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Charge-state dependence of fluorine-projectile K Auger-electron production
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The K Auger-electron production cross sections of fluorine produced in collisions with thin
helium- and neon-gas targets were obtained for incident fluorine ions of charge states q =2 to q =8
and incident energies of 6, 9, 12, and 15 MeV. The cross sections were measured with an electrostat-
ic cylindrical mirror electron analyzer. The Auger transitions for the lower-charge states (q (5) are
from fluorine states created by ionization and excitation, but, for q=6, are from fluorine states
created primarily by excitation. For the higher-charge states (q =7 and 8), single and double elec-
tron capture to excited states lead to the creation of autoionizing fluorine states.

I. INTRODUCTION

During the last few years, the cross sections for the
three processes of E-shell ionization, K to I.,M, X, . . . ex-
citation, and electron capture for several atomic systems
have been separately obtained by measuring the projectile
E x rays with sufficiently high resolution to separate the
different final states produced by the three processes. ' In-
itial cross-section measurements were performed for
the asymmetric system of F~++He for q=2—9. More
recently cross sections were measured ' for the nearly
symmetric case of F ++Ne. These measurements pro-
vide a rather unique set of data in which the cross sections
for projectile excitations have been measured as a function
of the number of electrons on the projectile for a fixed nu-
clear charge. The ionization and excitation cross sections
for the asymmetric case are understood from perturbative
theories whereas those for the nearly symmetric case are
not presently explained.

In order to investigate this problem in more detail, the
present paper extends these measurements to the study of
E Auger-electron emission from the projectile. Several
problems must be dealt with when studying projectile
Auger electrons. A shift of the spectra to higher energies
is observed as the projectile energy increases due to the
added velocity imparted to the electrons by the emitting
projectiles. Also, as the projectile energy increases, or the
incident charge state decreases, an exponential "back-
ground" of 5 electrons becomes prominent. Finally, an
increase in the observed peak width (i.e.,
kinematic broadening) occurs as the projectile energy in-
creases.

The E Auger-electron spectra for Fq++He and Ne at
6, 9, 12, and 15 MeV for q=2 —8 and the corresponding
E Auger-electron production cross sections have been
measured in the present work. One of the interesting ob-
servations in these measurements was a very clean (i.e., al-
most free of background 5 electrons) three-electron (Li-
like) series resulting from the decay of autoionizing states.
This observation was made possible by the fact that an ap-
preciable fraction ( —20%%uo) of the F + was in the
ls2s( S) metastable state. Thus the F + spectra were due
to autoionizing states produced by single-electron capture

to excited states of the metastable component of the
beam.

II. EXPERIMENTAL TECHNIQUE

The experiment was performed at the James R. Mac-
donald Laboratory at Kansas State University using an
EN tandem Van de Graaff accelerator. The projectile E
Auger-electron measurements were performed using an
electrostatic cylindrical mirror analyzer to detect electrons
emitted at 42 in the laboratory frame under the assump-
tion that the emission is isotropic in the projectile's rest
frame. A general discussion of the experimental tech-
niques and procedure has been presented in detail in a pre-
vious paper in which the F + projectile K-Auger spectra
and their corresponding cross sections were presented. In
addition, the method of analysis as well as the particular
problems inherent in the study of projectile Auger emis-
sion (e.g. , Doppler shift of the spectral lines) have also
been discussed in the previous paper. These items, there-
fore, are mentioned only in passing here.

III. DISCUSSION

The charge-state dependence of the fluorine lC Auger-
electron spectra for 9-MeV Ft++He (q =2—8) is shown
in Figs. 1 and 2. The exponentially decreasing back-
ground observed in Fig. 1 is associated with 5 electron
emission. 5 electrons are electrons scattered or "knocked
off," mostly in the forward direction, during an ion-atom
collision and, thus, the relative intensity or number of
electrons so scattered is expected to vary in proportion to
the number of electrons available to scatter. From Fig. 1,
it can be seen that the 6 electron intensity does indeed de-
crease as the available number of electrons in the system
decreases or as q increases. Furthermore, it is seen that
the intensity of the 5 electron background decreases
dramatically from the q =6 case in Fig. 1 to the q =7
case in Fig. 2. Granting that the number of target elec-
trons available to scatter remains the same for both cases
( q =6 and 7) and that the number of electrons available
from the projectile differs only by one, the large decrease
in the intensity of the 5 electrons is due to the internal
atomic structure of the projectile. The ground-state con-
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FIG. 1. The charge-state dependence of 9-MeV F~++He
spectra in the laboratory frame is shown for q =2—6.
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FIG. 2. The charge-state dependence of 9-MeV F~++He
spectra in the laboratory frame is shown for q =7 and 8.

