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L-shell ionization of Si, P, S, Cl, and Ar by
0.4—2.1-MeV He+ bombardment
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The L-shell ionization cross sections of Si, P, S, Cl, and Ar have been obtained for incident He+

ion energies 0.4—2.1 MeV in steps of 0.2 MeV. The cross sections were obtained from the Auger
electron yields measured for SiH4, PH3, H2S, CH3C1, and Ar gaseous targets. The present experi-
mental L-shell ionization cross sections are compared to existing experimental L-shell ionization
cross sections as well as to previous theoretical predictions.

I. INTRODUCTION

Inner-shell ionization of atoms by charged particles has
been a subject of continuing interest for the past two de-
cades. ' " Considerable efforts, both experimental and
theoretical, have been carried out and remarkable pro-
gress has been made in understanding the charged-
particle, atomic-collision process. The theoretical and
experimental E-shell ionization cross sections for
MeV protons and He+ ions agree fairly we11 for target
elements Zz )4, but similar agreement for L-shell ioniza-
tion cross sections is found only for Z2) 18.' Brandt
and Lapicki' have pointed out that the sparsely available
experimental L-shell ionization cross sections for third-
row elements Mg, Al, S, and Cl are in disagreement with
the existing theories, and that the need exists to extend
the experimental measurements for these elements to a
wide range of projectile energies and also to the addition-
al elements Si and P.

Since an inner-shell ionized atom will undergo x-ray or
Auger-electron emission, the ionization mechanism may
be studied by measuring either of these processes. The
experimental x-ray or Auger yields, along with calculated
fluorescence and Coster-Kronig yields, ' may be used to
find the ionization cross sections. Since L-shell
x rays for third-row elements have energy of only 20 to
240 eV, it is essential to have a detector that can register
the soft x rays efficiently. Alternatively, since the L-shell
fluorescence yields' are lower than 10 for third-row
elements, the effect of radiation emission in L-shell ion-
ization may be neglected, and the Auger electron yields
may be used to determine the ionization cross sections.
A commercial spherical-sector electrostatic analyzer of
the type employed in the present experiment provides a
sufficient means for obtaining LMM Auger electron spec-
tra with adequate counting rates (several thousand counts
per energy interval per hour) and with good energy reso-
lution (0.45 eV or better).

The L-shell ionization cross section of Ar (Z2 = 18) has
been studied experimentally by several authors ' ' ' for
a wide range of proton and He ion energies from 100
keV to 2.5 MeV. These experimental cross sections are in
fair agreement with energy-loss Coulomb-deflection
perturbed-stationary-state relativistic (ECPSSR) theoreti-

cal predictions. Maeda et al. ' have reported the L-shell
ionization cross sections for Cl (Zz=17) in gaseous
CC12F2 by measuring with a channeltron detector the
LMM Auger yield of Cl under 0.46-2.6-MeV proton and
He+ ion bombardment, but Brandt and Lapicki' found
these measurements to be well above the ECPSSR and
relativistic plane-wave Born approximation (PWBAR)
theoretical predictions by as much as 64% and 82%, re-
spectively. On the other hand, the experimental L-shell
ionization cross-section measurements for sulfur
(Z2=16) in gaseous SF& for 0.3 to 1.8-MeV protons by
Toburen et al. ' fall well below the same theoretical pre-
dictions by as much as 60%. The only other L-shell ion-
ization cross section measurements for third-row ele-
ments are those by Benazeth et al. ' for Mg and Al un-
der 10- to 100-keV He+ ion bombardment, and are
higher than the binary-encounter approximation (BEA)
theory of Gerjuoy' by 0% at 100 keV to 2000% at 10
keV for Mg and by 0% at 100 keV to 450% at 10 kev for
Al.

In the present experiment, LMM Auger yields of
third-row elements Si, P, S, Cl, and Ar are measured for
0.4-2.1-MeV He+ ions. The total L-shell ionization
cross sections are then determined from these Auger
yields and are compared to the ECPSSR and PWBAR
theories as well as to existing experimental L-shell ioniza-
tion cross sections. No previous measurements exist for
LMM Auger yields and L-shell ionization cross sections
for Si and P under MeV He+ or proton bombardment, or
for L-shell ionization cross sections of S under MeV He+
ion bombardment. The measurements in the present ex-
periment are made by use of gaseous molecular com-
pounds of Si (silane SiHz), P (phosphine PH&), S (hydro-
gen sulfide HzS), Cl (methyl chloride CH3Cl), and also for
atomic argon gas (Zz = 18) as a reference standard
throughout the course of the other measurements.

