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Kr K, Kr L, and Ar K x-ray yields have been measured for excitation by 36- and 48-MeV fluorine
ions in +6 to +9 charge states. The significant decrease in the dependence of the target x-ray yields
on the projectile charge state, which is observed as the parameter Z,/Z, is decreased, is in agreement

with theoretical expectations.

I. INTRODUCTION

It is now well established' ¢ that target K -shell
X-ray cross sections can exhibit a strong depen-
dence on the electronic charge state of the pro-
jectile ion—a result which is not predicted by ex-
isting theories of direct Coulomb ionization,”® but
which might be obtained by the inclusion of screen-
ing of the projectile nucleus. In some cases the
large variation of x-ray yield with charge state
can be attributed to variations in the mean fluo-
rescence yield of the states excited by the different
charge states of the projectile®; but in other cases
only small variations of fluorescence yield occur,
and the change in x-ray yields is attributed to
variations in the ionization cross sections with the
different projectile configurations.® Although the
magnitude of this effect has been systematically
investigated for argon targets excited by carbon,
nitrogen, oxygen, and fluorine ions,® the mecha-
nism responsible for the charge-state dependence
is not yet fully understood. At low velocities the
projectile is expected to approximate a structure-
less point-charge in its interaction with the target
when Z,/Z,<11° (Z, and Z, are the atomic num-
bers of the projectile and the target.) Thus, be-
cause the ratio ZI/Z2 provides a measure of the
influence of the projectile’s electronic structure
on the target ionization process, we have studied
the magnitude of the charge-state effect as a func-
tion of this parameter.

In the present work we have measured Kr K and
L x-ray yields produced by incident 36- and 48-
MeV F ions with charge states from +6 to +9.
Additional data have also been acquired for Ar K
x-ray yields obtained with 36- and 48-MeV F ions.
As the Z,/Z, ratio is decreased from z (F** on
Ar) to 1 (F®* on Kr), we observe a significant de-
crease in the dependence of the target x-ray yield
on the projectile charge state. In addition, al-
though the direct Coulomb-ionization theory™?
does not correctly predict the absolute magnitudes
of the cross sections for the fully stripped ions,
we note that the observed projectile energy depen-
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dence of these cross sections is in general agree-
ment with the theoretical predictions.

II. EXPERIMENT

The apparatus and experimental method have
been described in detail elsewhere,®'* and conse-
quently only a brief description will be provided
here. Fluorine ions were accelerated to an ener-
gy of 36 or 48 MeV, passed through a stripping foil
to obtain the desired charge state, and then di-
rected by a switching magnet into the apparatus
shown in Fig. 1. The ion beam traversed a differ-
entially pumped target cell and was collected in
a suppressed Faraday cup. Careful collimation
of the beam assured that all incident ions were
collected. The pressure of the target was moni-
tored by an accurately calibrated capacitance ma-
nometer. X rays were counted by a Si(Li) detector
which was positioned at 90° to the beam and which
has a resolution of ~200 eV at 5.9 keV.

The target gas pressure was kept low enough
(<30 mTorr for Kr and <10 mTorr for Ar) to en-
sure that only single collision events were ob-
served. Estimates employing the measured cross
sections indicate that the probability of observing
double collision events in which inner-shell va-
cancies were produced was less than 0.1%. Single
collision conditions were further confirmed by the
strict linearity between x-ray yield and target gas
pressure which was observed in all cases. The
fluorine ions did undergo some charge exchange
at the higher target pressures; however, this
could produce no more than a 5% change in the
measured cross sections, and was thus neglected.

Absolute cross sections were determined in the
following manner. Two Si(Li) detectors were
mounted on opposite sides of the interaction re-
gion, approximately 10 cm from the beam. For
this geometry the effective solid angle factor
(%ﬂfﬂdl), which is defined as the fraction of 47 sr
subtended by the detector integrated over the inter-
action length of the target, could be calculated for
each detector to an accuracy of 5% (%nf&l dl
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=8.14x10"* cm). The Kr K, Kr L, and Ar K x-ray
yields produced by 3.0-MeV protons incident on

Kr and Ar targets were then measured (Table I).
The absolute yields obtained with the two detectors
agreed to within 10%. The detectors were next
positioned about 2.5 ¢cm from the beam and the
proton measurements were repeated. By compar-
ing the new x-ray yields to the absolute cross
sections obtained with the detectors at the 10-cm
position, an effective solid angle factor (infﬂ dl
=6.9%x10"% ¢cm) was determined for the new geo-
metry. The heavy-ion data in Table I were taken
with the detectors in the 2.5-cm position. The
efficiencies of the detectors which are listed in
Table II were obtained from the transmission curve
presented in Ref. 3.