figuration for F + is 1 s 2s, while the ground-state config-
uration for F + is Is . For both charge states, the 1s
electrons are relatively tightly bound to the projectile, but
the 2s electron of F + is relatively loosely bound to the

projectile and thus is expected to be "knocked off" easier
than the Is electrons. It can therefore be concluded from
the relative intensities of the 5 electrons in Figs. 1 and 2
that, for the most part, the 5 electrons were originally
loosely bound projectile electrons.

For a single E vacancy in an ion to decay via an Auger
transition, the ion must have at least two electrons in ex-
cited states. Ion configurations having a single X vacan-
cy and at least two electrons in an excited state can be
produced, depending on the initial charge state of the ion,
by electron excitation, ionization, or capture processes.
For the case of F + (cf. Fig. 2), these configurations and
the resulting spectrum can be produced if the fluorine
projectile undergoes single electron capture of a target
electron into an excited state of the metastable projectile.
The F+F spectra was discussed in more detail in previous
papers. ' These same configurations, resulting in the cor-
responding spectrum in Fig. 2, can be produced with a
FS+ projectile if the projectile undergoes double electron
capture from the target into excited states of the projec-
tile.

Since the projectile ions illustrated in Fig. 1 have no ini-
tial K vacancy, simple capture of an electron into an ex-

f
cited state will not result in a E-Auger transition The
ore, for charge states of q =2 through q =6, either exci-

tation or ionization of a E-shell electron is necessary to
produce a K-Auger spectrum. A comparison between
Figs. 1 and 2 shows that the F + spectrum, without the
large 5 electron background, strongly resembles the F +

and F + spectra in Fig. 2 and should arise from the same
configurations. The necessary configurations are pro-
duced in F + by excitation of a single K-shell electron.
Note that single K-shell ionization will not lead to au-
toionizing states for this charge state.

Excitation of a single IC-shell electron can produce a
IC Auger transit-ion for the remaining charge states of
fluorine as well (i.e., q &6), but the competing process,
ionization of a single E shell -electron, also produces con-
f'igurations for these charge states which can result in a
IC-Auger transition. In particular, if F + undergoes ioni-
zation of a single IC-shell electron, the same configura-
tions resulting in the spectra of Fig. 2 can be produced
and peaks corresponding in electron energy to the peaks in

Fig. 2 are seen. The charge-state dependence of the cross
sections for single E-shell electron ionization and single
E-shell electron excitation in fluorine has been previousl

2
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studied by Tawara et al. It was shown that the ratio of
the E-shell excitation process to the E-shell ionization
process decreases as the incident projectile charge state de-
creases. Thus E-shell ionization is more important for
the lower charge states while K-shell excitation is more
important for the higher charge states.

The charge state dependence of the projectile E-Auger
production cross sections is shown in Fig. 3 for the cases
of 9-MeV &++He and 9-MeV W++Ne and are
representative of the charge-state dependences at other
projectile energies. The lines are to guide the eye, with the
horizontal lines being, in each case, the weighted average
of the cross sections for the charge states q =2 through
q=6. The cross sections for the charge states q=2
through q =5 are the sum of the K-shell ionization cross
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FIG. 3. The incident charge-state dependence of 9-MeV F~+
K-Auger production cross sections is shown for helium and
neon gas targets. The lines are drawn to guide the eye.
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section, which is decreasing with increasing charge state,
and the E-shell excitation cross section, which is increas-
ing with increasing charge state. The trend of the
charge-state dependence shown in Fig. 3 bears a strong
resemblance to the charge-state dependences of previously
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FIG. 5. The energy dependence of F'+ K-Auger production

cross sections for helium and neon gas targets are compared to a
PWBA calculation and a PWBA calculation including binding,
Coulomb deflection, and relativistic effects (PWBABCR). The
dashed line is the molecular orbital (MO) prediction using the
rotational-coupling model of Taujibjerg et ai. (Ref 18).
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measured K x-ray cross sections. " The major differ-
ence is the E Auger produ-ction cross section for the in-
cident one-electron ion which is much smaller than that
for the two-electron ion. For the x-ray case, single cap-
ture into an excited state of a one-electron ion can result
in a K x-ray transition but not in a E-Auger transition.
Double capture to an excited state, a process with a much
lower probability than single capture, ' can result in a E-
Auger transition.

