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Fluorine Auger-electron production in collisions of H1 and Li21 with fluorocarbon targets
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~Received 22 June 1999!

Relative and absolute cross sections are presented for fluorineKLL Auger-electron production in collisions
of 2.0-MeV H1 and 0.5-MeV/amu Li21 with various fluorocarbon targets. Auger yields were measured
for molecular targets of CH3F, CH2F2 , C2H2F2 , CHF3 , CF4 , C2F6, and C4F8. The fluorine Auger
cross sections for these collision systems were found to be independent of the chemical environment, i.e.,
the atomic cross sections were found to obey additivity for these molecules. This is in contrast to recently
reported fluorineK-shell ionization cross sections found for He1 impact on fluorocarbon targets, where the
atomic cross sections were found to differ by up to a factor of 3.@S1050-2947~99!50212-6#

PACS number~s!: 34.50.Fa, 34.50.Gb, 32.80.Hd
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The effect of the chemical environment on atomic co
sion processes, important for applications such as pla
chemistry and material processing, has been studied ex
sively over the past several decades. In fast ion-molec
collisions, collision processes have generally been descr
in terms of the additivity rule, where the total cross sectio
for the molecule are simply the sum of the cross section
the constituent atoms~see, for example, Refs.@1–5#!. In
practice, additivity is used to determine atomic cross secti
from molecular targets since few elements exist monoato
cally.

Departures from additivity have been investigated
various collision processes in several ion-molecule collis
systems. For charge transfer, corrections for multiple co
sions of a projectile ion within a single molecule have be
found to be important for determining electron-capture cr
sections in collisions of protons with various hydrocarbo
@6–8#. An intramolecular scattering model was developed
account for projectile-electron loss occurring subsequen
capture within the molecule. The corrections to the de
mined atomic cross sections were found to be as large
25% in the regime wherescapture!s loss.

Additivity failure has also been observed in atom
Auger-electron production cross sections from molecular
gets@1,9,10#. Again, intramolecular multiple scattering wa
found to play an important role. In this case, inelastic sc
tering of the Auger electron by the constituent atoms of
molecule accounted for up to a 30% difference in the yie
per atom between various molecular targets. Conseque
accurate determination ofK-shell ionization cross section
from Auger-electron yields required including multiple
scattering effects.

While chemical effects have been found to affect atom
cross sections in ion-molecule collisions significantly,
general these effects have been observed to exist in the r
of approximately 30% or less. In contrast, recent meas
ments of cross sections using fluorocarbon targets sho
dramatic departures from additivity, where fluorineK-shell
ionization cross sections were reported to differ by as m
as a factor of 3 for He1 bombardment of C2H2F2 , C2F6, and
C4F8 @11#. To explore this effect further, we have measur
relative and absolute cross sections forKLL Auger-electron
PRA 601050-2947/99/60~6!/4213~4!/$15.00
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production for collisions of 2.0-MeV protons and 0.5 MeV
amu Li21 ions incident on various fluorocarbon targets.

The measurements were performed using the 2-MV t
dem Van de Graaff accelerator at East Carolina Univer
~ECU!. For each experiment, negative H or Li ions we
extracted from a cesium-sputter ion source and injected
the accelerator. The H1 or Li21 ion beam from the accelera
tor was momentum analyzed, collimated, and directed int
scattering chamber. Doubly differential cross sections
electron emission were measured using an analysis sy
on loan to ECU from Pacific Northwest National Laborator
This system has been described in detail previously@12#,
having been used by Toburen, DuBois, and co-workers
over 20 years. Briefly, this system consists of a magnetic
shielded chamber with external Helmholtz coils for minimi
ing the magnetic field in the chamber. The ion beam, hig
collimated by entrance apertures into the chamber, pas
through a target-gas interaction region and was collected
Faraday cup. The target gas was injected into the interac
region through a collimated-holes structure with a 100
length-to-diameter ratio. The gas inlet pressure behind
collimated-holes structure was held constant using
capacitance-manometer-controlled automatic leak va
Typical inlet pressures of 100 to 200mm were chosen to
insure single-collision conditions for the target density in t
interaction region. At these inlet pressures, the collisio
chamber pressure was<1025 Torr.

