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K-shell ionization cross sections induced by 1.1-8-MeV oxygen ions in Al, Si, S, Ca, and Zn were mea-
sured using different target thicknesses. The cross sections for vanishingly thin and for charge-
equilibrium targets were obtained by extrapolation. The experimental results are compared to the per-
turbed stationary-state approximation with energy-loss, Coulomb, and relativistic corrections (ECPSSR)
cross sections [Brandt and Lapicki, Phys. Rev. A 23, 1717 (1981)], to the modification of the ECPSSR
theory (MECPSSR) [Benka, Geretschliger, and Paul, J. Phys. (Paris) Collog. Suppl. 12, C9-251 (1987)],
to the theory for direct Coulomb ionization of the 1so molecular orbital [Montenegro and Sigaud, J.
Phys. B 18, 299 (1985)], and to several semiclassical approximation codes using either the united atom
binding procedure or the variational approach of Andersen et al. [Nucl. Instrum. Methods 192, 79
(1982)]. The cross sections were also compared to the statistical molecular-orbital theory of inner-shell
ionization for (nearly) symmetric atomic collisions [Mittelman and Wilets, Phys. Rev. 154, 12 (1967)].
For fast collisions (£~1), the ionization cross sections are well reproduced by theories for direct
Coulomb ionization. For slower collisions (£ < 1), the experimental cross sections are systematically
higher than the direct-ionization values, but they agree satisfactorily with the summed cross sections for
direct Coulomb ionization and for molecular-orbital ionization. Best agreement (within a factor of 2)
was found for the sums of MECPSSR and statistical cross sections.

PACS number(s): 34.50.Fa

I. INTRODUCTION

Ionization of K-shell electrons by ion impact is dom-
inated by two main mechanisms which depend on the
collision symmetry (i.e., the ratio of projectile and target
atomic numbers, Z, /Z,), and on the scaled projectile ve-
locity v, /v, (where v, is the projectile velocity and v,
is the K-electron velocity of the target atom [1]). For
asymmetric collisions (Z,/Z, <<1) where v;/v,x>1,
target K electrons may be treated as independent parti-
cles, and first-order theories with screened hydrogenic
wave functions may be applied. Furthermore, second-
order corrections, e.g., corrections for binding, for
Coulomb deflection, and for relativistic motion of the tar-
get electrons, make these theories also applicable to more
symmetric and to slower collisions. On the other hand,
ionization in collisions where Z,/Z,~1 may be de-
scribed by electron promotion between transient quasi-
molecular orbitals [2]. For very slow collisions
(v, /v, <<1), ionization can be understood [3] as the
Coulomb ionization of molecular orbitals due to the slow
passage of the two nuclei past each other and can again
be approached by first-order theories but using wave
functions of the united atom.

It is interesting to find

those regions in

45

(Z,/Z,,v,/v,x) space where particular ionization mech-
anisms predominate. For this purpose, one needs to
know cross sections close to the boundaries of particular
regions. In a previous paper [4] we measured K-shell ion-
ization cross sections of several elements between Si and
Ga induced by 1-6.4-MeV carbon ions. We found that
the perturbed stationary-state approximation with
energy-loss, Coulomb, and relativistic corrections
(ECPSSR) of Brandt and Lapicki [5] describes only the
high-velocity part of the measurements well. A recent
modification of the ECPSSR theory [6] (MECPSSR),
which takes formation of molecular orbitals during very
slow collisions into account, was found suitable both at
high and at low velocities. For medium velocities
(0.15<v, /v, <0.25) and for Z,/Z,Z=0.4, a strong
contribution of electron promotion to the ionization cross
section was observed. This contribution was found to be
well described by the statistical-diffusion model of Mittel-
man and Wilets [7] (MW).

In the present investigation, we used targets with
roughly the same Z, values (Al, Si, S, Ca, Zn), but we
chose oxygen ions in order to get farther into the region
where the statistical model is applicable. Since it is well
known that the cross sections depend on the charge state
of the projectiles and, hence, on the target thickness
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[8—11], we measured the cross sections for several target
thicknesses between 1 and 100 ug/cm? and we deduced
the limiting values for infinitely thin and for infinitely
thick targets by extrapolation. The corresponding ioniza-
tion cross sections were then compared to the theories.

II. EXPERIMENT

We measured the spectra of x rays and the spectra of
backscattered particles simultaneously and we normal-
ized the x-ray yield to the yield of backscattered particles
using elastic scattering cross sections corrected for atom-
ic screening effects [12] following the prescription of An-
dersen et al.