A comparison between the K-Auger and E x-ray pro-
duction cross sections for 15-MeV F~++He (q=2—6) is
presented in Fig. 4. Since the error in the 15-MeV F +

data is larger than the errors in the data for the other pro-
jectile energies in this study, the K-Auger production
cross sections are extrapolated from the energy depen-
dences of the various fluorine incident charge states. The

)O-20

K-AUGER PRODUCTION

e K X-RAY PRODUCTION

TABLE I. Average fluorescence yields ()&100) for various
incident charge states, q, of F~+ ions corresponding to some
average emitting charge state.

co,„p,(q) pt( q ) /~th( q )

IO-21 I I I I I I

2 3 4 5 6 7
INCIDENT CHARGE STATE ( q)

FIG. 4. The incident charge-state dependences for the E-
Auger production and the E x-ray production cross sections are
shown for 15-MeV F~++He.

2
3
4
5
6

2.09
3.09
3.99
5.12

13.5

2.69
3.86
6.65

11.0
18.6

0.78
0.80
0.60
0.47
0.73

'Calculated from values of co,I,(q, ) for a specific emitting
charge state, q, , found in Ref. 2.
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FIG. 6. The energy dependence of F'+ K-Auger production
cross sections for helium and neon gas targets are compared to a
PWBA calculation and a PWBA calculation including binding,
Coulomb deflection, and relativistic effects (PWBABCR). The
dashed line is the molecular orbital (MO) prediction using the
rotational-coupling model of Taulbjerg et al. (Ref. 18).
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E x-ray production cross sections are from Tawara et al.
and correspond to the x-ray decay of those configurations
of fluorine which can also produce a K-Auger electron.
From the cross sections of Fig. 4, the average fluorescence
yield can be calculated for each incident charge state us-

ing the equation

o.„(q)
o„(q)+o~(q) '

where o„(q) is the K x-ray production cross section and
o~(q) is the corresponding K-Auger production cross sec-
tion for a given incident charge state q. The values of
co,„~,(q) are tabulated in Table I for each incident charge
state along with the estimated theoretical fluorescence
yields, co,h(q) and the ratio co,„~,(q)/co, h(q). The predicted
fluorescence yields, co,h(q), were estimated from the values
for the configuration averaged fluorescence yield for a

Ip-19 I I I I I

6 9 l2 18
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FIG. 7. The energy dependence of F + K-Auger production
cross sections for helium and neon gas targets are shown. The
cross sections are a measure of double electron capture to excit-
ed states of fluorine.
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specific emitting charge state, co,h(q, ), and are defined
by the relation

where cr„(q, ) represents the K x-ray production cross
section for a given emitting charge state, q, . As can be
seen in Table I, co,„~,(q) is consistently smaller than co,h(q)
by as much as -50% for q =5 and as little as -20% for
q =3. The differences may be due to a systematic error
artificially raising the E-Auger production cross sections
or lowering the K x-ray production cross sections, thus
making co,„~,(q) too small. On the other hand, the config-
uration averaged fluorescence yields co,h(q, ) used to cal-
culate co,h(q) may be too large. Overall, the agreement be-
tween co,„~,(q) and co,h(q) is reasonable.

The energy dependences of the E-Auger production
cross sections for F + and F + projectiles incident upon
both target gases (i.e., He and Ne) are presented in Figs. 5

TABLE II. Fluorine K-Auger production cross sections in units of 10 ' cm for Fq++He.

3 MeV

0.53+0.19

6 MeV

2.35+0.51
0.97+0.36
1.33+0.57
1.70+0.66
0.89+0.25
1670+825

9 MeV

2.11+0.86
1.70+0.86
3.02+ 1.31
3.35+1.37
2.14+0.88
303+ 166

26.5 +10.7

12 MeV

3.82+ 1.65
2.62+ 1.10
2.69+ 1.16
3.77+2.40
2.09+ 1.01
77.0+42.3
5.51E2.53

15 MeV

2.27+0.90
4.96+2.26
8.39+5.42
4.22+4. 26
34.2+19.2
5.17+3.94
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TABLE III. Fluorine K-Auger production cross sections in units of 10 ' cm for F~++Ne.