Electrons emitted in collisions of the ion beam with th
target were electrostatically analyzed using a cylindric
mirror analyzer and detected by a channel electron mu
plier. Electron-energy spectra were acquired by stepping
analyzer voltage, and thus the electron pass energy, with
integrated beam current. The analyzer was rotated abou
interaction region and spectra were recorded from 10°
140° with respect to the incident beam direction in 5° a
10° intervals. The energy and angular resolution of the a
lyzer was approximately 3.5% and 2°, respectively. Elect
yields as a function of electron energy and emission an
were measured for collisions of 2.0-MeV H1 and 3.5-MeV
Li21 ions incident on fluorocarbon targets of CH3F, CH2F2 ,
C2H2F2 , CHF3, CF4 , C2F6, and C4F8 for electron energies
up to 800 eV, well above the F Auger peak.
R4213 ©1999 The American Physical Society
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Relative doubly differential cross sections at a given t
get pressure were determined from the electron yields. N
malization for the target density was accomplished by in
grating the doubly differential cross sections over emiss
angle and comparing the resulting singly differential cro
sections to the Rutherford energy-loss cross section. T
method is based upon the premise that the continuum e
tron yields in collisions of fast protons with atoms and m
ecules are accurately predicted by the Rutherford energy-
cross section at sufficiently high electron energies@13–17#.
Using this technique, the effective target density is de
mined directly from the continuum electron yield, and do
not rely on assumptions of the dynamic target pressure in
beam-target interaction region.

In this method, relative doubly differential cross sectio
at a given target-gas pressure were determined from the
tron yields and the integrated beam current, correcting
the electron-energy dependence of the channeltron dete
efficiency and for the dependence of the solid angle and
fective target thickness on the emission angle:

s rel~e,u!5
Ne

Npedeff~e!V l ~u!
,

whereNe and Np are the number of detected electrons a
incident protons, respectively, ande is the electron energy
The correction for solid angle and effective target leng
V l (u), was determined by measuring theK-Auger yields
from neon, oxygen, and nitrogen targets, assuming isotro
emission. The channeltron detection efficiencydeff(e) was
taken from previous measurements of the efficiency@18#,
which was found to be unity for electron energies up to 6
eV, then decreased linearly to 78% at 2200 eV. It may
noted that the final cross-section values are relatively ins
sitive to the value of the efficiency. Integrating the relati
doubly differential cross sections over the emission an
gives the relative singly differential cross sections,

s rel~e!52pE
0

p

s rel~e,u!sinudu.

The singly differential cross sections were then norm
ized to the Rutherford energy-loss cross section, scaled
the number of electrons in the target molecule. The Ruth
ford cross section~per electron! is given by

dsR

dE
5

4pa0
2Z2

T

R2

E2 ,

wherea0 is the Bohr radius,Z is the projectile charge,R is
the Rydberg energy,T is the reduced projectile energy, andE
is the energy transferred to the electron@19#. The reduced
projectile energy is equal to12 mv2, wherem is the electron
mass andv is the incident projectile velocity. For our pur
poses, we have taken the energy loss as the electron en
minus the first ionization potential of the target,E5e2I .
Since the Rutherford cross section is defined per electron
ratio of the measured singly differential cross sections to
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Rutherford cross section should be a constant, equal to
number of electrons in the target molecule~where the Ruth-
erford cross section is valid, at high electron energies!. This
ratio is shown in Fig. 1 as a function of energy loss f
CHF3. It can be seen that forE/R values greater than ap
proximately 60~corresponding toe>800 eV), the ratio is
constant. This gives then the absolute normalization for b
the singly and doubly differential cross sections.