A Model No. SSDH tandem accelerator, manufactured
by National Electrostatic Corporation, provided oxygen
ions of 1.1-8.0 MeV with charge states from 1+ to 4+.
The energy of the ion beam was determined by means of
a 90° analyzing magnet which was calibrated with an ac-
curacy of 0.3%. For this energy calibration we use the
YF(p,ay)'®0 resonances between 340.5 and 1372.4 keV
and the '%0(a,a)'®0 scattering resonance [13] at 3.045
MeV. In addition, we used the relative-calibration
methods described earlier [14]. The ion beam was col-
limated by a stainless-steel aperture of 1.5-mm diameter
mounted 8 cm from the target. Particle currents at the
target were typically from 40 to 400 nA.

We prepared our targets by evaporating Al, Si, ZnS,
and CaF, onto thin ( ~ 15 ug/cm?) self-supporting carbon
foils. For every element, we prepared targets of different
thicknesses, ranging from 1 to 100 ug/cm?. The average
target thickness was measured by means of a calibrated
quartz thickness monitor with an accuracy of 10%.

The x rays were measured using a Si(Li) detector at an
angle of 150° with respect to the incoming ion beam. The
energy resolution for the Mn Ka line was 180 eV full
width at half maximum (FWHM). An absorber foil was
used between target and detector in order to attenuate
the L x rays and to prevent backscattered energetic ions
from reaching the detector. The thickness of this ab-
sorber foil was calculated from the measured attenuation
factors for proton-induced K x rays. (X rays induced by
protons are hardly affected by multiple ionization, and
the energies are therefore well defined.) To evaluate our
x-ray spectra, we used the intrinsic photopeak efficiency
€, obtained as a product of the x-ray absorption probabil-
ity [15]

€4 =exp( —:u'BetBe )exp( —/"'AutAu )[ 1 _exp(:u'SitSi )]

and of the ratio r (photopeak counts to total counts) in K
x-ray spectra. Here pu and t are the absorption
coefficients and thicknesses of the beryllium window, gold
front contact, and silicon sensitive layer, respectively.
The ratio r had been determined earlier as a function of
x-ray energy [15]. The absorption probability of the
Si(Li) detector was determined by measuring the proton-
induced x-ray yield simultaneously with the Si(Li) detec-
tor and with a surface barrier detector which was cali-
brated using a method proposed earlier [16]. From the
calibration data, the photopeak efficiency and foil
transmission were calculated for each projectile energy
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used. This was necessary because of the energy shift of K
x rays due to multiple ionization. Areas and effective en-
ergies of the photopeaks were determined using a pro-
gram [17] that fits Gaussian peaks with exponential
and/or polynomial background to the experimental x-ray
spectra.

The spectra of elastically backscattered ions were mea-
sured by a silicon surface barrier detector. Two
geometries were used. For impact energies E <2.2 MeV,
the detector was positioned at an angle of 90° with
respect to the incoming beam. For higher energies, the
angle was 156°. The solid angle of the surface barrier
detector was defined by means of a stainless-steel aper-
ture. Since the energy calibration curve of the surface
barrier detector is rather nonlinear due to the energy-
dependent energy loss of ions in the detector window, we
carefully determined this curve from the high-energy
edges of all measured backscattering spectra. The num-
ber of backscattered ions and the energy loss of ions
within the targets were determined assuming a linear
background due to multiple scattering.

III. X-RAY PRODUCTION CROSS SECTIONS

The x-ray production cross sections were determined
using an iterative evaluation procedure described earlier
[18]. The energy loss of ions within the targets required
for this procedure was deduced from the backscattering
spectra for target thicknesses ¢ > 10 ug/cm?. For thinner
targets, the energy loss was deduced from the measured
target thickness and from the stopping power according
to Ziegler [19]. Table I shows the estimated errors of the
measured x-ray cross sections.

X-ray production cross sections for all but the lightest
ions depend on the charge state [4,8—11] and, thus, as the
ions penetrate matter and the initially well-defined charge
state is transformed to a charge-state distribution [20], on
target thickness. The dependence of the cross sections
upon target thickness, normalized to the cross section of
the thickest target, is shown in Fig. 1 for Al, where the
effect is largest. As can be seen, the x-ray production
cross sections for targets thicker than ~30 ug/cm? are
enhanced by about a factor of 2 compared to those of
very thin targets. For targets of larger Z,, this effect is
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FIG. 1. X-ray production cross sections as a function of
average target thickness for oxygen ions on Al, normalized to
the value for the thickest target.
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TABLE I. Sources of uncertainties in the measured x-ray cross sections.