Vacancy-production cross sections are obtained
by dividing the measured x-ray cross sections by
the fluorescence yields appropriate to the vacancy
configurations of the radiating atoms. The choice
of fluorescence yields has been discussed in
Refs. 3 and 11; the values adopted here are given
in Table II. For the Kr K and Ar K X rays it is
believed that these values are known to approxi-
mately 10%.

The relative uncertainty in the cross sections is
estimated as 10%, attributable to statistics, data
analysis, beam current integration, and fluctua-
tions in the target pressure during a given run.
The sources contributing to the uncertainty in the
absolute value of the cross sections are the un-
certainties in the solid angle (10%), fluorescence
yield (10% for Kr K and Ar K), absolute-pressure
calibration (10%), and detector efficiency (10%).
Thus, the uncertainty in the absolute Kr K and
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FIG. 1. Schematic diagram of the apparatus for deter-
mination of x-ray yields. The entrance apertures (1.0
and 1.5 mm) to the gas cell are smaller than the exit
apertures (2.5 and 3.0 mm) to ensure complete collec-
tion of the ion beam.

Ar K vacancy-production cross sections is ap-
proximately 22%.

III. RESULTS AND DISCUSSION

The x-ray yield and vacancy-production cross
sections obtained in the present experiment are
listed in Table I. Most of these values are an
average of several independent data runs taken at
different times with the two Si(Li) detectors lo-
cated at various distances from the target. Re-
sults of the individual runs agreed to within ex-
perimental uncertainties. Our 3-MeV -proton
cross sections are in good agreement with those
published in Ref. 11 (present Kr cross sections
are 15% smaller than those in Ref. 11, while our
Ar results are 10% larger). The cross sections
for Kr L x rays produced by 36-MeV F ions are
also in good agreement with those given in Ref. 1

TABLE I. Krypton and argon x-ray (o,) and vacancy-production (g,) cross sections are giv-
en as a function of the number of electrons (z) carried by the incident projectile ion (Z,) with
a kinetic energy E. The absolute uncertainty in o, is less than 20% and in 0, is less than 22%.

Relative uncertainties are 10%.

E o, (107 cm?) 0, (1072 cm?)
zZ, =» (MeV) Kr K Kr L Ar K Kr K Kr L Ar K
1 0 1.892 0.0101 1.59 0.472 0.00152 6.6 0.387
2.532 0.0201 1.81 0.615 0.00302 7.5 0.504
3.00 0.0315 1.93 0.703 0.004 73 8.0 0.576
9 o0 36 0.178 428 110 0.0267 1780 75
1 0.154 265 7 0.0231 1100 47.6
2 0.135 176 37 0.0203 730 24.9
3 0.115 134 25 0.0173 556 16.6
9 0 48 0.562 430 168 0.084 1780 113
1 0.476 275 95 0.072 1140 64
2 0.429 194 52 0.064 804 35

2 Cross sections for 1.89- and 2.53-MeV protons were taken from Ref. 11 and scaled by
factors which bring the 3-MeV cross sections of Ref. 11 into agreement with those obtained
in the present work. In all cases, this resulted in an adjustment of less than 15% in the pub-

lished cross sections.
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(discrepancy is -13%). However, the present

Ar K results for 36-MeV F ions are consistently
about 37% higher than those in Ref. 3. This dis-
crepancy results primarily from a 26% downward
readjustment of earlier cross sections (i.e., those
in Refs. 1, 2, and 11) which was performed in
Ref. 3. In light of our careful redetermination of
the absolute cross sections, made possible by the
accurate calculation of the solid-angle factors
with the detectors positioned 10 cm from the beam
(Sec. II), the readjustment carried out in Ref. 3
now appears to have been in error, and, conse-
quently, all cross sections presented in that paper
are systematically low by 37%.'2 Nevertheless, it
should be noted that the present relative Ar K
cross sections for 36-MeV F are in good agree-
ment (13%) with those given in Ref. 3 and that the
conclusions of that work are not altered because
of the error in the absolute cross sections.

