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We report the observation of large projectile-structure effects in heavy-ion-induced K x-ray yields from
thin, light gas targets in a projectile energy region (~ 1-4 MeV/amu) where molecular promotion effects
are not expected to be significant. The K x-ray yield from both projectile and target is found to be
very sensitive to the ionic charge g of the projectile. In some cases, notably for Ar?* on Ne at 80
MeV and for CI* on Ne at 42 MeV, the target yield increases exponentially with projectile charge,
the projectile nuclear charge and velocity remaining constant. In all cases, the projectile K x-ray yield
increases faster than exponentially, even when the incident projectile has a full K shell. It is evident
that targets become highly ionized in these collisions, and already highly ionized projectiles are often
further ionized in these targets of less-than-egilibrium thickness. We discuss the limitations imposed on
the determination of absolute x-ray cross sections in multiply ionizing collisions. These limitations cast
serious doubt on the accuracy of K-shell ionization cross sections extracted from measured K x-ray
cross sections in this and other experiments. The projectile-target combinations studied in the present
experiment are Ar¢* on Ne (at 80 and 152 MeV), Cl‘ on Ne and SF; (at 42 and 50 MeV), and
F?* on two chlorine-bearing Freon compounds (at 43 MeV).

I. INTRODUCTION

When highly stripped ions penetrate matter,
multiple excitations commonly occur in both the
projectile and the target atoms. Among the possi-
ble processes is K-shell ionization, and K x rays
are generally observed coming from both collision
partners. Theories of inner-shell Coulomb ioni-
zation by fully stripped ions assume that the pro-
jectile is a point charge, i.e., without structure.
These theories!? predict, on very general grounds,
that for different projectiles incident on the same
target at the same velocity, the ionization cross
section should be quadratic in the projectile nu-
clear charge Z. Deviations from this Z? depen-
dence have recently been observed,® the actual
cross section being found to increase faster than
Z2,

In this paper we report the results of a different
type of inner-shell ionization experiment. For
projectile energies in the region 1-4 MeV/amu
we have studied target and projectile K x-ray
yields in gas targets as a function of the ian
charge, with projectile nuclear charge, projectile
velocity and initial target state remaining fixed.
The most significant result is that the x-ray cross
section is a strong function of the charge on the
incoming ion. In many cases the x-ray yield in-
creases exponentially as the projectile charge
state is increased one step at a time. The ex-
periment is not intended to measure the energy of
the emitted x ray precisely enough to determine
the exact electronic configuration (and thereby
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infer the fluorescence yield) of the emitting ion.
However, it does reveal that when the projectile
ion contains fewer than two electrons, the target
atom is sometimes very highly ionized, and x

rays whose energies correspond to transitions
between one-electron target states are observed.*
Lacking knowledge of the specific states formed, their
fluorescence yields, and their relative populations,
we quote our results as total K x-ray production
cross sections rather than as ionization cross
sections. A summary of the various experimental
systems studied is given in Table I. Similar ex-
periments have recently been reported by other
investigators. They involve Kand Lx-rayproduc-
tion in argon, krypton, and xenon induced by
35.7-MeV fluorine ions® (target data only), and Al
K x-ray production induced by 12-68-MeV oxygen
ions® (solid target).

II. DESCRIPTION OF EXPERIMENTS

Beams of Ar, Cl, and F in single charge states
and in the energy region 1-4 MeV/amu pass
through a thin gas target, and the x rays emitted
are detected in a lithium-drifted silicon diode.
Table I summarizes the variety of beam species,
beam energies, projectile charge states, and tar-
get gases that were used in the experiments. The
argon beams were obtained from the Oak Ridge
Isochronous Cyclotron. Currents through the gas
cell ranging from a few nanoamperes for the most
probable charge states to a few tens of picoam-
peres for the more inaccessible states gave re-
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TABLE I. Summary of experimental systems,