II. EXPERIMENT

A detailed description of the experimental procedure
will be given here since several modifications have been
made to the original equipment' ' used previously to
measure Auger electron cross sections. 0.4—2.0-MeV
He+ ions from a Van de Graaff accelerator were magneti-
cally analyzed and directed through a small 6-cm-long
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rectangular-shaped differentially pumped gas cell (with

open end windows) mounted perpendicular to and cen-
tered on the axis of an 18-in.-diam soft-iron cylindrical
scattering chamber whose inside configuration was
shielded with p-metal to eliminate external magnetic
fields. The entrance aperture to the gas cell is 1 mm in
diameter and the exit aperture is 1.2 mm. An electron
trap, biased to —425 V, was located between the entrance
port to the scattering chamber and the gas cell to prevent
any secondary electrons carried by the He+ ion beam
from reaching the gas cell. The ion beam current, typi-
cally 100 nA, was collected in a Faraday cup. The resid-
ual vacuum in the scattering chamber was maintained by
a Leybold-Heraeus Turbovac Turbomolecular Pump
(Model TMP 360) in the low 10 -Torr region.

Research-grade gases of Ar, CH3C1, HzS, 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 admitted through a gas
transport system into the gas cell where they came to
equilibrium at pressures, typically 3 mTorr, as measured
with a calibrated Varian Model 531 Thermocouple
Gauge. The purities of the gases were confirmed by an
Ametek residual gas analyzer (RGA), Model MA 100,
which was mounted directly on the cylindrical wall of the
scattering chamber. The RGA also gave an independent
check throughout the experiment that no air or other gas
contamination was leaking into the system through the
target gas supply system. A 1-mm-diam hole in the gas
cell allowed Auger electrons produced at the center of
the gas cell to exit the gas cell in a horizontal plane and
at 90' to the He+ ion beam direction. A 160' spherical
sector electrostatic analyzer (ESA) from Comstock, Inc. ,
Oak Ridge, Tennessee, operated in constant energy (30-
eV) transmission mode with 0.45-eV resolution or better,
was mounted with its radial configuration in a vertical
plane passing through the vertical axis of the scattering
chamber so that the Auger electrons from the gas cell
were electrostatically deflected through the ESA onto
two microchannel plates (MCP), Model VUW-8960ES,
from Varian Associates, Palo Alto, California, positioned
in chevron configuration. Retarding ramp voltages of
—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)
were used on the ESA to acquire the Auger spectra,
which were collected in an EG8cG Ortec Model 7150
Multichannel Analyzer (MCA). The ramp voltages were
selected to ensure that each Auger spectrum was collect-
ed in the middle portion of the MCA viewing screen with
sufficient overlap at the low- and high-energy portions of
the spectrum to allow for meaningful background sub-
traction.

The lowest energy Auger electrons detected by the
MCP were 50 eV (Si), 65 eV (P), 110 eV (S), 135 eV (Cl),
and 160 eV (Ar), which correspond to MCP efficiencies of
50% (Si) to 68% (Ar). A correction must, therefore,
be made to account for the decrease in MCP efficiency.
The procedure used to make this correction was to find
the mean Auger energy for each spectrum
(g, n, E, ) /( g, n, ), where n, is the number of Auger
counts in the Auger spectrum after background subtrac-

tion and F., is the corresponding Auger electron energy,
and then to normalize the Auger yield to that from Ar.
The relative Auger cross sections in this laboratory were
then normalized to Stolterfoht's Ar LMM Auger cross
section at 0.6 MeV. The mean Auger energies in the
present experiment were found to be 72 eV (Si), 94 eV (P),
125 eV (S), 155 eV (Cl), and 185 eV (Ar), with corre-
sponding MCP efFiciencies of 54%, 60%, 65%, 68%, and
70%%uo, respectively, as given by Galanti et al. The nor-
malized Auger yield for Si was then Eff(Ar)/Eff'(Si)
=0.70/0. 54=1.30, while those for P, S, and Cl were
0.70/0. 60=1.17%, 0.70/0. 65= 1.08%, and 0.70/0. 68
= 1.03%, respectively. Thus, the MCP detector
efficiency corrections were 30% (Si), 17% (P), 8% (S),
and 3% (Cl), with a corresponding error assignment to
the Auger LMM yields of 9% (Si), 5% (P), and 3% (S and
Cl) based on the errors in the efficiencies given in Ref. 20.