Recent recalculations of theoretical Ar L fluo-
rescence yields'® reveal a strong influence of
multiplet splittings on the values obtained for some
configurations, and consequently there is consider-
able uncertainty in the average fluorescence yield
when multiple vacancies exist. Since we anticipate
a comparable uncertainty in the Kr L fluorescence
yield, we will not attempt a detailed analysis of the
ionization cross sections from the Kr L x-ray
data. Ar and Kr K-shell vacancy-production cross
sections for excitation by 36- and 48-MeV F ions
are plotted in Fig. 2 as a function of the charge
state of the incident ion. As has been noted pre-
viously®~® the cross sections show an exponential
dependence on the projectile charge state. The
Kr cross sections exhibit a smaller dependence on

TABLE II. Detector transmission efficiencies (¢) for
the observed x rays, and the fluorescence yields for ex-
citation by protons (w,) and by fluorine ions (wg).

X Ray e? W, Wp
Kr L 0.52 0.0241"P 0.0241 ¢
Ar K 0.85 0.122 4 0.148¢
Kr K 1.00 0.660 ¢ 0.660f

2 Reference 11,

bE, J. McGuire, Phys. Rev. A 3, 587 (1971). This
theoretical value is now subject to a large uncertainty
(Ref. 13).

¢ The value of wg for an atom with the multiple M-
shell vacancies produced by F-ion impact is unknown,
Therefore, w,has been used.

dW. Bambynek e al., Rev. Mod. Phys. 44, 716 (1972).

€ C. P, Bhalla, Phys. Rev. A 8, 2877 (1973); also, see
Ref. 3.

f Although wp is not known exactly, it is expected not
to differ greatly from w, since the latter is relatively
large.
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the projectile charge state but a larger dependence
on projectile energy than do the Ar cross sections.
To indicate the variation of the size of the charge-
state effect with the parameter Z,/Z,, the ratios
o(n)/0(0) are plotted in Fig. 3 as a function of #,
where 7 is the number of electrons carried by the
incident projectile, and o(n)/0(0) is the cross sec-
tion for a projectile in charge state n divided by
the cross section for the fully stripped ion. The
ratio 0(3)/0(0) equals ~65% for F on Kr, whereas
for F on Ar it is equal to only ~20%. Clearly, the
magnitude of the charge-state dependence de-
creases significantly as Z,/Z, decreases, ap-
proaching conditions under which we expect that
the influence of the projectile electrons should be
small and that the direct-Coulomb-ionization the-
ory will apply. It would be of interest to extend
this work to other systems with smaller values of
the Z,/Z, parameter to learn if the charge-state
effect continues to decrease systematically.

In the remainder of this section we shall concen-
trate on the data from the fully stripped F° pro-
jectiles, comparing these results with those pre-
dicted by the Coulomb ionization theory. In Table
III the observed vacancy-production cross sections
for F°* ions are listed together with scaled values
obtained by multiplying the proton cross sections
by Z%. For F° on Ar, measured cross sections
are a factor of 3 larger than theory. This observa-
tion is in agreement with the results of previous
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FIG. 2. K-shell vacancy-production cross sections vs
the number of electrons carried by the incident F ion.
Circles denote 36 MeV, and squares, 48-MeV F ions.
Uncertainty in the cross sections is ~22% and the size
of the data points is comparable to the relative uncer-
tainty.
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experiments, in which the measured cross sections
for heavy ions on gas targets (at scaled energies’
in excess of ~0.2) have consistently been larger
than the Coulomb ionization values.'=*'> However,
for F°* on Kr (at a scaled energy of ~0.1) we find
that the K -shell vacancy-production cross sections
are a factor of 4 smaller than the theoretical pre-
dictions. A further comment on this observation
will be made below.