Target K
Energy Velocity velocity K x-ray
Projectile  (MeV) (10° cm/sec) Charge state Target (10° cm/sec) yields studied
Opra+ 152 2.70 8,14,15,16 Ne 1.75 Ne,Ar
17,18
80 1.96 6,12,13,14, Ne 1.75 Ne,Ar
15,16
35C1et 50 1.66 11,12,13,14 Ne 1.75 Ne, Cl
42 1.09 10,11,12,13, Ne 1.75 Ne, Cl
14,15 SF, 1.55 (F) F
Bpa+ 43 2.09 7,8,9 CICF, 3.15 (C) Cl
CL,CF, 3.15(Cl) Cl

peatable results. The chlorine and fluorine beams
were produced by the 7-MV tandem van de Graaff
accelerator at ORNL. After extraction from the
accelerator the primary beam (typical charge
state +6 to +8) is passed through a thin carbon
foil (10-40 ug/cm?) which further ionizes the
beam particles and distributes them among a
variety of charge states. Out of these a single
state is selected magnetically and deflected
through the gas target. The beam is tightly colli-
mated before entering the differentially pumped
gas cell to ensure that none of the beam strikes
the cell walls and that all of the beam viewed by
the Si (Li) detector is intercepted by the down-
stream Faraday cup used for particle normaliza-
tion. The Faraday cup is both electrically and
magnetically guarded to avoid spurious current
measurements from secondary and stray elec-
trons.

A. Targets

The targets are confined to a region of length
~1 cm along the beam direction by differential
pumping apertures. Gas pressure is measured
using a capacitance manometer. An amplified
feedback signal obtained from the manometer
drives a servomechanical leak valve which esta-
blishes the gas flow to the cell and thereby regu-
lates the target pressure. The manometer was
checked by comparing it with a McLeod gauge and
found to be accurate to within 1 mTorr in the re-
gion near 20 mTorr. The pressure determination
introduces a 5% uncertainty in our cross-section
measurements, most of which were taken at 20
mTorr. This target pressure was chosen to
maximize the x-ray yield while still maintaining
approximately single-collision conditions.

A gas target is considered “thin” if a projectile
makes, on the average, less than one collision

while passing through the target. Since different
kinds of collision processes present different
sized cross sections to the projectile, a target
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FIG. 1. Relative yields of neon K x rays induced by
highly stripped argon and chlorine ions plotted against
projectile charge state. Unless otherwise indicated by
error bars, the point size overestimates the combined
uncertainty arising from counting statistics and pres-
sure measurement. The curves are single exponential
fits to the experimental points. Note the normalization
factors used to avoid the overlapping of curves that
would otherwise occur.
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may be thin for some processes and thick for
others. In the velocity region considered here,
the largest relevant effect that occurs is the cap-
ture of a target electron by a projectile ion. Since
this process alters the initial charge state of an
incident projectile, it is important that such a
projectile not make a subsequent K-shell ionizing
collision. Furthermore, since electron capture
contaminates the .charge-state purity of the beam,
the capture rate must be kept so low that it does
not cause serious error in the conversion from
electrical current to particle current. Assuming
an electron-capture cross section <1 x107!¢ ¢m?
for these projectiles at these velocities, only
seven out of 100 ions undergo electron capture in
a 1-cm-long gas cell at room temperature and at
20-mTorr pressure. Target operation at 20
mTorr then ensures approximately single-collision
conditions. The projectile charge state going into
a collision depends upon whether or not the ion
has made a prior charge changing collision. This
is a matter of importance since, if the K-shell
ionization cross section depends upon the projec-
tile charge, then the yield will not be linear in
pressure if the gas is sufficiently dense that an
appreciable number of projectiles change charge
prior to the ionizing collision. Linearity of x-ray
yield versus pressure was checked for Ar'®* and
Ar'** beams at pressures up to 25 mTorr. Least-
squares fits to the data passed through the origin
within the 1-mTorr pressure-setting accuracy,
and these fits revealed no evidence for systematic
curvature. We take the apparent linearity of these
curves as evidence that single collisions prevail
in the target.