A flashlight bulb filament biased from 75 to 355 V neg-
ative was used as an electron source to test the transmis-
sion characteristics of the electrostatic analyzer (ESA). It
was found that 30-eV transmission energy was the most
efficient for 75- to 200-eV electrons while 60- or 90-eV
transmission energy was the most efficient for 250- to
355-eV electrons. It was observed, however, that the
number of electrons emitted from the filament depended
on the bias voltage that was applied. The Ar LMM
Auger lines at 203 to 207 eV produced under 1-MeV He+
ion bombardment provide a constant-number electron
source. The geometry of the rectangular gas ce11 is such
that the vertical wall of the cell facing and 1 cm distant
from the vertical copper plate at the entrance to the ESA
provides an almost perfect plane parallel-plate capacitor.
If a positive voltage bias is applied to the gas cell insulat-
ed from its surroundings, the electric lines of force will be
essentially parallel from the gas cell exit aperture to the
ESA entrance aperture at ground potential without al-
teration of the focusing properties of the ESA. A —,'-in. -

thick teflon spacer on the lid of the scattering chamber
allowed for the application of a positive bias voltage from
0 to 350 V directly to the gas cell which was thereby elec-
trically insulated from the ESA. The application of the
bias voltage provides a retarding voltage to lower the en-

ergy of the Auger electrons produced in the gas cell. A
calibration curve of relative intensity versus the retarded
energy of the Ar LMM electrons through the ESA from
approximately 50 to 200 eV was obtained by application
of +150 to 0 V bias to the gas cell. This calibration
curve was confirmed and extended to 350 eV by replace-
ment of Ar in the gas cell by nitrogen gas and using the
nitrogen ELL Auger electrons also produced under 1-
MeV He+ ion bombardment. This calibration curve
showed a relative intensity of transmitted electrons
monotonically increasing from 27% at 50 eV to 91% at
200 eV to 100% at 350 eV. This calibration curve was
then used as an indication of the transmission efficiency
of the ESA for the Auger electrons produced in the
present experiment. The corrections to the Auger LMM
cross sections were 81% (Si), 37% (P), 18% (S), 6.3%
(Cl), and 0% (Ar) with respective random errors assigned
to the corrections of 15% (Si), 8.5%%uo (P), 4.0%%uo (S), 1.5%
(Cl), and 0% (Ar).
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For the cross-section measurement, it is essential to
have an accurate determination of the number of He
ions that interact with the target gas atoms. Three tests
were made to ensure this determination. One test was to
see if the He+ ion beam current measured at the Faraday
cup after passing through the gas cell without gas would
change when a positive bias from 0 to 320 V was applied
to the Faraday cup. No change in the 100-nA He+ ion
current was observed. The second test involved the mea-
surement of He+ ion beam current at 0.2-MeV intervals
from 0.6 to 2.0 MeV with and without each of the five
target gases in the gas cell at 3-mTorr pressure. The
current was found to increase in the presence of the gas
by 50% for each of the five gases with a random variation
of 5% about this value with zero bias on the Faraday
cup. This 50% effect remained unchanged for positive
biases from 0 to 22.5 V, decreased to 30% at 45 V and
20% at 90 V, and was completely gone for biases greater
than 135 V. A head-on collision between the incident
He+ ion and one of the Ar target atoms will produce a
recoil Ar ion or atom of several hundred keV, so it is un-
likely the additional positive-ion current arises from this
recoil effect. A more likely explanation is that the doubly
or singly charged ions remaining from the Auger process
or from ionization by the He+ ion beam are swept along
by the He+ beam and are registered on the Faraday cup
when little or no positive bias is applied. Once the posi-
tive bias on the Faraday cup is sufficiently large (135 V),
the residual positive ions are repelled away from the
Faraday cup. For all cross-section measurements report-
ed in this experiment, the ion beam current used was that
in the absence of the target gas or that with a Faraday
cup positive bias greater than 135 V. A third test in-
volves possible incomplete transmission of the He beam
through the gas cell in which the particles that enter the
cell and strike the back wall of the gas cell would, there-
fore, not get counted by the Faraday cup. The back rec-
tangular plate on the gas cell is removable and is fixed on
the cell with an 0 ring. The He+ ion current through the
gas cell was measured separately with and without this
plate on the cell and revealed an increase of the beam
current by 3% when the plate was removed. %hen a
similar test was run with 3-mTorr Ar gas in the cell, a
4% increase in beam current was observed in the absence
of the plate. Thus, 4% of the He+ ion current was lost
inside the gas cell during the experiment. This loss in
current was accounted for in the determination of the
ionization cross sections.