(a) Individual systematic errors

Source Error (%)
X rays Solid angle 1
Intrinsic photopeak efficiency 3-7
Foil absorption 0.5-2
Particles Solid angle 1,2
Backscattering angle 0.5
Bombarding energy 0.3
(b) Total systematic errors
Al Si S Ca Zn
8% 7% 6% 5% 4%
(c) Nonsystematic errors
Source Error (%)
X-ray yield® 0.5-10
Particle yield* 0.5-20
Pileup and deadtime correction 0.1-0.5
Energy loss within the target® 1-8

*The yield errors are the sum of statistical errors and estimated fit errors.
>The energy errors were converted to x-ray errors using theoretical cross sections for ionization (Refs.

[5,7)) and scattering (Ref. [12]).

smaller; for Zn, the x-ray production cross sections are
essentially independent of the target thickness.

The ions penetrating the target approach their charge-
state equilibrium exponentially. To describe the x-ray
production cross section (o,) as a function of target
thickness (¢), we used the two-component model of Gray
[21]. Since all our incoming ions have filled K shells, Eq.
5.5.23 of Ref. [21] (note an error there) can be simplified
to

o(t)=a—b[1—exp(—t/t)]t /t .

Fitting this function to the data by varying the parame-

ters a, b, and ¢, we determined the x-ray production cross
sections for both infinitely thin and charge-equilibrium
targets: o0,(0)=a —b and o,(«)=a, respectively. The
results are given in Tables II and III, respectively. Table
III also gives the average equilibrium charge Q, obtained
from a fit to the values given by Wittkower and Betz [20].
The width of the charge distribution varied from 0.9 to
0.8 elementary charge units for oxygen ion energies from
1to 8 MeV.

To our knowledge the only comparable data in the
literature are those by Laubert and Losonsky [22] for AL
We note that those authors used infinitely thick targets

TABLE II. Experimental x-ray production cross sections (in barns) for oxygen ions of charge state Q on infinitely thin targets.
The errors (in %) are given below the values. They include systematic errors, nonsystematic errors, and also the extrapolation errors.
Nonsystematic errors and extrapolation errors were added in quadrature. The total systematic errors were added linearly.

E (MeV) Q Al Si S Ca Zn
8.0 4+ 5946 3033 791 79.9 3.12
(15%) (15%) (14%) (12%) (10%)
6.4 3+ 3090 1413 313 28.9 1.32
(15%) (15%) (14%) (12%) (11%)
5.0 3+ 1572 613 131 9.13 0.483
(16%) (16%) (14%) (13%) (12%)
3.8 2+ 612 231 38.3 2.51 0.137
(17%) (17%) (16%) (14%) (15%)
2.9 3+ 258 82.2 13.5 0.819 0.0474
(19%) (18%) (18%) (16%) (20%)
2.2 2+ 85.3 24.0 3.86 0.264
(22%) 21%) (20%) (18%)
1.6 1+ 19.1 5.90 1.05 0.0491
(26%) (25%) (25%) (22%)
1.1 1+ 3.72 1.38

(30%)

(30%)
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TABLE III. Experimental equilibrium x-ray production cross sections (in barns) for oxygen ions in charge equilibrium Q, on vari-
ous targets. The errors (in %) are given below the values. They include systematic errors, nonsystematic errors, and extrapolation
errors. Nonsystematic errors and extrapolation errors were added in quadrature. The total systematic errors were added linearly.

E (MeV) 0. Al Si S Ca Zn
8.0 55+ 15240 6846 1328 99.4 3.12
(15%) (15%) (14%) (12%) (10%)
6.4 5.1+ 7786 3087 659 425 1.32
(15%) (15%) (14%) (12%) (11%)
5.0 4.8+ 3826 1343 240 11.7 0.483
(16%) (16%) (14%) (13%) (12%)
3.8 4.4+ 1476 435 85.6 3.40 0.137
(18%) (18%) (16%) (15%) (15%)
2.9 4.0+ 444 122 21.2 1.10 0.0474
(21%) (20%) (19%) (16%) (20%)
22 3.5+ 141 325 6.53 0.322
(26%) (23%) 21%) (19%)
1.6 3.0+ 43.4 9.03 2.86 0.102
(29%) 27%) (28%) (23%)
1.1 2.5+ 9.08 1.51
(36%) (34%)

for ion energies 1-3 MeV and about 20-ug/cm*-thick
targets (oriented at an angle of 45° with respect to the ion
beam) for ion energies of 1-90 MeV. Their infinitely-
thick-target data agree with our extrapolated thick-target
values within our combined errors. Their “best values,”
however, are between our thick- and thin-target limit (see
Fig. 1) because their “thin targets” were obviously not
thin enough.