B. Detector

X rays produced by collisions in the gas cell are
detected in a lithium-drifted silicon diode (ORTEC
model 7116, sensitive volume is 12.6 mm?x3.31
mm). The detector views an effective length of
0.42 cm of gas. X rays that are absorbed in the
sensitive volume produce electrical pulses which
are amplified, shaped, and stored in the standard
manner, according to pulse height in a multichan-
nel analyzer. Noise in the sensitive volume and
in the amplifier causes an approximately Gaussian
distribution of pulse heights about the mean value.
The total system resolution contains an energy-
independent part which is a function of preampli-
fier noise and amplifier time constants and an
energy-dependent part from ionization statistics
in the Si(Li) diode. The analyzer thus represents
a monoenergetic x-ray spectrum as a Gaussian
peak whose center corresponds tothe x-ray energy
and whose width is <200 eV at 1 keV. This system

resolution is sufficient to distinguish between
target and projectile x rays in all cases studied
in this experiment. The resolution is not fine
enough to distinguish between all the possible K
X rays associated with different electronic con-
figurations of the emitting ion. Nevertheless, as
discussed below, we do obtain useful information
concerning the extent of target ionization.

The detector energy calibration is performed in
two steps. Detector pulses from x rays of known
energy (e.g., MnKa, KB at 5.894 keV, and 6.49
keV, respectively, emitted when **Fe decays by
K capture) are compared in pulse height with
electronically simulated pulses generated by a
calibrated linear pulser (ORTEC model 731). These
simulated pulses are applied at the preamplifier
input in place of detector output pulses. This
comparison serves to check the manufacturer’s
calibration of the linear pulser. This calibration
was found to be entirely satisfactory as regards
both absolute setting accuracy and linearity. The
pulser is then used to calibrate the detector over
the region of interest.

In order to deduce absolute cross sections from
the detected x-ray yields corrections must be

T T
‘ r
|
[)
_ i |
i ! ]
‘ I
|
N
= —
: -
g I ? )
§ o o i_
: L — “__7_,,.?,7 RS S
> . i S
Z
£~ ¢
- i
w T
@ ;
| H
f ‘ | ]
| |
| | |
| | |
1 i |
| | |
I
) I F i
8 10 12 14 16 18

PROJECTILE CHARGE STATE
Ne A X-ray Yield From 151.5-MeV Ar 9% on Ne.

FIG. 2. Relative yields of neon K x rays induced by
151.5-MeV Ar?* on neon. The error bars reflect the
combined uncertainty arising from counting statistics
and pressure measurement.



applied to account for x-ray intensity losses in the
detector. These losses arise principally from
photoionization in the three layers through which
all detected x rays must pass: (i) a 0.0005-in.
beryllium window which seals the evacuated detec-
tor housing, (ii) a 200-A gold layer which serves
as the ionization-charge collector and (iii) a ~1
um “dead” layer in which charge collection is
inhibited at the boundary of the sensitive volume.
An estimate of the over-all photon transmission

o
T=I/I,=exp (“Z“ipiti> =exP<'ZA_/[1p‘t‘>
i i

can be made if the thickness ¢,;, density p,, and
mass attenuation coefficient ., (or photoionization
cross section o; and atomic mass M;) are known
and assumed uniform throughout each layer. In
general, the transmission is x-ray energy depen-
dent on account of the energy dependence of the
photoionization cross section. The total x-ray
transmission through the three layers is an ex-
ponential function of nine quantities, so the accu-
racy of the estimated transmission is strongly
dependent upon the uncertainties associated with
them. With the exception of the Be and Si densi-
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PROJECTILE CHARGE STATE
Fluorine A X-ray Yield From 42-MeV CI9* on SFg.

FIG. 3. Relative yields of fluorine K x rays induced by
42-MeV CI°* on SF;. The error bars reflect the com-
bined uncertainty arising from counting statistics and
pressure measurement.
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ties, none of these nine quantities is known’ to
better than ~10%. For this reason we assign an
uncertainty of a factor of 2 to the estimated de-
tector transmission at any energy in the 700-
1000-eV range, where the transmission is esti-
mated to range between 0.02 and 0.20. The princi-
pal uncertainty arises from the uncertainties in the
beryllium window thickness and the gold layer
density.? If these were known exactly, the absorp-
tion could be estimated to within 20%. The absorp-
tion uncertainties are much reduced for the 3-keV
argon K radiation because the absorption itself is
much smaller and less strongly dependent upon
x-ray energy in that region than in the 700-1000-
eV region. (At 3 keV the estimated absorption is
no worse than 15%.)