The following procedure was employed to check for
possible corrosion or contamination of the ESA and
MCP detector, and also to ensure that the MCP
efficiency, ESA efficiency, target gas purity, and He ion
beam current was not changing throughout the course of
the experiment. The Ar LMM Auger yield per incident
He per target atom was first measured from 0.4- to 2.0-
MeV He+ ion energy. The Ar gas was removed and the
scattering chamber was pumped out for several hours.
The Si LMM Auger yields per incident He+ ion per tar-
get atom was then carefully measured as a function of
He+ ion energy. The silane gas was then pumped out for
several hours, and the Ar gas was admitted once again

into the gas cell for 1.2-MeV He+ ions. A careful check
was then made to ensure that the Ar LMM Auger value
had not changed from its previous value. This procedure
was then repeated between every subsequent measure-
ment for P, S, and Cl, and the range of variation was
found to be from —3% to 6% of the Ar values given in
this paper. It should also be mentioned that the Ar, S,
and P measurements were repeated twice at all He+ ion
bombarding energies, while the Si and Cl measurements
were repeated three times at all energies.

Target gas purity was checked primarily with the
RGA. An independent check for the presence of nitro-
gen (or atmospheric) leaks in the gas supply transport
system was made by changing the sweep voltage range on
the ESA from —280 to —390 V. It was found that if a
nitrogen contamination of 10% or greater was present,
the nitrogen KLL Auger electrons would appear in the
spectrum. This test for possible nitrogen contamination
was also made at 1.2-MeV He+ ion bombardment be-
tween each series of data collection for each target gas,
namely, the same time the argon test was made. No evi-
dence of any nitrogen contamination was found
throughout the course of the entire experiment. The test
of contamination by the RGA, however, gives a more ac-
curate measurement (better than 1% error) of nitrogen
contamination.

The relative errors in the experiment came from essen-
tially six sources: (1) background subtraction of the
Auger spectra (error estimated to be —10%); (2) gas-
pressure measurement (error -5%); (3) beam-current
measurement in Faraday cup (

—5%); (4) MCP efficiency
calibration (1%—9%); (5) ESA efficiency calibration
(0%—15%); and (6) atmospheric contamination of target
gas (

—1%). These random errors combine quadratically
to give a random error assignment of 22% (Si), 16% (P),
13% (S), and 12% (Cl and Ar).

In Sec. III the subject of isotropy of the Auger electron
emission will be discussed, where it is pointed out that
some evidence exists for a forward preponderance of
Auger electron emission by as much as 10%%uo, while other
evidence exists for no anisotropy. A 10% departure from
isotropy would mean that the experimental cross sections
in this experiment would be systematically too low by as
much as 10%.

Finally, all LMM Auger electron yields were normal-
ized to the Ar yield, which in turn was normalized to
Stolterfoht's value for Ar at 0.6 MeV, to which he as-
signed a 16% error. Thus, our relative error of 12—22%
will be compounded together with Stolterfoht's error as-
signment of 16%. At the beginning and end of collection
of all the experimental data given in this paper, a mea-
surement was made of the carbon ELL Auger yield in
CH4 and the nitrogen KLL Auger yield, both at 0.6 MeV,
and the measurements in this laboratory agreed com-
pletely with the values Stolterfoht obtained in a separate
experiment. This agreement confirms the reliability of
the normalization procedure used in this experiment.

III. RESULTS

Typical LMM Auger electron spectra of Si, P, S, Cl,
and Ar, produced by 1.2-MeV He ion bombardment of
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SiH4, PH3, HzS, CH3Cl, and Ar, respectively, are given in

Fig. 1. These Auger spectra are superimposed on the
continuous background of electrons resulting from binary
ion-electron collisions. The Auger yield for a given spec-
trum is obtained by subtracting this secondary-electron
background which has been fitted first by a second, -

third-, or fourth-degree polynomial as is explained in the
next paragraph. The Auger spectra obtained after the
background has been subtracted are also given in Fig. 1.