The fluorine KLL Auger cross sections for the variou
fluorocarbon targets were determined from the absolute d
bly differential cross sections taken in high resolution
110° emission angle. A typical spectrum, along with the
to the continuum electron yield in the region above and
low the F Auger peak, is shown in Fig. 2 for 2-MeV proton
incident on C4F8. The total cross section per molecule w
found by subtracting the continuum electron intensity in t
region of the peak, integrating over energy, and multiplyi
by 4p steradians~assuming isotropic emission!. Dividing by
the number of fluorine atoms in the molecule then gives
total cross section per atom. Table I lists the cross sect
for fluorine KLL Auger-electron production per F atom
found for the various fluorocarbon targets.

FIG. 1. The ratio of the measured singly differential cross s
tion to the Rutherford energy-loss cross section plotted as a func
of the energy loss for a 2.0-MeV proton incident on CHF3.

FIG. 2. Doubly differential cross section for electron emissi
in collisions of 2.0-MeV H1 with C2F6. The solid line is the fit to
the continuum-electron yield in the region of the F Auger peak.
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Since the fluorescence yields for second-row elements
less than 1%, direct comparison can be made between
Auger yields andK-shell ionization cross sections. The ge
eral trend found by Ghebremedhinet al. @11# showed a de-
creasingK-shell ionization cross section with the increasi
number of fluorine atoms in the target molecule for H1

impact on C2H2F2 , C2F6, and C4F8. For 0.5-MeV/amu He1

impact, the cross sectionper fluorine atomdiffered by more
than a factor of 2 for C4F8 and C2H2F2. Included in these
results were corrections for intramolecular secondary sca
ing of the Auger electron. This effect was calculated to b
5–10 % correction to the cross sections, and did not acco
for the large variation between molecules. For the equ
velocity system reported here, 0.5-MeV/amu Li21, the mea-
sured cross sections for fluorineK-Auger yields do not show
a statistically significant dependence on the molecular ta
involved in the collision.

Presumably, secondary scattering of the Auger elec
from Li21 impact should be similar to that for He1 impact.
Even so, since Li21 ions are more perturbing to the targ
than He1, possible differences in the measured elect
yields conceivably could arise from the interaction of t
various molecules with the two different projectile ion
Greater fragmentation of the larger molecules by Li21 could
produce a different molecular dependence in the cross

TABLE I. Cross sections for F Auger-electron production
collision of 2-MeV H1 and 3.5-MeV Li21 with fluorocarbon targets
in units of 10219 cm2. Error bars given are for relative uncertain
ties only. Absolute errors are 30%.

s s
Target 2-MeV H1 3.5-MeV Li21

CH3F 1.3160.16 6.9960.98
CH2F2 1.5660.19 6.7860.95
C2H2F2 1.4760.18 7.1060.99
CHF3 1.3660.16 6.6660.93
CF4 1.5860.19 6.5060.91
C2F6 1.6560.20 8.1361.14
C4F8 1.5060.18 7.3660.88
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tions than He1. To investigate this possibility, 2.0-MeV pro
tons were chosen to produce inner-shell ionization t
would provide the least perturbation on the molecule~some-
times referred to as needle ionization!. These results, as see
in Table I, also do not show a significant dependence on
molecular environment of the target. The observed target
pendences for both collision systems of the present work
illustrated in Fig. 3, where the cross sections are presente
a function of the number of fluorine atoms in the target m
ecule.

In conclusion, we have presented the cross sections
fluorine KLL Auger-electron production measured for col
sions of 2.0-MeV H1 and 0.5-MeV/amu Li21 with various
fluorocarbon targets. The Auger yields per fluorine ato
were found to be independent of the molecular environm
of the fluorine for these collision systems. These results
in contrast to recently reported cross sections for He1 impact
on fluorocarbon targets.

This work was supported in part by the Research Cor
ration.

FIG. 3. Cross sections for F Auger-electron production in co
sions of 2-MeV H1 and 3.5-MeV Li21 with CH3F, CH2F2 ,
C2H2F2 , CHF3 , CF4 , C2F6, and C4F8, plotted as a function of the
number of fluorine atoms in the target molecule. Error bars sho
are for relative uncertainties only. Absolute errors are 30%.
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