III. EXPERIMENTAL RESULTS

The results of this experiment are presented in
Figs. 1-6, which show that, in all cases studied,
K x-ray production from both target and projectile
is strongly dependent upon the charge state of the
projectile. With the exception of the data from
80-MeV argon on neon collisions® (Figs. 1 and 5)
none of these results has been previously pub-
lished. Smaller but otherwise similar trends have
been reported® recently for target K x rays excited
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FIG. 4. Relative yields of chlorine K x rays induced by
43-MeV F?* on two types of chlorine-bearing Freon.
The curves are linear least-squares fits to the experi-
mental points. The error bars represent the combined
uncertainty arising from counting statistics and pres-
sure measurement.
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by 37.5-MeV fluorine on argon. In some cases,
notably for neon and Freontargets (Figs. 1 and 4),
the target yield increases exponentially with in-
creasing projectile charge state. In all cases
(Figs. 5 and 6) the projectile K x-ray yield in-
creases faster than exponentially with increasing
charge state.

Each point on each plot represents the number
of K x rays actually counted normalized to an
arbitrary number of incident particles and gas
pressure. The error bars shown represent the
combined uncertainties from pressure measure-
ment and x-ray counting statistics (the error due
to parficle counting statistics is negligible).

These figures are intended to demonstrate the
relative yield for a particular target as a function
of projectile charge state. Detector solid angle
and window absorption correction factors have not
been applied to these data since these two correc-
tions are the same for all data points taken with
a particular target assuming the target radiation

spectrum is independent of projectile charge state.

This assumption is only approximately true since
the cross section for multiple ionization (and
therefore the radiating configuration and x-ray
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PROJECTILE CHARGE STATE
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FIG. 5. Relative yields of argon K x rays from Ar?*
collisions in neon. The error bars represent the com-
bined uncertainty arising from counting statistics and
pressure measurement.

energy) probably depends somewhat on the pro-
jectile charge. However, within the resolution of
our detector, we do not discern any systematic
centroid shifts with increasing projectile charge
state except for Ar'®*, Ar'™, and Ar'®**, even
though such shifts shouldbe enhancedby the energy
dependence of the window transmission factor. In
the cases where such energy shifts are noted
(Fig. 2) the target x-ray production curve rises
more steeply than does a single exponential.

Some particular features of these data are worth
noting. The x-ray production curves obtained
with 42- and 50-MeV chlorine ions incident on neon
(Fig. 1) overlap within counting statistics. For
that projectile-target system, at those energies,
neither the slope of the curve nor the absolute
cross section are strong functions of projectile
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PROJECTILE CHARGE STATE
Cl K X-ray Production From CI9* on Neon.

FIG. 6. Relative yields of chlorine K x rays from C19*
collisions in neon. The error bars represent the com-
bined uncertainty arising from counting statistics and
pressure measurement.
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energy. The yields of Cl K x rays obtained by
bombarding two different Freon targets (Fig. 4)
with 43-MeV fluorine agree, within overlapping
experimental errors, with the Ar K x-ray yields
obtained in Ref. 5 by bombarding argon with 35.7-
MeV fluorine.

The experimental results are further summa-
rized in Tables II-V, where we quote the absolute
K x-ray production cross sections o0,=0k,(q)w,, as
a function of projectile charge ¢, which are derived
from our measured x-ray yields, as corrected for
detector-absorption and solid-angle factors.
Errors accompanying entries in the table include
the uncertainties in pressure measurement and
photon counting, but do not include the uncertainty
in window-transmission estimates. Even if the
window-transmission factor were known exactly at
all energies, there would still be an uncertainty in
the x-ray absorption, because the transmission
factor is energy dependent, and the precise energy
spectrum of the detected x rays is not known. We
estimate that the entries in these tables might be
in error by as much as a factor of 2 for the lowest
energy x rays owing to uncertainties in the window
transmission. For the higher energy x rays near
3 keV, this uncertainty is reduced to ~15%.