It is mentioned in Ref. 18 that a major difficulty in ob-
taining an Auger yield is the determination of the shape
of the secondary-electron background spectrum. The
procedure followed in this experiment is to obtain the ex-
perimental spectrum about 15—25 eV beyond the lower-
energy limit and upper-energy limit of the observed
Auger peak itself. For example, the Si L z3MM Auger
peak occurs in the energy range 52-105 eV, but the Si
Lz3MM Auger spectrum from SiH4 in the present experi-
ment was collected from 35 to 130 eV. The shape of the
secondary electron background was determined from the
experimental points between 35—52 eV and between
105-130 eV and then fitted by a fourth degree polynomi-
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FIG. 1. LMM Auger-electron spectra of Si, P, S, Cl, and Ar
as a function of Auger-electron energy in eV. The spectra are
produced by 1.2-MeV He+ ion bombardment of SiH4, PH3,
H2S, CH3Cl, and Ar, respectively, and reveal some of the indivi-
dual line structure in each case. The top curve is the spectrum
including the background, 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 elec-
trons recorded in arbitrary units.

al. Fourth-degree polynomials were also used for the
PH3 background spectra, while a third-degree polynomial
was used for the HzS and CH3Cl background, and either
a second- or third-degree polynomial for the Ar back-
ground.

The Auger electron yields were then found by integrat-
ing the spectrum after the background had been subtract-
ed. These Auger electron yields were then converted to
total Auger cross sections under the assumption that the
Auger electron emission is isotropic, as has been assumed
also by several other authors. ' ' Kobayashi et al.
found the KLL Auger electron emission from carbon and
nitrogen under 2.0-Me V proton and 2.5-MeV He+ ion
bombardment to be isotropic. On the other hand, Cleff
and Mehlhorn found experimental evidence that LMM
Auger electron emission from Ar was nonisotropic to
about 10% under electron bombardment. Later, Stolter-
foht et al. reported that the LMM Auger electron emis-
sion produced under 100- to 300-keV proton bombard-
ment of Ar was isotropic within their experimental error
of about 10%. In principle, the isotropic Auger electron
emission following an L-shell vacancy might not be true.
However, the largest reported nonisotropic LMM Auger
electron emission is about 10%, which is less than the ex-
perimental errors of 12—22 % given in this experiment
One should not expect an anisotropy greater than 10%
for the Auger electrons in this experiment because the
elements Si, P, and S all have the same number (18) of
electrons as Ar, respectively, in the target molecules
SiH4, PH3, and HzS. Thus, we have assumed isotropy for
the emission of all LMM Auger electrons in the present
experiment. Since the electrons were detected at 90' to
the primary He+ beam direction, a departure from isot-
ropy would imply a correspondingly lower experimental
Auger cross section.

The Auger spectra given in Fig. 1 come mainly from
LzMM or L3MM Auger transitions because the Coster-
Kronig transitions (L, vacancy is immediately filled with
an electron either from the L2 or L3 shell) convert most
of the L, vacancies into L z or L 3 vacancies. '

McGuire' has calculated the Coster-Kronig yields of the
L

&
shell to be 0.97 and the L,MM Auger yields to be

=0.03 for the series of elements Si, P, S, Cl, and Ar. Ac-
cording to the the same calculations, the L &-, Lz-, and
L 3 shell fluorescence yields, and L z -shell Coster-Kronig
yields are negligible. If the fluorescence yield, Auger
yield, and Coster-Kronig yield of the L;th shell are la-
beled, respectively, as co;, a;, and g ), f,j, then

a;+co;+ g f;, =1

and the total ionization cross section o.
z is then given by

OL ~L +~L +~L
1 2 3

= (a i+~i+f12.+f13)~L,

+(a2+Cl)2+ fp3)crL +(a3+Cl)3)o I

Since co&=co2=co3=0, a, =0, and f23--0, we get

~L =(f12+f13)~L +~2~L ++3~L, .
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TABLE I. L-shell ionization cross sections of Si, P, S, Cl, and Ar obtained, respectively, by He ion bombardment of SiH4, PH3,
H2S, CH3Cl, and Ar gases. The errors are random probable errors as discussed at the end of Sec. II.