IV. IONIZATION CROSS SECTIONS

We converted our x-ray production cross sections into
ionization cross sections using fluorescence yields w
which are enhanced due to multiple outer-shell ioniza-
tion. We estimated this enhancement using the measured
energy shifts of the K x rays and a procedure which was
described before [18]. For Al, Si, and S, we estimated o
from the K a line shift only, since we could not determine
K B line shifts and intensity ratios of K8 and K a lines ac-
curately enough. The fluorescence yields thus estimated
were larger by factors of 1.15-1.44 than the single-hole
values of Krause [23].

A. Infinitely thin targets

The ionization cross sections for infinitely thin targets
were compared to the theories for Coulomb ionization
(ECPSSR) [5]; MECPSSR [6]; semiclassical approxima-
tion (SCA) calculations of Laegsgaard et al. [24], of
Trautman et al. [25] and of Smit [26]; and predictions of
Montenegro and Sigaud [27]) and to the theory for ion-
ization by electron promotion (the statistical-diffusion
model of Mittelman and Wilets [7]). The charge states of
the incoming ions (see Table II) were Q <4 and hence the
ions had filled K shells. Therefore, target K-shell to pro-
jectile K-shell electron capture could not contribute to
the ionization cross section. Contributions due to cap-
ture of target K electrons to the projectile L shell are
small [28] and we therefore neglected them. Figures 2—6

show the experimental ionization cross sections for
infinitely thin targets normalized to theories for Coulomb
ionization as a function of the scaled projectile velocity
£=2v,/(Ov,x ), where ©=I, /(Z,—0.3)’R, with I, the
experimental ionization energy and R the Rydberg con-
stant.

For collision systems with Z,/Z,<0.4 (Ca, Zn) the
ECPSSR theory [5] (Fig. 2) and the MECPSSR theory [6]
(Fig. 3) reproduce the measurements reasonably well.
For systems with Z,/Z,>0.5 and scaled velocities
£=0.9, both theories predict cross sections too small,
and these predictions become even worse with decreasing
£ and increasing Z,/Z,. The MECPSSR, which takes
into account formation of molecular orbitals at very slow
velocities, is not as bad as the ECPSSR at these low ve-
locities, but it is evident that the collision systems
Z,/Z,20.5 cannot be described by Coulomb ionization
alone for £<0.9.

In the SCA calculations some approximations are
necessary to describe the binding effect. For the SCA cal-
culations according to Laegsgaard et al. [24] and accord-
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FIG. 2. Experimental ionization cross sections for infinitely
thin targets o, normalized to ECPSSR cross sections o' gcpssg-
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FIG. 4. Experimental ionization cross sections for infinitely
thin targets o, normalized to SCA cross sections osca due to
Refs. [24] and [25], which are indistinguishable in this scale.
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FIG. 5. Experimental ionization cross sections for infinitely
thin targets o.,, normalized to the SCA cross sections osca of
Ref. [26].
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FIG. 6. Experimental ionization cross sections for infinitely
thin targets o, normalized to the predictions of Montenegro
and Sigaud o ys.
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ing to Trautmann and Rosel [25] we used the experimen-
tal united atom binding energy. For calculations accord-
ing to Smit [26] we used the variational procedure of An-
dersen et al. [29] to calculate an effective binding energy
for an average distance projectile-target nucleus. Both
the simplified SCA model of Laegsgaard et al. [24] and
the much more sophisticated numerical calculations of
Trautmann and Rosel [25] predict almost identical cross
sections for our collision systems (Fig. 4). Both SCA ap-
proaches fail, at all velocities, in predicting the experi-
ments for collision systems Z, /Z, >20.5. Figure 5 shows
a comparison of our measurements to the SCA calcula-
tions of Smit [26]. Obviously, the variational procedure
for calculating binding energies gives better values for
elements of low Z,, but overprecits the cross sections for
Caand Zn (Z, /Z, <0.4) by about a factor of 3.

Figure 6 shows the comparison of the present cross
sections to the prediction of Montenegro and Sigaud [27]
(MS), who apply adiabatic perturbation theory to the ion-
ization of 1so molecular orbitals by direct Coulomb in-
teraction and extend the theory to less adiabatic col-
lisions by imposing an asymptotic matching with the
semiclassical approximation. For £ <0.6, MS predictions
and ECPSSR predictions (Fig. 2) are more or less identi-
cal. For £>0.6, Montenegro and Sigaud predict
significantly smaller cross sections than the ECPSSR.

Figures 2 to 6 show that the MECPSSR predictions are
generally closest to the experimental values. But it is ob-
vious that in collision systems with Z, /Z, = 0.4, K-shell
ionization cannot be described by Coulomb ionization
alone for scaled velocities £ <0.9.