The ionization cross section 0%4(q) cannot be
separated from the x-ray cross section o, unless
the effective fluorescence yield w, is known. The
appropriate w, have been computed for all possible
K-, L-, and M-shell defect configurations in neon.’®
However, in order to use these fluorescence yields
to deduce ionization cross sections the spectra
must be sufficiently resolved energetically that

TABLE II. K x-ray production cross sections: Ar?*
on Ne. Errors include the uncertainties in gas target
pressure measurement and in x-ray counting, but do
not include the uncertainty in detector window transmis-
sion estimates. The entries might be in error by as
much as a factor of 2 for the lowest energy x rays due
to the uncertainty in window transmission. For x rays
near 3 keV, this uncertainty is reduced to 15%.

Neon (target) Argon (projectile)
Op @, UK“UK
1ot cl;nz) (107 em?)
q 80 MeV 152 MeV 80 MeV 152 MeV
6 1.1+0.1 0.071+0,008
8 AN 2.2+0.2 s 0.45+ 0,03
12 11+1 0.19+0.02
13 16+1 0.24+0.02
14 212 7.5+£0.7 0.34+0.04 0.97+0.08
15 34+2 9.0+0.7 0.55+0.05 1.3+0.1
16 48 +4 121 3.1+0.2 1.4+0.1
17 17+1 e 2.0+0.1
18 29+3 26+2

TABLE III, K x-ray production cross sections: Cl1¢*
on Ne, See Table II for an explanation of errors,

Neon (target) Chlorine (projectile)

O Dk O Wy
(1071 cm?) (1071 cm?)

q 42 MeV 50 MeV 42 MeV 50 MeV
10 5.9+0.4 .. 0.12+0.01

11 101 9.5+0.8 0.14+0.,01 0.24+0.03
12 13+1 13+1 0.18+0.02 0.30+0.03
13 21+1 20+2 0.25+0,02 0.41+0.04
14 302 312 0.34+0.03 0.55+0.07
15 525 0.92+0,07

individual radiating configurations can be identi-
fied. Recently, some higher-resolution data have
been published for selected collision systems®:!!
using crystal spectrometers. Although these data
provide more information as regards the multiplic-
ity of target states produced than do Si(Li) data,
they do not accurately reflect either the relative
or absolute intensities of the various spectral
features on account of the strongly energy depen-
dent, and poorly known, solid-angle and crystal-
reflectivity factors.

IV. DISCUSSION

Theories of inner-shell ionization by heavy
charged particles apply separately to two types of
collisions: Slow and fast, referring to whether or
not the collision time is long or short, respective-
ly, compared to an orbital period of the inner elec-
tron whose removal is being considered. One
theoretical approach that is useful if the projectile
velocity is slow compared to the orbital velocity
of the inner-shell electron is to view the colliding
system as a transient quasimolecule.!? If the
projectile L shell lies lower in energy than the
target K shell, vacancies that exist in the L shell
of the projectile prior to the collision can be
transferred during a penetrating collision to the K
shell of the (usually lighter) target atom. These
vacancy transfers are thought to be enhanced when-

TABLE IV, Fluorine K x-ray production cross sec-
tions: 42-MeV C1¢* on SF; (per molecule). See Table
II for an explanation of errors.

Oy Wy
q (10" cm?)
10 4.6+0.5
11 7.0+0.6
12 8.0+0,7
13 14.021.0
14 28.0+2.0

15 82.0+8.,0




650 MOWAT,

TABLE V. Chlorine K x-ray production cross sec-
tions: 43-MeV F?* on Freon (per molecule). See Table
II for an explanation of errors,

Ox Dy
(10~1? cm?)
q CICF, CLCF,
7 0.29+0.02 0.500.04
8 0.49+0.04 0.91+0.06
9 0.800.05 1.5+0.1

ever an energy level of one collision partner
coincides approximately with a partially filled level
of the other.