6 MeV

1.38+0.41
1.44+0.65
1.73+0.69
1.60+0.62
1.55+0.61
434+ 170
84.8+25.9

9 MeV

1.18+0.60
1.33+0.65
1.31+0.93
1.29+0.69
1.59+0.84
147+ 69. 1

36.7+ 17.7

12 MeV

1.31+0.54
0.98+0.56
1.28 +0.87
8.69+5.45
46.2 +24.3
9.38k4. 88

15 Mev

3.19+1.84
1.34+0.80
1.44+0.99
1.69+0.82
20.5%10.8
3.79%2.17

and 6, respectively, and are representative of the energy
dependences for the charge states (q =2—6). Also plotted
for comparison are two plane-wave Born calculations for
each system: a plane-wave Born approximation' (PWBA)
and a PWBA calculation with binding, Cou-
lomb deflection, and relativistic corrections added
(PWBABCR). ' ' In both figures, the helium data,
within the errors, fall between the two calculations. It
should be remembered that the two calculations are for
K-shell ionization, whereas, the experimental cross sec-
tions for both charge states contain some contribution
from K-shell excitation. If excitation were included, the
calculations would predict larger cross sections than de-
picted in Figs. 5 and 6. The increase would be larger in
the F + case than in the F + case.

The K-Auger production cross sections for F + and
F + on neon display a flatter energy dependence over the
observed energy range than the helium data, whereas, the
PWBA calculations indicate that the energy dependence
should be much steeper. The E excitation of the nearly
symmetric system of fluorine on neon is not expected to
follow a perturbative theory, but rather should follow a
molecular excitation theory. Neon K-shell excitation in
the fluorine on neon case has been studied by Woods
et al. ' and Hagmann et al. ' The total cross section, as
well as the impact parameter dependence, is in good
agreement with the rotational-coupling model prediction
of Taulbjerg et al. ' with an occupation number, n of
-0.35 for the 2pn, molecular orbital. The relative K-
vacancy production cross sections for fluorine and neon
can be deduced from the K-vacancy sharing model of
Meyerhof. ' The resulting predicted cross section is in ex-
cellent agreement with the present data over the energy
range of 6—15 MeV as shown in Figs. 5 and 6. The
predicted molecular orbital cross section drops rather
abruptly below 2 MeV bombarding energy.

Figure 7 presents the energy dependences of the E-
Auger production cross sections for F + on both helium
and neon. The K-Auger production cross sections in Fig.
7 are for double electron capture forming doubly excited
states of F +. These energy dependences follow those of
single electron capture very well ' and match the double
electron capture results obtained by a final charge-state
analysis. ' For completeness, the fluorine K-Auger pro-

duction cross sections, including errors, are presented in
Table II for helium and in Table III for neon. The helium
data are in units of 10 ' cm, while the neon data are in
units of 10 ' cm .

IV. CONCLUSION

The fluorine projectile K Auger-electron production
cross sections in ion-atom collisions have been measured
for a variety of incident charge states and incident ener-

gies and for two target gases. These data extend the pre-
vious work of Woods et al. ' to higher charge states. The
incident charge state dependence of the projectile K Auger
cross sections was found to closely resemble the charge-
state dependence of corresponding x-ray measure-
ments. " The only major difference was for the in-
cident one-electron ion (q =8) where double capture is
necessary to produce a E-Auger satellite while, in the x-
ray case, single capture is sufficient to produce a K x-ray
satellite. For q(6, the differences between the Auger
measurements and the x-ray measurements were assumed
to be due to the incident charge-state dependence of the
average fluorescence yields. The average fluorescence
yield as a function of incident projectile charge state was
determined by combining the Auger and x-ray measure-
ments for 15-MeV fluorine and compare reasonably well
with theoretical calculations.

The energy dependences of the projectile K-Auger pro-
duction cross sections were almost identical for fluorine
charge states of q=2—6. Furthermore, for the helium
target, the energy dependence of the K-Auger production
cross sections agreed well with a simple PWBA calcula-
tion' and a PWBA calculation with binding, Coulomb
deflection, and relativistic corrections included. ' ' For
the nearly symmetric case of fluorine on neon, the magni-
tude and energy dependence of the cross sections agree
quite well with the rotational-coupling model of Taulbjerg
e~ al. "
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