It is known [30-32] that for Z,/Z,>0.3 and
v, /v,x <1, Pauli excitation can contribute significantly
to K-shell ionization. We used a statistical treatment of
the electron promotion from inner shells into the contin-
uum [7,33,34]. We calculated the sum of K-shell ioniza-
tion cross sections for the projectile and target atoms us-
ing the diffusion model of Mittelman and Wilets [7] and
the diffusion constants of Brandt [33]. The K-shell ion-
ization cross sections of the target atoms were then found
by multiplying the summed cross sections by the vacancy
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FIG. 9. Experimental ionization cross sections for infinitely
thin targets 0., normalized to the sum of MECPSSR cross sec-
tions o ygecpssr and diffusion cross sections o pw.
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FIG. 10. Experimental ionization cross sections for infinitely
thin targets o, normalized to the sum of SCA cross sections
osca (Refs. [24,25]; see text) and diffusion cross sections o yw-

sharing factor of Meyerhof et al. [35], calculated using
the ionization energy for oxygen ions in charge state
Q =2. Figure 7 shows the experimental ionization cross
sections normalized to the diffusion cross sections (o )
Evidently, these cross sections reproduce the experimen-
tal values for collision systems Z, /Z, 0.5 within a fac-
tor of 2. As we found earlier for carbon ions [4], Pauli
excitation contributes most to the cross sections for
0.4=<£<0.8.

In Figs. 8-12, we show on an expanded scale the exper-
imental ionization cross sections for infinitely thin tar-
gets, normalized to the sum of the predictions for direct
Coulomb ionization and for Pauli excitation. These pre-
dictions now agree much better with experiments. The
sum of MECPSSR and Pauli excitation gives best results,
and the deviations from unity have been reduced from
the previous factor of 20 to a factor about 1.5. These
remaining deviations might be due to uncertainties in the
fluorescence yields used and to the uncertainty in the
semiempirical diffusion constant. (Note that the sem-
iempirical diffusion constant of Brandt [33] was obtained
without distinguishing thin and thick targets.)
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FIG. 11. Experimental ionization cross sections for infinitely
thin targets o, normalized to the sum of SCA cross sections
osca (Ref. [26]) and diffusion cross sections o pw.
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FIG. 12. Experimental ionization cross sections for infinitely
thin targets o, normalized to the sum of the cross sections of
Ref. [28], o ms, and diffusion cross sections o yw.

B. Charge-equilibrium ionization cross sections

The experimental equilibrium ionization cross sections
were also compared to the sum of the diffusion cross sec-
tion and the various cross sections for direct Coulomb
ionization as mentioned above. In equilibrium, the ions
have a charge distribution described by an average
charge Q, and by a width d (see Ref. [20]). Hence, a
small fraction of ions have one or even two K holes and
contribute to the vacancy production not only by direct
ionization but also by K capture. However, electron cap-
ture by the projectile is implicitly included in Pauli exci-
tation. To take the various charge states in the diffusion
cross sections into account, we calculated the vacancy
sharing factor of Meyerhof et al., [35] for oxygen ions
having a Gaussian equilibrium charge distribution. We
assumed a simple model [4] for the dependence of the ox-
ygen K-shell binding energy upon the ion charge.
Averaging over all charge states, we obtained an average
vacancy sharing factor and, hence, an average diffusion
cross section.

The agreement with the experiments was similar to
that obtained for the thin targets. As an example, we
show in Fig. 13 the experimental equilibrium ionization
cross sections normalized to the sum of MECPSSR and
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FIG. 13. Experimental equilibrium ionization cross sections
O normalized to the sum of MECPSSR cross sections
omecpssr and diffusion cross sections o .

diffusion cross sections. Again, MECPSSR gives best re-
sults. The remaining deviations from unity are of similar
magnitude as for the thin targets, and are most probably
due to the same reasons.

V. CONCLUSION

In the entire parameter range investigated in this work
(027<Z,/Z,<0.62, 0.22<£<1), the experimental
cross sections are satisfactorily represented by the sum of
the cross sections for statistical and for direct Coulomb
ionization. Among several theories tested, best agree-
ment with the experimental values was found using the
sum of statistical and MECPSSR cross sections.

For Z,/Z,>0.5 (oxygen ions on Al, Si, and S) and
0.3<£=1, interactive level crossing becomes the
predominant ionization mechanism for ion-atom col-
lisions. In this region, experimental cross sections are
well reproduced by the cross sections according to the
statistical model of Mittelman and Wilets [7] alone.
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