If these quasimolecular effects were of signifi-
cant magnitude compared to other effects in our
experiments we would expect to observe a reso-
nancelike enhancement of the x-ray cross section
as the vacancy-containing L shell of the Cl or Ar
projectile is tuned, via adjustment of projectile
charge, through the K shell of the Ne target. A
log-log extrapolation of binding energy versus Z,
based on published data'® on L-shell binding ener-
gies for the He, Li, Be, B, and C isoelectronic
sequences indicates that the Ar'** L shell lies ~20
eV lower than the Ne K shell.’ No such enhance-
ment is observed (Fig. 1), probably because the
projectile velocities used here are so high and the
corresponding collision time is so short that the
K-shell electrons in the target cannot respond
quasiadiabatically to the changing perturbing field.

The plane-wave Born approximation (PWBA)
treats the projectile as a point charge which
ionizes the target via Coulomb excitation. As
modified recently by Basbas, Brandt, and Lau-
bert! this approximation should be valid for fast

SELLIN, GRIFFIN, PEGG, AND PETERSON 9

collisions involving either fully stripped projectiles
or ions whose electrons are weakly bound com-
pared to those in the target K shell and for which
Under these conditions the K-shell
electron is influenced only by the nuclear charge

of the projectile.

The projectiles used in the present experiments
all travel at velocities which are of the same order
of magnitude as the target K-shell electron veloc-
ity; that is, neither slow nor fast.

It therefore seems that even if we could reliably
reduce our x-ray production cross sections to
ionization cross sections, we could not meaning-
fully compare our results with theory because the
projectiles’ velocities do not satisfy the assump-
tions of the various theories. No theory exists
which is adequate to describe the collision sys-
tems studied here. Nevertheless, we can compare
our x-ray cross sections with those expected from
a calculable although somewhat oversimplified
model. First we compute the K shell ionization
cross section 0% (Z) for a fully stripped ion of
nuclear charge Z, using either the PWBA' or the
classical binary-encounter approximation (BEA),
developed by Gareia® for protons and « particles.
From these ionization cross sections it is possible
to predict x-ray cross sections for those collisions
which do not cause multiple ionization in the tar-
get, but leave the target with a single K-shell
vacancy after the collision. We have made esti-
mates of K x-ray cross sections based on these
assumptions, and using recently compiled re-
commended fluorescence yields.!®

Our estimates are listed in Table VI for five of
the collisions studied. Experimental yields, even
for ions in charge states which produce relatively

Zprojectile << Zarget.

TABLE VI. Theoretical ionization and x-ray production cross sections for fully stripped

projectiles.
Energy/amu ox wy o ox ¢ wy oy ¢
Projectile (MeV) Target «/v? (1078 cm?) (10® cm?) 107® em?) (10720 cm?)
QAr 3.79 Ne  0.649  24.0 43.2 27.6 49.7
HAr 1.96 Ne  0.903  28.2 50.8 35.1 63.2
$#c1 1.43 Ne 1.06 25.0 45.0 32.4 58.3
5c1 1.21 Ne 1.15 24.3 43.7 31.3 56.3
Br 2.26 cl 1.1 0.518 4.95 0.587 5.61

Ay =Q2uy/m)V?, v = (2E/M)V? where uy is the target K -shell binding energy (Ref. 14), m, is
the electron mass, E is the projectile energy, and M is the projectile mass.

b plane-wave Born approximation (e.g., Ref. 1, without modifications).

¢ Fluorescence yield assumed to be that of atom with a single K -shell vacancy (Ref. 15).

dClassical binary-encounter approximation as modified by Garcia (Ref. 2).
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low yields, (Tables II-V) are an order of magni-
tude larger than the predictions using either
PWBA or BEA. (The modified PWBA is not used
here since the binding corrections contained in
that modification are not valid for Z,2 Zy.) The
most unrealistic assumption in our model is the
neglect of multiple ionization that is known to
occur when heavy ions interact with gas targets.!
This assumption underestimates the true fluores-
cence yield and therefore underestimates the x-ray
cross section. For neon, at least,.configurations
of sufficiently large fluorescence yield to account
fully for the disagreement between model and ob-
servation should radiate at energies® measurably
higher (40-100 eV) than the energies correspond-
ing to the centroids in our spectra. It therefore
seems highly likely that the target K-shell ioniza-

tion cross section itself is at least partially re-
sponsible for the projectile charge-state depen-
dence of the target x-ray cross section.
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