 ' cm in Cl
for H+ and H&+ ions in MeV/amu units. The solid and dashed
curves are, respectively, the ECPSSR and PWBAR theories cal-
culated by Lapicki (Ref. 15) and the dotted curves are our ex-

tensions. The closed squares are experimental measurements by
Maeda et al. (Ref. 4) for H+ ions in gaseous CC1&Fz. The
closed circles and X, respectively, are the present experimental
measurements for H+ and H&+ ions in gaseous CH3Cl.
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FIG. 6. L-shell-ionization cross sections in 10 ' cm in Ar
for H+, H2+, and D+ ions in MeV/amu units. The solid and
dashed curves are, respectively, the ECPSSR and PWBAR
theories calculated by Lapicki (Ref. 15) and the dotted curves
are our extensions. The closed squares are experimental mea-
surements with H+ ions by Maeda et al. (Ref. 4), the solid tri-
angles are experimental measurements with D+ ions by Watson
and Toburen (Ref. 5), the open circles are experimental mea-
surements with H+ ions by Stolterfoht et al. (Ref. 3), the solid
circles are present experimental measurements with H+ ions,
and X are present experimental measurements with H, + ions.

the theory by anywhere from 0% to 31%.
It is explained in Ref. 2 that pure atomic cross sections

cannot be obtained from an atom in a molecular environ-
ment because of chemical-binding effects which influence
the outer electrons in the target atoms within the mole-
cules. These molecular effects were estimated previously
for SiH4, PH3, and CH3Cl to be, respectively, 6%, 5%%uo,

and 10%. The molecular effect in SO2 using the same ap-
proach in Ref. 2 is estimated to be 16%.

In Fig. 8 an examination of projectile Z
&

dependence
as a function of the ion energy/amu is given by means of
a plot of the L-shell-ionization cross-section ratios
o (He+ )/40 (H+ ) or 0 (He+ )/40 (H2 ) for He+, H+, or
Hz+ ions. The cr(He+) cross sections are taken from Ref.
2, while the o(H ) and 0(Hz+) cross sections are given
in Tables I and II. A ratio of unity implies that capture
and loss of electrons by the incident ion does not affect
the L-shell-ionization cross section which is produced by
the nuclear charge of Z&=2 for He and Z, =l for the
proton. The simple Z

&
dependence of 4 for He ions and 1

for protons is predicted by the PWBAR and BEA
theories, but not for the ECPSSR theory as shown in the
figure, where the ratio at low E/A is highest for Si and
decreases with Zz to Ar. The ECPSSR ratios at
E/A =0. 1 MeV/amu are (1 for S, Cl, and Ar, but ) 1

for P and Si, and are all ~ 1 for E/A ~0.2—1.0
MeV/amu. The experimental ratios from the present L-
shell-ionization cross-section measurements from
E/A =0.2 —0. 5 MeV/amu are given by the solid points
on the figure and are all systematically below unity. A
slight trend is revealed that is not inconsistent with the

cross sections are scaled according to the BEA prediction
of Hansen, ' all measurements in the region
EH+ /A, UL ) 1.5 are in fair agreement with the theoreti-
cal values except for some of the Cl measurements which
are as much as 35% higher than the BEA prediction.
For EH+/A, UL & 1.5 the experimental values fall below
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FIG. 7. Experimental L-shell-ionization cross sections of Si,
P, S, Cl, and Ar scaled according to the BEA theory. The solid
curve represents the BEA prediction by Hansen {Ref. 16).
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FIG. 8. The ratio of the cross sections produced under He
and under H+, H2+, or D+ ion impact for Si, P, S, Cl, and Ar.
The solid symbols represent measurements in this laboratory,
while the open symbols are measurements made elsewhere. The
ECPSSR theoretical predictions by Lapicki (Ref. 15) are also
given for comparison.
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qualitative trend of the ECPSSR theory, namely, the P
and S ratios are slightly greater than the Cl ratios, but
nothing conclusive can be stated because of the large er-
ror bars. The open circles, squares, triangles, and in-
verted triangles represent ratios by other experimental
groups for Ar and Cl and follow the ECPSSR trend more
closely, although Maeda's Cl measurements for H+ ions
disagree dramatically with the ECPSSR theory, while our
Cl measurements agree almost completely with the
theory as seen in Fig. 5.

A qualitative description is given which is not incon-
sistent with the ratios in Fig. 8 produced in this laborato-
ry. In Ref. 2 we stated that the radius of a He ion is
2.65X10 "m, while the Herman and Skillman' radius
of the Ar L shell is 1.54X10 "m, which yield effective
areas of 22. 1X10 and 7.45X10 m for the He+
and L shell, respectively. Our statement was that since
an energetic 0.6—2.0 MeV He+ ion was able to penetrate
the Ar L shell, and since the He+ ion's area was about
three times that of the Ar L shell, the Ar L shell would
see essentially the doubly charged He nucleus so that the
Ar L-shell-ionization cross section should be roughly the
same for a He+ ion or He + ion. The Herman and Skill-
man L shell radii are 1.64X10 "m (Cl), 1.82X10 "m
(S), 1.9X10 " m (P), and 2. 1X10 "m (Si), with corre-
sponding areas of 8.45 X 10 m (Cl), 10.4X10 m~

(S), 11.3X10 m (P), and 13.8X10 m (Si). Thus,
in going from Ar to Si, the effective area for the L shell to
that for the penetrating He+ ions goes from about 30%
to about 62%. This means that the Si L shell is more
likely to see the electron on the He+ ion than is the Ar L

shell. An energetic 2-MeV He ion still has about 6%
singly charged components and is about 94% doubly
charged. ' If the target-atom L shell sees only
0.94X2=1.88=Z', of the doubly charged He ion for
ionization purposes, then ZP =(1.88) =3.53. Dividing
3.53 by 4 gives 0.88 for the ratio in Fig. 8 for E/A =0.5

MeV/amu, and this ratio would decrease further at lower
F. /A values. ' Thus, although we are not claiming that
our ratios in Fig. 8 are caused by capture and loss of elec-
trons on the He ion passing through the target gases,
we are saying that the relative comparable effective areas
of the He+ with those for the L shells for the elements Si,
P, S, Cl, and Ar and the fact that a He+ ion of
E/A =0.2 —0.5 MeV/amu is not fully stripped lend
some support to the proposition that this effect should
not be completely excluded.

In conclusion, the experimental L-shell-ionization
cross sections of Si, P, S, Cl, and Ar measured in this lab-
oratory are found to be from 0% to 37% below the
ECPSSR theoretical predictions. Molecular effects, es-
timated to be from 5% to 16%, and possible anisotropic
Auger-electron emission, would lower the L-shell-
ionization cross sections even more from the theory.
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