He ion
energy
(MeV)

04
0.5
0.6
0.7
0.8
1.0
1.2
1.4
1.6
1.8
1.9
2.0
2.1

E/A
(MeV/amu)

0.100
0.125
0.150
0.175
0.200
0.250
0.300
0.350
0.400
0.450
0.475
0.500
0.525

Si cross
section

(10 ' cm')

5.41+1.12
5.57+1.18
6.19+1.31
6.20+ 1.31
6.28+ 1.29
6.14+1.41
5.70+ 1.25
5.25+ 1.19
5.50+1.15

3.96+0.88
3.60+0.82

P cross
section

(10 ' cm )

2.75+0.56
3.39+0.70
3.97+0.67
4.13+0.66
4.17+0.78
4.41+0.71
4.15+0.73
3.93+0.69
4.13+0.75
3.64+0.62
3.85+0.63

3.22+0.65

S cross
section

(10 ' cm )

1.11+0.15
1.53+0.24
1.89+0.29
1.96+0.28
2.18+0.32
2.22+0.31
2.50+0.33
2.38+0.35

2.48+0.33

Cl cross
section

(10 " cm')

0.55+0.19
0.67+0. 10
0.87+0. 16
1.02+0.20
1.28+0.22
1.36+0.22
1.39+0.23
1.60+0.22

1.63+0.21

Ar cross
section

(10 ' cm)

0.49+0.06

0.74+0.07
0.86+0.09
1.09+0.17
1.14+0.11
1.20+0. 19
1.35+0.17

1.30+0.20

On the other hand, the experimental Auger cross sections
expt ~sA

+~A ~~2f12+~3f13 ~~L)+~2+L2+~3+L3

Therefore, since a2 =a3 =1, then

expt
A L

Thus, the integrated area of the L2MM and L3MM
Auger spectra may be used to obtain the total L-shell ion-

ization cross section OI for the formation of the vacan-
cies in the L „L2,and L3 shells.

The experimental L-shell ionization cross sections for
Si, P, S, Cl, and Ar as a function of He+ ion bombarding
energies are given in Table I. The variation of the L-shell
ionization cross section as a function of projectile energy
per amu is given in Figs. 2—6, respectively, for Ar, Cl, S,
P, and Si. Theoretical predictions by Lapicki of these
L-shell ionization cross sections, both for the ECPSSR

20-
Ar

50-

CI

N
E io-

O

5-

0.04 O.I

EA (MeV/amu)

FIG. 2. L-shell ionization cross section in 10 ' cm in Ar
for He+ ions in MeV/amu units. The solid and dashed curves
are, respectively, the ECPSSR and PWBAR theories calculated
by Lapicki (Ref. 28). The open circles are the experimental
measurements by Stolterfoht et al. (Ref. 9), the solid triangles
are the measurements of Maeda et al. (Ref. 13), the solid
squares are by Watson and Toburen (Ref. 7), and the solid cir-
cles are the present experimental measurements. The experi-
mental measurements are in fair agreement with the ECPSSR
theory.

O. l

E/A (MeV/arnu)

FIG. 3. L-shell ionization cross section in 10 ' cm in Cl for
He+ ions in MeV/amu units. The solid and dashed curves are,
respectively, the ECPSSR and PWBAR theories calculated by
Lapicki (Ref. 28). The closed triangles are experimental mea-
surements by Maeda et al. (Ref. 13) for He+ ions in gaseous
CC12F2, and are systematically higher than the theories, while
the closed circles are the present experimental measurements
for He+ ions in gaseous CH3Cl, and are systematically lower
than the theories.
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FIG. 4. L-shell ionization cross section in 10 "cm in S for
He+ ions in MeV/amu units. The solid and dashed curves are,
respectively, the ECPSSR and P%'BAR theories calculated by
Lapicki (Ref. 28). The closed circles are the present experimen-

tal measurements made for S in H2S gas.

and PWBAR theories, are also given on the 6gures along
with experimental cross sections for Ar and Cl produced
at other laboratories.

In Fig. 7 the experimental cross sections are sealed ac-
cording to the BEA universal curve ULoL /Zf as a
function of E +/A, UI, where UL is the binding energy

of the L-shell electron (we used the values given by the de
Alti and Decleva' ). 0 L is the measured ionization cross
section, Z& is the atomic number of the projectile, E is
the energy of the He ion, and A. is the ratio of the He-ion
mass to that of the electron. The purpose of the scaling is
to examine the target-atom Z2 dependence of the L-shell
ionization cross sections. The solid curve in the 6gure is
the BEA theoretical dependence given by Hansen.