The theory of direct Coulomb ionization, evaluated
in the plane-wave Born approximation (PWBA),
predicts that the inner-shell ionization cross sec-
tions for a wide variety of projectile-target con-
figurations will fall on a universal curve when
scaled appropriately and plotted against a reduced-
energy parameter.”'* While recognizing the limi-
tations of extending the theory to large values of
Z,, we have placed the present results into per-
spective by plotting the vacancy-production cross
sections for the fully stripped projectiles on such
a universal curve (the solid points in Fig. 4). Al-
though the theoretical calculation is rigorously
valid only in the limit of zero-charge projectiles
with large velocities, Brandt ef al. have suggested
how the theory may be extended to include projec-
tiles of finite charge and low velocity.!®-'® Al-
though the foundation for a perturbed stationary-
state theory to include binding, polarization, and
deflection effects has been published,'”*!® the
evaluation of theoretical cross sections in this
general formulation is not readily accomplished.
Therefore, we follow the lead of these authors!®+!®
who have also introduced these effects as compen-
sating modifications to the experimental data points
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FIG. 3. Cross-section ratios o@)/0(0) vs =, the num-
ber of projectile electrons, as a function of the param-
eter Z;/Z,. Relative uncertainty in the data points as
shown by the error bars is ~10%. The data are for 36-
MeV F projectiles.

TABLE III. Experimental vacancy-production cross
sections [0,] for 36- and 48-MeV fully stripped F** pro-
jectiles are compared with theoretical values obtained
by scaling experimental cross sections obtained with
1.89- and 2.53-MeV protons [Z},(p)], as given in Table
I. The last column gives the ratio of the experimental
to theoretical values.

E o, Z%o ,(p)
MeV) Xray (107® cm?) (1072 ecm?  Ratio
36 Kr K 0.0267 0.123 0.22
Kr L 1780 535 3.3
Ar K 75 31.3 2.4
48 Kr K 0.084 0.245 0.34
Kr L 1780 608 2.9
Ar K 113 40.8 2.8

so that all the data can be compared to the single
universal curve obtained in the PWBA.” The open
data points in Fig. 4 include these corrections for
the increased binding of the target K shell and the
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FIG. 4. Scaled cross sections vs reduced energy. For
definitions of the various parameters, see Ref. 14. The
solid points are the uncorrected cross sections, while
the open points include the corrections suggested by
Brandt et al. (Ref. 15) for the increased binding of the
target electrons and the deflection of the projectile
caused by its finite charge. The two lowest-energy data
points for F?* on Ar are taken from Ref. 3. The solid
curve represents the universal K-shell Coulomb ioniza-
tion cross sections derived from the calculations of
G. S. Khandelwal, B. H. Choi, and E. Merzbacher [At.
Data 1, 103 (1969)]. The size of the data points are com-
mensurate with the ~22% absolute uncertainty of the ex-
perimental data.
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Coulomb deflection of the projectile which occur
for a slow projectile of finite charge. For the
argon data, it is seen that the corrections further
increase the discrepancy with the theoretical
curve, while for the krypton data the corrections
have overcompensated the deviation of the uncor-
rected data points from the universal curve. How-
ever, Brandt ef al. have indicated that in this ve-
locity region the polarization of the K-shell orbit
must also be considered in comparing ionization
cross sections with theory. Because the details
of this effect have not yet been published, this cor-
rection has not been included in the data of Fig. 4.
Nevertheless, this effect should reduce the scaled
cross sections,'®'!? thus moving the corrected
krypton data points into better agreement with the
universal curve. It is not expected that the dis-
crepancy in the argon data can be fully compen-
sated in this manner.

Additional qualitative information may also be
obtained from Fig. 4. It is seen that the energy
dependence of the ionization cross sections for the
F°" on Ar and F°* on Kr systems follows the gen-
eral shape of the universal curve. Thus, the
stronger energy dependence of the F on Kr cross
sections compared to that of the F on Ar system

(Fig. 2) is explained in terms of their relative
positions on the universal curve. The disagree-
ments between the theoretical and experimental
values of the cross sections for the fully stripped
ions, as listed in Table III might also reflect the
location of the data points on the universal curve
and the magnitudes of the correction terms in each
case.

IV. CONCLUSION

The projectile charge-state dependence of K -
shell vacancy-production cross sections has been
examined as a function of the Z,/Z, ratio of the
target-projectile system. It is found that, as
Z,/Z,decreases, the effect of the projectile elec-
trons on the target ionization process decreases
significantly, in agreement with theoretical ex-
pectations.
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