FIG. 6. Same as Fig. 5 for Si and that the experimental mea-
surements for Si are made in SiH4 gas.

IV. DISCUSSION

It is seen from Fig. 2, that within experimental error,
the experimental L-shell ionization cross sections of Ar
produced in this laboratory are in good agreement with
those measured by Watson and Toburen and by Maeda
et al. ' They are also in fair agreement with the
ECPSSR theory for the entire energy range given in the
6gure. In contrast, the experimental cross sections of Ar
deviate considerably from the PWBAR predictions at
lower He+ ion bombarding energies [0.07 + EH, / A

(MeV/amu) =0.15].

60-
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EHe/XUL

5.0

O.OI O.l

E/A (MeV/amu)

FIG. 5. Same as Fig. 4 except for P and that the cross sec-
tions is in 10 ' cm and that the experimental measurements
for P are made in PH3 gas.

FIG. 7. Experimental L-shell ionization cross sections of Si,
P, S, Cl, and Ar scaled according to BEA theory. The solid
curve represents the BEA predictions by Hansen (Ref. 29) and
the solid squares are the experimental measurements of He in

Ar by Stolterfoht et al. (Ref. 9).
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The experimental Ar L-shell ionization cross sections
by Watson and Toburen and by Maeda et al. ' are for
doubly charged He +, while the Ar measurements in this
laboratory and those of Stolterfoht at 600 keV are for
singly ionized He+. One might have a priori anticipated
a lower L-shell ionization cross section for the singly
charged ions than for the doubly charged ions because
the bound electron in He+ would screen the He nuclear
charge. The results in Fig. 2, however, indicate good
agreement between the singly and doubly charged He
measurements. A similar behavior occurred between
singly and doubly charged 600-keV He ions in K-shell
ionization of carbons in CH4 and CzH6 measured, respec-
tively, by Stolterfoht and by Watson and Toburen. An
explanation for this is as follows. First, the He ion,
whether singly or doubly charged, must be sufficiently en-
ergetic to penetrate the Ar L-shell or the C K-shell target
atom. 0.6-to 2.0-MeV He ions are easily able to do this
because their velocities are of the same magnitude as the
C E-shell ionization energy (290 eV) and Ar L-shell ion-
ization energy (265 eV). 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 and that of the C K
shell is 0.734X10 " m, with corresponding areas, re-
spectIvely, of 22. 1 X 10 m, 7.45 X 10 m, and
1.69X10 m . Thus, the effective area of the He+ ion
is three times larger than that of the Ar L shell and 13
times larger than that of the C K shell. What this means
is that the Ar L shell and C K shell will see essentially the
doubly charged nucleus of the penetrating He ion, there-
by resulting in an Ar L-shell and C K-shell ionization
cross section that is the same for both doubly and singly
charged He ions at these MeV energies.

It is surprising that the experimental L-shell ionization
cross sections for Cl (Fig. 3) produced in this laboratory
are nearly 2.5 times lower than the experimental values
given by Maeda et al. ,

' but are only about 40% lower
than the ECPSSR theoretical predictions and about 30%
lower than the PWBAR predictions at higher He+ ion
bombarding energies. The values of Maeda et al. ' are
about 60% higher than the same theoretical predictions
and have errors of about 50% which are over twice the
errors we have in the present measurements. They also
used the gas molecule CC12F2, which are more screening
and chemical-binding effects for Cl LMM Auger electron
emission than would be expected from the gaseous
methyl chloride CH3Cl employed in the present experi-
ment. Nevertheless, we measured the Cl LMM Auger
yield from CC12F2 under 1.2-MeV He+ ion bombardment
and found that the Cl L-shell ionization cross sections
from CC12F2 and CH3C1 are the same within experimen-
tal error. We do not believe the difference could be
caused by the fact that they used doubly charged He +

ions while we used singly charged He+ ions, because our
calculations for Cl based on considerations given in the
previous paragraph indicate that at MeV He energies the
charge state of the He ion does not affect the L-shell ion-
ization cross sections. We do not know why their values
are so high, but would like to emphasize that our L-shell
ionization cross sections for Cl follow the general trend
predicted by the ECPSSR theory but deviate from the

PWBAR theory at lower He+ ion energies.
From Fig. 4 it is seen that the experimental L-shell ion-

ization cross sections of S are about 34% below the
ECPSSR theoretical values and about 30% below the
PWBAR theory at higher He+ energies. At lower He+
ion bombarding energies the experimental cross sections
deviate to a greater extent from the PWBAR values.
Both S and Cl L-shell ionization cross sections follow the
general trend of the ECPSSR theory for the energy-mass
range from 0.1 to 0.5 MeV/amu.

At lower He+ ion bombarding energies, the experi-
mental L-shell ionization cross sections of P have closer
agreement to both ECPSSR and PWBAR theories. At
higher He+ energies, however, these cross sections devi-
ate from both theories by 45% (ECPSSR) to 33%
(PWBAR). From Fig. 6 it is seen that the experimental
L-shell ionization cross sections of Si are about 43% and
62% lower than the ECPSSR theoretical value and about
25% to 53% lower than the PWBAR predictions, with
the largest deviation occurring at the higher energies.
Since the He+ ion energy range in this study covers only
the peak region of the P and Si ionization cross-section
curves, it is difficult to make any conclusion about the
general trend of the experimental curves for P and Si. As
can be seen from Figs. 5 and 6, however, the experimen-
tal ionization cross sections of P and Si fall off more rap-
idly at higher He+ ion bombarding energy than the
theoretical predictions of both ECPSSR and PWBAR
theories. The L-shell ionization cross sections of Ar for
H+ ion bombardment near and into the peak region of
the cross section curve measured by Maeda et al. ' are
seen in Ref. 1 also to fall off more rapidly than the
ECPSSR predictions. Our recent preliminary measure-
ments of the Ar and Si L-shell ionization cross sections
produced by 0.4- to 2.0-MeV proton bombardment also
show this rapid fall in cross section over the peak region
of the cross section curve.

In Fig. 7, in which the experimental measurements are
scaled according to the BEA predictions of Hansen, all
measurements are from 17% to 64% below the theory.
For the region from 0.7 &E„+/A, Ut (1.75, the experi-

mental L-shell ionization cross sections for all five ele-
ments fall upon a single curve within experimental error,
but generally about 37% below the BEA formalism.
Thus, no Zz dependence seems to exist in this region.
For E /A, UI (0.7, the Si, P, and Ar values follow the

general BEA trend, but the S and Cl values fall off more
rapidly, thereby indicating a possible Z2 effect. Such an
effect, however, is puzzling since S and Cl are adjacent in
the Periodic Table, and one might have expected the Ar
values to be closer to S and Cl than to Si and P.

One should not expect to obtain a pure atomic cross
section from an atom in a molecular environment because
of possible molecular effects. In a target molecule, the
outer-shell electrons of the target atom are bound to the
secondary atoms in the molecule thereby reducing the
probability of ejection of the Auger electrons. For the
hydrogen-containing molecules involved in this experi-
ment, one might anticipate not-too-large an effect from
chemical binding because of the intermediate electrone-
gativity of hydrogen. We have previously studied'
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molecular effects in carbon KLL Auger emission in a
series of carbon-containing molecules where we found
32% less carbon Auger-electron production in CF4 than
in CH4, and interpreted the results in terms of inelastic
scattering of the Auger electrons by the secondary atoms
in the molecule. A calculation based on the approach
used there gives an estimate of molecular effects to be
4%, 5%, 6%, and 10%, respectively, for H2S, PH3, SiH4,
and CH3Cl. The calculation involves the use of covalent
atomic radii and interatomic distances tabulated in Ref.
33. These estimated molecular effects would seem
reasonable based upon an increasing value for greater hy-

drogen (and Cl) content in the molecule.
As explained earlier, our experimental L-shell ioniza-

tion cross sections are made relative to the experimental
L-shell ionization cross section of Ar at 600-keV He ion
bombardment by Stolterfoht et al. This reference cross
section is 25%%uo below the ECPSSR theoretical prediction.
If the Ar cross section at 600-keV He+ ion energy agreed
completely with the ECPSSR theory, the cross sections
reported in this article would be only 20% or less below

the ECPSSR theory.
In conclusion, the experimental L-shell ionization cross

sections of Cl, S, P, and Si in the molecules CH3C1, H2S,
PH3, and SiH4, respectively, are 30%%uo to 60% lower than
the ECPSSR theoretical predictions, while the L-shell
ionization cross sections of Ar are close to the ECPSSR
theoretical prediction roughly within the experimental
error. We have discussed molecular effects and possible
anisotropic Auger emission that could cause a lower L-
shell ionization cross section than the theory for Cl, S, P,
and Si.
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